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Abstract — The aim of the investigation presented in this paper
was to develop a software-based assistant for the protein analysis
workflow. The prior characterization of the unknown protein in
two-dimensional electrophoresis gel images is performed
according to the molecular weight and isoelectric point of each
protein spot estimated from the gel image before further
sequence analysis by mass spectrometry. The paper presents a
method for automatic and robust identification of the protein
standard band in a two-dimensional gel image. In addition, the
method introduces the identification of the positions of the
markers, prepared by using pre-selected proteins with known
molecular mass. The robustness of the method was achieved by
using special validation rules in the proposed original algorithms.
In addition, a self-organizing map-based decision support
algorithm is proposed, which takes Gabor coefficients as image
features and searches for the differences in preselected vertical
image bars. The experimental investigation proved the good
performance of the new algorithms included into the proposed
method. The detection of the protein standard markers works
without modification of algorithm parameters on two-
dimensional gel images obtained by using different staining and
destaining procedures, which results in different average levels of
intensity in the images.

Keywords — Biomedical imaging; Image analysis; Molecular
biomarkers; proteins; quantization.

[. INTRODUCTION

Two-dimensional electrophoresis (2DE), which was
introduced more than 40 years ago [1], is still the most widely
used approach in top-down proteomic studies for all types of
biological models. It plays an important role for the
identification of protein sequences and further functions
within the cell.

Due to the low 2D gel electrophoresis image reproducibility
and the complexity of 2DE maps, it is necessary to develop
additional techniques for 2DE image acquisition and analysis
that are effective and reliable in the comparison of 2DE
images and 2D mapping classification. To achieve this, it is

* Corresponding author.
E-mail: arturas.serackis@vgtu.lt

©2017 Arttiras Serackis et al.

necessary to develop advanced methods for 2DE image
acquisition and data analysis [2].

The aim of the automation in 2DE gel image analysis is to
increase the amount of useful information gathered from a
single gel and all the corresponding gels in the dataset under
investigation [3]-[8]. The estimation of the protein molecular
weights (MW) in the gel is performed by processing the gel
with the desired stain and then destaining it in order to
visualize the protein bands. The relative migrating distance
(Ry) of the protein standards and of the unknown protein is
defined as the mobility of the protein divided by the mobility
of the ion front. The molecular weight estimate of the
unknown protein band is obtained by interpolating the value
from the log(mwmw) vs. Ry graph. This graph should be linear
for most proteins.

The markers on the 2DE gel (Fig. 1) are introduced by using
protein  standards with known mmw values, e.g.
mww ={250; 130; 100; 70; 55; 35; 27; 15; 10}. The MW of an
unknown protein band is determined from the graph, that uses
the Ry values of the marker. These Ry values are usually
determined graphically [9]:

Step 1. A ruler measures the migration distance from the top
of the resolving gel to the dye front.

Step 2. The value is calculated for each band in the
standards with known MW values.

Step 3. The measured points are approximated by an
equation y = kx + b. Here y = log(mmw) and x = Ry.

Step 4. Step 2 is repeated for each unknown protein band in
the sample.

Step 5. The MW of the unknown protein is estimated by
solving the line equation for y.

The solution proposed in this paper accelerates the
procedure of MW estimation for an unknown protein band.
The identification of the protein standards marker positions is
performed automatically by applying a sophisticated image
analysis algorithm to the 2DE gel image.
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Fig. 1. Example of two-dimensional electrophoresis gel image, selected for protein MW marker detection (the protein standards are located in the middle

of the image).

II. MATERIALS AND METHODS
A. An Overview of the Approach

This paper presents a four-stage image analysis method for
the detection of MW marker positions in the 2DE gel.

Stage 1. Read the 2DE gel image and apply a modified filter
for estimating the image phase symmetry.

Stage 2. Apply an asymmetric Gaussian-smoothing filter.

Stage 3. Accumulate the image pixel intensities in each
column of the image matrix.

Stage 4. Analysis of the vertical regions of the image.

The following subsections present an explanation of each
stage in detail.

