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Multivariate data analysis has been combined with proteomics to enhance the recovery of infor-
mation from 2-DE of cod muscle proteins during different storage conditions. Proteins were
extracted according to 11 different storage conditions and samples were resolved by 2-DE. Data
generated by 2-DE was subjected to principal component analysis (PCA) and discriminant partial
least squares regression (DPLSR). Applying PCA to 2-DE data revealed the samples to form
groups according to frozen storage time, whereas differences due to different storage tempera-
tures or chilled storage in modified atmosphere packing did not lead to distinct changes in pro-
tein pattern. Applying DPLSR to the 2-DE data enabled the selection of protein spots critical for
differentiation between 3 and 6 months frozen storage with 12 months frozen storage. Some of
these protein spots have been identified by MS/MS, revealing myosin light chain 1, 2 and 3,
triose-phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, aldolase A and two a-
actin fragments, and a nuclease diphosphate kinase B fragment to change in concentration,
during frozen storage. Application of proteomics, multivariate data analysis and MS/MS to ana-
lyse protein changes in cod muscle proteins during storage has revealed new knowledge on the
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issue and enables a better understanding of biochemical processes occurring.
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1 Introduction

Proteomics offers a comprehensive approach to study bio-
chemical systems by expanding the investigation from single
proteins to a wide range of proteins at once [1]. Often prote-

Correspondence: Dr. Inger V. H. Kjaersgard, Department of Sea-
food Research, Danish Institute for Fisheries Research, Sgltofts
Plads, Building 221, DK-2800 Lyngby, Denmark

E-mail: ivk@dfu.min.dk

Fax: +45-45-88-4774

Abbreviations: DPLSR, discriminant PLSR; MAP, modified atmos-
phere packed; MLC, myosin light chain; PCA, principal compo-
nent analysis; PLSR, partial least squares regression; PC, princi-
pal component; r, correlation coefficient; RMSEP, root mean
squared error of prediction

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

omics encompasses analysis of a considerable number of
gels each representing a large number of protein spots.
Univariant data analysis can reveal changes for several single
protein spots but multivariate data analysis of proteomic data
enables identification of protein spots with interrelated
changes. The changes in spot pattern can be correlated to
conditions given by the experimental setup and thereby
optimise the earnings of biological information given by
proteome analysis ([2], and references within).

Fish meat deteriorates much faster than other muscle-
based foods and storage conditions are critical. Therefore,
onboard freezing immediately after catch can be an optimal
choice to ensure high-quality products to the consumer.
However, high frozen storage temperature (—20 to —10°C),
fluctuating temperatures or prolonged frozen storage will
lead to a quality loss. Due to a substantial content of poly-
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unsaturated fatty acids fish lipids are highly susceptible to
oxidation [3] resulting in increased rancidity. Therefore, lipid
oxidation contributes significantly to the deterioration in
fatty fish, whereas in lean fish, as for example cod, parame-
ters as protein aggregation/changes and increased water loss
are mostly responsible for quality decline, which is often
evaluated as increase in toughness and loss of juiciness by
sensory evaluation [4, 5].

The stability and solubility of proteins from frozen fish
have been studied for decades ([4] and references within) and
a vast number of different fish species has been evaluated.
However, it is not a simple task since protein stability and
solubility is affected by a number of different factors such as
species, freezing temperature, time span of frozen storage
and physiological condition of the fish before freezing. Also,
it has to be taken into account whether the frozen food in
question comes from whole fish, fish fillets or fish mince [5].
Recent studies on extractability and thermal stability of pro-
teins from different frozen fish species such as hake [6] and
cod [7] have shown changes in the solubility of myosin heavy
chain and o-actin to be responsible for some of the protein
solubility alterations occurring during frozen storage.

The optimal method for identification of proteins in
proteomics is mass spectroscopy since it only requires low
amounts of protein and can be conducted directly on pro-
teins excised from the 2-D polyacrylamide gels [8]. However,
identification of fish proteins in proteomics is challenging
due to the relatively low number of fish protein sequences
and ESTs present in the public databases [9]. Therefore, it is
essential to obtain protein sequences by either Edman deg-
radation or MS/MS sequencing which enables identification
by matching with homologue proteins from different spe-
cies. This approach previously led to successful identification
of hake proteins [10].

The strength of multivariate data analysis is that the pat-
terns of variations between the samples are revealed and
application of this approach on proteomic data is progres-
sively becoming more common [11-14]. In multivariate data
analysis, principal component analysis (PCA) is used to
represent a matrix of observed data by a matrix of systematic
variation and a matrix of noise [15]. PCA gives an overview of
relationships or ‘groupings’ within multivariate data
describing the observations as the sum of data structure and
noise. Data represented in the p-dimensional space (p repre-
sents the number of variables) are reduced into a few princi-
pal components (PC1, PC2, PC3 etc.), where PC1 describes
the biggest variation in the data set, PC2 the second biggest
and so forth. The results of PCA analysis are shown graphi-
cally in a ‘score plot’ and a ‘loadings plot’. The score plot
shows if there are any groupings among the different sam-
ples, and the loadings plot shows which variables describe
the variation between the samples. PCA of 2-DE data is typi-
cally conducted on a data matrix (X), with the spot intensities
given in columns, related to the sample in a given row. PCA
is based on the data in the X matrix and the calculations are
done without relating to any knowledge on the sample con-
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ditions. In partial least squares regression (PLSR), two data
matrices X and Y are related by a linear multivariate model
where the structure of matrix X and matrix Y are modelled
[16]. The data are represented as described for PCA; however,
the data for both the X and Y matrices are presented in the
loadings plot enabling the prediction of how the different y
variables are modelled by the x variables.

The aim of this study was to combine 2-DE with multi-
variate data analysis to characterise changes in cod muscle
proteome during different storage conditions, and to use
multivariate data analysis to explore how the pattern in pro-
tein spot composition correlates with the time course of the
experiment. To achieve the full benefit from the study some
of the cod protein spots of interest were identified with MS/
MS sequencing.

2 Materials and methods
2.1 Materials

Unstained low molecular weight protein standard, Mark 12
(LMW) standard was purchased from Invitrogen, Life Tech-
nologies (Carlsbad, CA, USA). Pharmalyte 4-6.8, Pharmalyte
5-8, 87% glycerol and SDS were from Amersham Bio-
sciences (Uppsala, Sweden). All other chemicals were
reagent/analytical grade and were purchased from either
Merck (Darmstadt, Germany) or Sigma (St. Louis, MO,
USA).

2.2 Storage trials and experimental design

The cod (Gadus morhua) samples were selected from a large
factorial design with two frozen storage temperatures (—20
and —30°C), four storage periods (3, 6, 9, 12 months) and five
chill storage periods (0, 3, 7, 14, 21 days after frozen storage).
All batches were initially stored at —30°C for 3 months,
which was the time required for transportation of the cod
from the catching ground in a freeze trawler to the institute.
A detailed description of the experimental setup is given
elsewhere [17] and an overview of the storage conditions an-
alysed by 2-DE is given (Fig. 1). For all storage conditions
protein extraction was done in duplicate on two different fil-
lets.

2.3 Protein extraction and 2-DE

The detailed description of protein extraction, IEF and size
separation on SDS-PAGE is described elsewhere [18]. In
brief, proteins were extracted in 2% SDS and 100 mM DTT
and separated according to charge with 1-D Immobiline
DryStrips (Amersham Biosciences), 18 cm long and with a
linear pH gradient of 3-10. For each sample 60 pg was
applied to Immobiline DryStrips by cup loading. After
separation of the proteins in the first dimension, for a total of
60000 Vh, the proteins were separated according to size in
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the second dimension on 12% w/v SDS-PAGE [19] as
described [18]. The 2-D gels were silver-stained with AgNO;
according to Hochstrasser et al. [20] with minor modifica-
tions as described [18].

All samples were run in three batches of eight to ten gels.
To avoid confounding due to experimental setup the samples
were shuffled around so duplicate samples were run in dif-
ferent batches.

The raw spot volumes are publicly available at www.di-
fres.dk/product_uk/Public_data. The gel images can be
available upon request.

2.4 Preparative 2-DE for MIS/MS peptide sequencing

For MS/MS analysis 2-DE was conducted by applying 450 g
protein by overnight rehydration and the gels were stained
with colloidal blue (Invitrogen). The other conditions for 1-
DE and 2-DE were as described in Section 2.3.

2.5 Data analysis of 2-DE

Silver-stained 2-D gels were digitised using a 420 OE (PDI,
BioRad, Hercules, CA, USA), flatbed scanner with a pixel
size of 84.7 x 84.7 pixels PDQuest 7.1.0 Discovery Series
(BioRad). The 2-D analysis image software was used to locate
protein spots and match spots among gels. Spot matching
was accomplished by manually defining anchor spots fol-
lowed by automated matching of the remaining spots.