B. Image Phase Symmetry Estimation

During this initial stage of the proposed method, the
horizontally structured elements are emphasized in the image.
The known MW protein spots received from the standard
appear as spots that are symmetrical in relation to the
horizontal axis of the image. In order to emphasize the
horizontal symmetry for each object in the image, a modified
image phase symmetry estimation filter is applied. The filter is
based on the one proposed in [10], [11]. This filter does not
require prior segmentation of the image to calculate the
symmetry estimate for each image object individually.

A modification of the initial author implementation was
performed by changing the range of divided frequencies from
[0, ] to [-n/8, 7/8]. The frequency range was divided into five
equal bands and five oriented filters were used. Such
modification highlighted only horizontal symmetry in the
image (Fig. 2). As is usual in 2DE gel image analysis [12], the
image is inverted before the processing steps are started.

C. Application of Gaussian Smoothing Filter

The application of the phase-symmetry filter does not
remove noise-related structures in the image. These elements
in the image appear during the storage of the gel and its
displacement and because of gel’s susceptibility to dust [13].

Although a Gaussian filter, which is frequently used in 2DE
gel image pre-processing, is not the best solution for protein
spot boundary estimation and there are alternative solutions
[14], the selection of this filter for the current method is
justified by two aspects. There is a possibility to select two
different standard deviations for the Gaussian smoothing
kernel and form an asymmetrical spatial filter. The horizontal
standard deviation of the Gaussian smoothing filter used in our
proposed method was selected six times larger than the
vertical one. The results of the image smoothing are shown in
Fig. 2.

After the smoothing of the image, all the pixel intensities in
each column of the image matrix are accumulated. Such
horizontal analysis (Fig.2) is used in the next step of the
proposed method in order to divide the image into vertical
regions and perform an individual analysis of the vertical
distribution of the pixel intensities for each region.

D. Analysis of Vertical Image Regions

During this stage, the original six-step algorithm for the
identification of the MW marker line is executed.

Step 1. The peaks (local minima and local maxima) are
found in the calculated horizontal distribution of intensities.
As a result of applying an asymmetrical Gaussian filter, the
horizontal distribution of the accumulated pixel intensities has
minimum amount of noisy peaks. Therefore, in the next step
of the algorithm, the image can be divided into vertical bars
(Fig. 3) with one accumulated intensity maximum per bar and
a width defined by two local minima found to the left and to
the right of the maximum.

Step 2. The difference in the total intensities between each
local maximum point and the neighbouring local minimum
points is estimated. The local minima to the left and to the
right of the maximum point may have different magnitudes.
Therefore, the average of the local minima intensities is used
to calculate the difference between the local maxima and local
minima levels.
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Fig. 2. Smoothing result of one of 2DE gel images by asymmetrical Gaussian
filter with illustrated graph of pixel intensity accumulation result for each
image matrix column.
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Fig. 3. Result of division into vertical bars of one of 2DE gel images
according to the location of local minima and local maxima in the horizontal
distribution of intensity values.

The estimation of the difference between the local minima
and local maxima levels in each vertical bar of the image is
based on the assumption that the MW markers received from
the protein standard (usually, they have similar intensities)
will be vertically aligned and lead to higher level differences
compared to the unknown, unaligned protein spots. Such an
assumption is true for many 2DE gel images; however, this
feature is insufficient for robust detection of an image bar with
MW protein markers in it. It is seen in Figure 1 that the 2DE
gel image may have several vertical bars with higher pixel
intensities aligned vertically. Therefore, an additional analysis
of the vertical distribution of the pixel intensities in each bar is
performed in the following steps of the algorithm.

Step 3. The number of local maxima of pixel intensities in
each vertical bar is analysed. Not all the image pixel columns
are analysed in the vertical bar. The number of image matrix
columns is selected in the range, taking 2/3 of the distance
between the local maximum and the local minimum to the left,
and 2/3 of the distance between the local maximum and the
local minimum to the right.

All the peaks found in the vertical distribution of the pixel
intensities are compared to the highest peak. Peaks with a
magnitude below 30 % of the magnitude of the highest peak
are removed from further analysis.