The quantity of each spot was calculated during spot
detection and Gaussian fitting measured as OD/(0.1 cm?). To
ensure a uniform quantification, a normalisation of the spots
in each gel was conducted as follows: The OD/(0.1cm?) of
each spot in a gel was divided by the OD/(0.1cm?) of all
matched and unsaturated spots (peak intensity is within the
linear range of the scanner) in the gel and a value as ppm was
given. In the 2-D gels five spots were saturated (peak inten-
sity outside the linear range of the scanner). In these cases
the spot quantity was calculated by summing the intensities
of the pixels inside the defined boundary and their quantities
are comparable with regular, Gaussian-fitted spots.

2.6 Multivariate data analysis

Multivariate data analysis was conducted on 2-DE data gen-
erated by PDQuest using ‘The Unscrambler Programme
version 7.6’ (CAMO ASA, Oslo, Norway). In the multivariate
data analysis the gels represent the samples, spot numbers
the variables and the intensity of a certain spot in a given gel
the x-value. To eliminate any risk of misinterpretation the
five saturated spots (1710, 3412, 3506, 3508 and 3509) in the
data set were weighted down by a factor 0.001 in all multi-
variate calculations.
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2.7 Data normalisation and mean centring

The 2-D data were mean centred and standardised before
multivariate modelling. The variables in multivariate data
analysis are generally mean centred thereby giving each
variable a mean of zero. This facilitates the evaluation of the
between sample variation of the variables, but not the abso-
lute values of the variables.

Likewise the variables are often standardised by weight-
ing by multiplication of each data point in the X matrix by the
(SD + B)~'. The most usual scaling factor is the inverse of
the SD, e.g. B equals zero. However, in 2-DE data there is a
risk of over-amplifying noise since small values are scaled up
and large values are scaled down by multiplication by the
inverse of the SD [21]. Since 2-D data are of a semi-
quantitative nature this may introduce artefacts since espe-
cially weak spots are afflicted with some uncertainty [18, 22].
Conversely they may also be the most interesting protein
spots in a data set, if they consistently appear or disappear
according to the given experimental conditions. Finding a
proper value for the constant B in the standardisation for-
mula may help circumvent this problem and thereby attract
attention to the protein spots giving most information in the
given data set. Extracting the variable statistics, and plotting a
scatter plot of the mean versus the SD can be helpful for
finding a good estimate of this value. Different values for B
were tested and a B value of 2500 was found to give the most
consistent results where spots identified to change during
storage by univariate data analysis were also highlighted to
be important for the models.

2.8 PCA

A PCA analysis was conducted on all centred and normalised
data, with B set to 2500 using all samples. The optimal
number of PCs was found to be 2. The score plot of PC1 ver-
sus PC2 was examined for separation of clusters related to
frozen storage time, freezing temperature or storage time in
modified atmosphere packing (MAP) at 2°C.

Likewise the loading plot of PC1 and PC2 was examined
to reveal which spots define the differences between the dif-
ferent groups.

2.9 PLSR and discriminant PLSR (DPLSR)

In order to clarify if any correlation of frozen storage time,
freezing temperature or storage time at 2°C in MAP was
hidden in the data set, PLSR modelling was applied. In
DPLSR the Y matrix (e.g. the design matrix with quality
indicators) is defined as a binary vector with the values 0 or 1
as design variables of the categories, and the X matrix as a set
of other variables, in this case as the spot intensities [21]. In
the initial phase of PLSR modelling, it was tested if the
changes in protein pattern correlated the real storage condi-
tions of either frozen storage time (days or months), freezing
temperature (°C) or storage time at 2°C in MAP (days); how-
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ever, this did not lead to any conclusive PLSR models. This is
probably due to the fact that alteration in protein pattern
does not correlate in a linear manner to either month of
storage, temperature in degree Celsius or days of storage.
Therefore, different approaches were applied, for instance
the natural logarithm of the values, the inverse values or
inverse natural logarithm in the Y matrix, but none of these
approaches led to any valuable PLSR models. However, since
the PCA revealed the presence of storage-dependent groups,
the data were analysed with DPLSR in order to optimise the
separation between the different storage conditions and
thereby determine which spots are significant for each stor-
age condition.

A DPLSR model was calculated including all samples,
e.g. values of 1 or 0 for frozen time (3, 6 or 9 months), freez-
ing temperature (—30 or —20°C) or storage time at 2°C in
MAP (0, 7 and 14 days). For the purpose of cross validation,
the samples were divided into two different separate sets.
Since the analogue samples were made up individually (dif-
ferent cod fillets/different preparations/different 2-DE), they
can be regarded as distinct observations and be used to vali-
date the models by cross model validation [21]. This cross
validation was used in all multivariate analyses. The design
matrix contains qualitative indicators for the main effects,
e.g. storage temperature (—20 or —30°C), frozen storage time
(3, 6, 12months) and chilled storage time (0, 7, 14 days).

First the three quality indicators were tested individually
and DPLSR was conducted with respect to storage tempera-
ture, days on ice in MAP or frozen storage time. In DPLSR
the correlation between the predicted and the measured
gives an idea about which samples are well predicted and
which are not. The correlation coefficient (r) is a unit-free
measure of the goodness-of-fit between the two variables x
and y within a certain set of N samples. If r=1 there is a
perfect fit with positive slope, if r=-1 there is a perfect fit
with negative slope and if r = 0 there is no fit at all [21]. The
root mean square error of prediction (RMSEP) is a measure
of the average difference between predicted and measured
response values at the prediction stage. Therefore, a low
RMSEP is an indicator of a good model. The validated var-
iance for the x or y variables express how well the model will
perform with similar new data [15].

In the final DPLSR calculations based on 288 protein
spots all design variables were included; however ‘storage
time at 2°C MAP’ and ‘frozen temperature’ were weighted
down by a factor of 0.001. Therefore, they do not influence
the model; however, they can still be visualised in the corre-
lation plot.

2.10 Peptide sequencing by nanoLC-ESI-MS/MS

Selected proteins were excised from 2-D gels stained with
either colloidal blue or silver stain without glutardialdehyde.
The proteins were in-gel digested with trypsin (Promega,
Madison, WI, USA, modified sequencing grade) [23], with-
out previous reduction and alkylation of the proteins. The
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digestion mixtures were separated using a CapLC (Waters,
Milford, MA, USA) and on-line sequenced by ESI-MS/MS
positive mode using a Q-TOF2 mass spectrometer (Waters,
Micromass, Manchester, UK). Peptides were trapped on a
75 um x 10mm  precolumn and separated on a
75 um x 150 mm  analytical column, both packed with
ReproSil-Pur C18-AQ 3 pm (Coricon, Knivsta, Sweden)
using an in-house column packing system (Proxeon,
Odense, Denmark). Mobile phase A was 2% ACN, 0.1% for-
mic acid and mobile phase B was 80% ACN, 0.1% formic
acid. Peptides were loaded onto the trapping column with
0.1% formic acid with a flow rate of 5 pL/min in 10 min, fol-
lowed by a gradient elution through the analytical column.
The gradient was 7% B in 0-10 min, 7-20% B in 10-12 min,
20-60% B in 12-40 min, 60-100% B in 40-50 min and the
flow rate was 250nL/min. The nanoLC column was con-
nected to a silica PicoTip emitter, 10 um tip (New Objective,
Woburn, MA, USA) in the mass spectrometer interface. The
capillary voltage on the PicoTip was 2.3kV, and the cone
voltage was 45 V.

Only parent ions with two or three charges were chosen
for MS/MS and the data were acquired in a data-dependent
mode. The resulting MS/MS data were managed by Mass
Lynx 4.0 software (Micromass).

2.11 MS data processing

The MS/MS dataset were processed using the ProteinLynx
Global Server 2.1 software (Micromass) and used to search
the NCBInr protein database. Most peptides were identified
in this way. Additional peptides were manually sequenced
with Pepseq option in the MassLynx software. All amino acid
sequences were submitted to the MS BLAST search algo-
rithm [24] (http://dove.embl-heidelberg.de/Blast2/msblast.
html) for obtaining a total score for identity. The default set-
tings were used, but the alignments were done against the
database sp_nrdb. This database covers all nonredundant
protein  databases from  Swiss-Prot, SwissProtNew,
SptremblNew and Sptrembl.

3 Results
3.1 2-DE

Differences in the muscle proteome of cod (G. morhua) has
been studied under 11 different storage conditions, thereby
evaluating the storage effects due to frozen storage tempera-
tures, frozen storage time and storage time after thawing at
2°C in MAP (Fig. 1).