Step 4. All the 2DE gel image vertical bars are sorted
according to the magnitude of the peak with the highest
intensity. Fifty percent of the image bars with the smaller
intensity of the highest peak are removed from further analysis.

Step 5. The pattern of the theoretical marker distribution is
prepared and matched to the peak distribution in each vertical
bar. A detailed explanation of Step 5 of the proposed
algorithm is provided in the following subsection.

Step 6. A check for the presence of several marker bars is
performed. 2DE gel images selected for analysis or taken from
different databases may have two MW marker bars in them.
Therefore, in order to increase the robustness of the proposed
algorithm, additional verification of two vertical bars with the
lowest root-mean-square (RMS) error is performed. If the
RMS error values of two bars do not differ at least 1.5 times,
comparison with the bar with the third-lowest RMS error is
performed. In order to select the vertical bar as the one with
MW markers, each from two should have an estimated RMS
error value that is 1.5 times or more lower compared to the
third one.

E. Pattern Matching

The pattern-matching in our proposed algorithm is
performed by taking the theoretical (expected) distribution of
the protein standard MW markers and comparing it to the
distribution of the intensity peaks in each selected image bar.
The pattern vector is prepared by taking seven values from
mmw = {250; 130; 100; 70; 55; 35; 27; 15; 10}. Vector [130;
100; 70; 55; 35; 27; 15] is created by removing the lowest and
the highest values from the mmw set. These seven values are
converted into a logarithmic scale and are then normalized to
the range from 0 to 1.

Taking into account that the protein standard has 9 MW
markers, each image bar (from the ones selected during Step 4
of the algorithm) is verified to have at least seven peaks in a
row with a magnitude exceeding 30 % of the peak with the
highest intensity. In addition, all image bars with more than
eleven such peaks are eliminated from further pattern-
matching steps.

In order to prepare the intensity peak distribution in the bar
for pattern-matching, a row of the nine highest peaks are taken
from the bar and the highest and the lowest two out of these
nine are eliminated. The coordinates of the remaining
7 intensity peaks are then normalized to the range [0; 1].

A root-mean-square (RMS) value of the differences
between the reference marker positions and the normalized
peak positions in the image bar is calculated for each bar. Two
image bars with the lowest RMS values are compared. If the
RMS values differ 1.5-fold, the column with the lowest RMS
value is annotated as a column with MW markers (Fig. 4).

F. Protein Isolation and Fractionation in 2DE System

Acute promyelocytic NB4 cells of the human blood cancer
cell line were cultured in RPMI medium (Gibco Invitrogen,
Lidingd, Sweden) containing 10 % foetal bovine serum (FBS),
100 U/ml penicillin, 100 pg/ml streptomycin (Gibco), and
20 mM glutamine at 37 °C in humidified air and at 5 % CO..
Leukemic cells for granulocytic differentiation were treated
with 1 uM retinoic acid (ATRA) for 96 h. The retinoic
acid was purchased from Sigma Chem. Co. (St. Louis, MO,
USA).

65



Electrical, Control and Communication Engineering

2017/13

nd
S
-
-
- -
-
e —— -
& — - - — b
1 - - ot
- i 3 - —
- -
i
- | —
=
- — &
-
-

Fig. 4. Illustration of protein standard MW marker identification result on one of the 2DE gel images in the test dataset.

Leukemic cells were induced for granulocytic
differentiation by treatment with ATRA for 96 h. Leukemic
and differentiated cells were subjected to the isolation of
cytoplasmic proteins by using the Nuclear Isolation Kit
(Sigma) according to the manufacturer’s instructions. An
Immobiline DryStrip Kit, pH range 3—10, and Excel Gel SDS,
gradient 8% to 18 %, was used for two-dimensional
electrophoresis. It was carried out according to the
manufacturer’s instructions (Immobiline DryStrip Kit for 2D
Electrophoresis with Immobiline DryStrip and ExcelGel SDS,
Pharmacia Biotech).