The proteins in cod muscle extracts were separated by 2-
DE, and silver staining revealed 1500-2000 spots as shown in
arepresentative gel (Fig. 2). At protein sizes above the dashed
square the resolution was not optimal and therefore the data
analysis was concentrated on the partial proteome with the
optimal resolution, corresponding to proteins with pI values
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of 3.5-9.0 and molecular weights of 13-40kDa. A total of
22 samples (11 analogues) were separated by 2-DE, but
three gels were omitted during final analysis due to cracks.
The remaining 19 2-D gels represents proteins extracted
under 11 different storage conditions (Fig. 1). Five repre-
sentative partial 2-D gels representing some of the differ-
ent storage conditions analysed are shown (Fig. 3). A total
of 504 protein spots are found in the analysis set and 89 of
these are represented in all gels. Visual examinations of
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Figure 1. Flow chart of the dif-
ferent storage conditions for cod
analysed by 2-DE reported here.
Fish fillets were initially frozen at
—30°C for 3months. Hereafter
the fish were kept at either —30
or —20°C for 3 or 9 more
months. Numbers in the boxes
with a thick frame show the
sample names. Numbers corre-
spond to the following values:
frozen storage temperature:
months of frozen stor-
age:storage time on ice in MAP.
For example -20:12:14 denote
that the fillets, after the initial
3months at —30°C, have been
stored at —20°C for 9 months
and for 14 days on ice in MAP.

Fillets stored at 2°C
for 0 and 14 days

Figure 2. Representative 2-DE
from cod muscle protein extrac-
ted after 6 months at —30°C and
7 days at 2°C in MAP. Extracted
muscle proteins (60 ug) were
first separated by linear pH 3-10
Immobiline DryStrips, followed
by a size separation on 12%
SDS-PAGE. Gels were silver-
stained. The square marked by
the dotted line specifies the area
of the gels used for further pro-
teome analysis. Spots marked
by a circle are identified by MS/
MS sequencing. Selected spots
found to change in concentra-
tion according to storage time
are labelled with their spot
number.

the 2-D gels reveal that six rather abundant protein spots
disappear at the basic end after 12 months of frozen stor-
age (Fig. 3).

3.2 Multivariate data analysis
In order to extract the optimal information from the data

obtained from matching 2-D gels with PDQuest, multi-
variate analysis was conducted as earlier reported [25].
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14 4
-20:06:00 _
Figure 3. Representative 2-DE of
35 PH 9.0 cod muscle extracted at five dif-
ferent  storage  conditions.
Extracted  muscle  proteins

-30:12:00

In the PCA analysis described here, each 2-D gel (e.g.
sample) represents a storage condition and each spot num-
ber an x variable, where the different protein spot volumes
reflect the nature of the sample. In the PCA score plot
(Fig. 4A) the samples are segmented in two clusters, one
representing samples that have been frozen for 12 months
and one representing those that have been frozen for either 3
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-20:12:00 |

(60 ng) were first separated by
linear pH 3-10 Immobiline Dry-
Strips, followed by a size
separation on 12% SDS-PAGE.
Gels were silver-stained. The
partial proteome used for fur-
ther analysis is shown for sam-
ples showing 2-DE of proteins
extracted after storage at differ-
ent conditions. Samples are
named as described in Fig. 1.
White eclipses are used to high-
light the protein spots that dis-
appear in intensity upon pro-
longed frozen storage.

or 6 months. Also, it can be seen (Fig. 4A) that samples from
the different gel electrophoresis batches are evenly distribut-
ed throughout the score plot, thereby confirming that there
is no confounding between the results and the experimental
setup. In the PCA analysis 19% of the variation in the sam-
ples is explained along PC1 and PC2. In the PCA loadings
plot (Fig. 4B) the x variables, e.g. the spot numbers, are
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Figure 4. PCA score and loadings plot of data from 2-DE analysed
with PDQuest. (A) Scores plot of all samples. Samples run in
same 2-DE run are marked by «, B and y, respectively. Samples
are named as described in Fig. 1. (B) Loading plot, revealing pro-
tein spots, e.g. variables with a high degree of systematic varia-
tion. Variables with little importance are located near the origin
(0,0) whereas variables with high importance are located far from
the origin. (C) Explained variance of the PCA for the spot inten-
sities. Calibrated variance tells how well the model is fitted to the
available data so that it describes the data as good as possible. Of
the validated variance 17% is explained along PC1 and 2% is
explained by PC2.
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shown. The spot numbers at the border of the plot contribute
most to the model, whereas those in the centre have little or
no influence on the model. Therefore, samples that have
been frozen for 12 months have relatively high spot inten-
sities, for example spot nos. 1404, 1111 and 7104, whereas
these spots have relatively low intensities for samples that
have been frozen for 3 or 6 months. The opposing relative
intensities are found for e.g. spot nos. 101, 1203, 8108, 8110,
8702 and 8803.