The 2DE gels were stained with Coomassie stain for 2 h or
24 h and then silver-stained according to the manufacturer’s
instructions (Thermo Fisher Scientific Inc., Waltham, MA,
USA).

III. EXPERIMENTS AND RESULTS

All image-processing and decision-making algorithms of
the proposed MW marker identification method were
implemented and tested in MATLAB environment. A set of
2DE gel images were taken from the biological experiment
described in the section “Materials and Methods”. Shortly,
leukaemia cells (NB4 cell line) were left untreated or treated
with differentiation inducer ATRA for 96 hours. Isolated
proteins were fractionated in the 2DE system and then
visualized by different dyes (Coomassie Brilliant Blue and
Silver stain).

For protein characterization it is important to determine the
exact molecular weight (MW) and isoelectric point (pl) of
each protein spot in 2DE before further sequence analysis by
mass spectrometry (Fig. 5). These two characteristics (MW
and pl), are the most important ones for the description of
proteins in 2DE. In order to ensure that the MW marker
identification method is robust for 2DE gel images with
different staining techniques, three versions of each gel were
prepared. Proteins separated by 2DE can be visualized using
different staining procedures. Coomassie staining is simple
and compatible with mass spectrometry techniques and up to
36 ng to 47 ng of protein per spot can be detected. Silver

staining is more sensitive and up to 0.6 ng to 1.2 ng of protein
per spot can be detected. In this study, 2DE gels were stained
with Coomassie Brilliant Blue dye for 2 h and 24 h to and then
stained with Silver dye as described in the section “Materials
and Methods”.

The experimental investigation performed on the 45 2DE
gel images selected for testing has shown that the threshold
values selected for the algorithms in the proposed method are
acceptable because these algorithms did not fail with the test
images. However, in order to prove the effectiveness of these
values, 2DE gel images taken from different experiments, with
different protein standards and different standard positions in
the gel, must be tested.

The visual analysis of the 2DE gel images, prepared by
different research centres and laboratories, provided in two-
dimensional polyacrylamide gel electrophoresis database
SWISS-2DPAGE or similar databases, has shown the possible
variability of the protein spot distributions in the image.
However, the MW marker bars present in these images are
easily noticed and detected by the human eye. One of the
visual features of the MW markers is the similarity of the
marker spots in the standard bar.

We propose a self-organizing feature map (SOM) for
estimating the similarities in data taken from the vertical bars
of the 2DE gel image. We assumed that the distribution of the
intensities of the unknown protein spots in the vertical bar
might be similar to the distribution of the MW marker
intensities. However, the shape of the unknown protein spots
will be misaligned and will probably have different shape
features that can be visually noticed by a human observer.

The verification is performed in several steps. First, a
square image segment is taken around each intensity peak in
the image bar (a smoothed image, obtained after Stage 2 of the
proposed method, is used). Second, the 2D Gabor wavelet
transform [15] is applied to each extracted image square
segment. The Gabor wavelet is selected because of the image
representation, which is close to the population of V1 simple
cells in human vision [16].
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Fig. 5. Result of image bar selection and identification of protein standard MW markers in 2DE gel image.

The Gabor coefficients from all the square image segments
in the analysed vertical bar were sent to the 5 x 5-SOM-based
classificatory. The number of peaks defined for the same class
should be at least nine if all MW markers have the same
features, based on the Gabor coefficient. The proposed SOM
classifier, which is based on the Gabor coefficient, is used as a
decision support technique together with the pattern-matching
algorithm presented in Subsection E.

IV. DISCUSSION AND CONCLUSION

In this paper, we propose a method for automatic
identification and localization of MW markers in 2DE gel
images. The proposed method includes original algorithms for
image pre-processing and pattern-matching. The experimental
investigation of the method using the selected images that
were specially prepared for robustness testing has shown that
the several threshold values that were selected for the
proposed algorithms are effective enough to detect the image
bar with MW markers. However, there is no possibility of
testing the robustness of the method on all types of 2DE gel
images. Therefore, an additional verification technique, based
on the features of human vision and a self-organizing feature
map, is proposed. This technique was able to support all the
decisions made by a proposed method as the correct ones.
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