To determine if the three different storage conditions, e.g.
the design variables (frozen time, freezing temperature and
storage time in MAP at 2°C), reflect changes in distinct pro-
tein spots DPLSR was applied. First modelling was con-
ducted on each single design variable (freezing temperature,
days in MAP or frozen time) to reveal if the pattern in the
protein spots correlated with the different storage conditions
(Table 1). The DPLSR models were evaluated for a number of
components, RMSEP, correlation of predicted versus meas-
ured values and by the percentage of explained validated
variance of the Y data (Table 1). For the correlations of pre-
dicted versus measured for the design variables, ‘storage
temperature’ and ‘storage time in MAP at 2°C’ gave values of
-0.29 and 0.40, respectively. However, DPLSR of the frozen
storage time (3, 6, 12 months) showed a strong correlation of
0.9665 for the discrimination between the samples, which
had been frozen for 12 months compared to 3 or 6 months,
respectively. For this model the explained validated y variance
is 51% based on all 504 protein spots in the dataset.
Throughout all multivariate data analysis, cross model vali-
dation was applied by splitting all gels (e.g. the samples) in
two different sets with one sample representing each storage
condition. This validation approach yields an assessment of
the model’s ability to predict y (e.g. storage condition) from
the spot intensities of a given sample/2-D gel. This is feasible
since each 2-D gel represents an isolated event (different cod
fillets/different preparations/different 2-DE). In order to find
the most significant spots (p < 0.05) Jack-knifing was
applied as described previously [25]. Jack-knifing [26, 27] is a
method that can estimate the variance of the regression
coefficient of the individual spots. Jack-knifing was used to
find spots with significant (here 5%) regression coefficients
in all samples and hereafter a new DPLSR was conducted on
these spots. Therefore, spot variation not related to the mod-
el/the experimental conditions can be eliminated. After one
round of Jack-knifing the predicative ability of the model
slightly increased to 0.9672 with calculations based on 288
protein spots found to be significant for the model, indicat-
ing that 288 out of 504 proteins are sufficient to span the
model. For this model the explained validated Y variance
corresponds to 59% (Table 1) and further Jack-knifing did not
improve the model. The result of the DPLSR is shown in a
correlation plot (Fig. 5) and includes all the design variables.
However, for the calculation of the model the two design
variables, freezing temperature and storage time in MAP, are
weighted down by a factor of 0.001. This enables their visua-
lisation in the plot but prevents them from influ-
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Table 1. Results of DPLSR models for the prediction of frozen storage time, frozen storage temperature or storage in MAP at 2°C using the
full set of protein spots or a selected subset of significant protein spots

y-value X-value Y-value No. of DPLSR Correlation RMSEP? % valid. Y
resulting range factors coefficient var. expl.”
Frozen storage time, months All spots (504) 3-12 2 0.97 0.16 51
Selected spots® (288)  3-12 2 0.97 0.13 59
Frozen storage temperature, °C  All spots (504) —20to —30 —d -0.29 0.57 —a
Storage in MAP at 2°C, days All spots (504) 0-14 2 0.40 0.45 23

a) RMSEP gives the average prediction error, expressed in the same units as the y values.

b) Validated variance in Y (design matrix) explained in %.

c) Significant variables (protein spots) selected by Jack-knifing (p < 0.05).
d) No correlation between the protein spots and the y value was established; therefore, no validation value is reported.

Comrelation Loadings (X and ¥)

1 e 2508 __'EEQ_I__"E
il rd 260% 1
0.5 e /ﬁa ssor| 2D 45:5\\&

/ 4408 ﬁnﬂ%}

L R

B20E

Principal component 2
B
|

14d; p0 3
; o) 01 P k Bl
1 s i -ﬁiﬂtgf 2505 geg
| bnie DU i 3605 154 _Sg?% XL
1 2 )
1 ,m?bmr; 73 l0%j 7606 m?%m“
-0.5 FoE seHS qd:”
- ] d /
1 \\ \“*-.h__ﬁ__ 7407 -
- - i o
4 Seee

1.0 —

] T RGN ET01 o612
f /,5091 @a@gg] 3_5{}&0&0 ’\.{m
<Ma08yn31

] . r.-__ ,-;{;IJ"{_]_MO%M{Q ] m

Figure 5. DPLSR of the x (protein spot) and y
(design) variables. Correlation loadings plot of
the xand yvariables. Protein spot commented in
the text are highlighted by a larger font and
framed by a box with a solid line. Design vari-
ables are highlighted by a larger font and by a
dotted line. Circles represent 50 and 100%
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Principal component 1

encing the model. Likewise are the positions of the saturated
spots (1710, 3412, 3506, 3508) highlighted in the plot, but
since they are weighted down by a factor of 0.001 they have
no influence on the model. Spot 3509 is not present in the
plot since it was not selected during the Jack-knifing selec-
tion of the significant spots. In the correlation plot shown
(Fig. 5) the circles represent 50 and 100% correctly modelled
variance, respectively. Therefore, the variance of spots
between the two circles is explained with 50-100% according
to frozen storage time.

3.3 MS

Some of the investigated protein spots were analysed by LC-
MS/MS and identified by using the generated peptide
sequence to search all nonredundant protein sequences
from Swiss-Prot, SwissProtNew, SptremblNew and Sptrembl
for homologous proteins with the MS BLAST protocol [24]

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

explained variance, respectively. Protein spot
numbers are in italics and the design variables
are all surrounded by a square.

(Table 2). The retrieved peptides were 7-23 amino acids long,
and 1-9 peptides were used for all identifications. Compar-
ing experimental MW and pI to the theoretical values for the
proteins reveal that some of the protein spots are fragments
and this is confirmed by the LC-MS/MS analyses. Spot 4017
is identified as actin and was primary sequenced to confirm
the position of the intact o-actin protein. Protein spot
volumes according to frozen storage time (3, 6 or 12 months)
are shown for some selected spots with high influence on the
model. All these protein spots have been identified by MS/
MS sequencing (Fig. 6). The significance of changes was
evaluated using the Student’s t-test. For 11 of the sequenced
proteins the p-value was smaller than 0.05.

Only actin, myosin heavy chain and glyceraldehyde-3-
phosphate dehydrogenase were identified by matching
sequences from G. morhua, since few protein sequences are
available from this species. The other proteins were identi-
fied by matching with protein sequences from other fish
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Table 2. Identification of cod protein spots 101, 1111, 1203, 2108, 1305, 1710, 3412, 3506, 3509, 4017, 5104, 6303, 7104, 8702, 8803, from cod
by means of LC-MS/MS and cross-species matching with sequences in the databases

Spot Description (species) Accession no. Total Peptides  Sequence  MW,; p/, MW,y phn

no. score matched  coverage

101 MLC 3 (Theragra chalcogramma) Q9DEA9_THECH 641 7 64.3%2 17.6; 3.6 17.2; 4.3

1111 Fast skeletal muscle a-actin Q78AY8_GADMO 243 4 12.7% 14.5; 4.9 41.9;5.3
(G. morhua) Fragment

1203 MLC 2 (T. chalcogramma) Q9DEA8_THECH 612 6 45.6% 21.5;3.9 19.1; 4.7

1305 MLC 1 (T. chalcogramma) Q9IB19_THECH 677 7 43.8%2 25.1;4.3 21.2; 4.7

1710 Skeletal muscle tropomyosin1-2 Q8JIM7_FUGRU 807 9 32.7%° 36.4; 3.6 32.5;4.7
(Fugu rubripes)

2108 Fast skeletal myosin heavy chain Q8JIV5_GADMO 190 2 11.1% 18.3;5.3 30.3; 8.7
(G. morhua) Fragment

3412 Fast skeletal muscle a-actin Q78AY8_GADMO 573 5 18.8% 30.5;5.4 41.9;5.3
(G. morhua) Fragment

3506 Fast skeletal muscle a-actin Q78AY8_GADMO 502 5 19.6% 32.5;5.7 41.9;5.3
(G. morhua) Fragment

3509 Fast skeletal muscle a-actin Q78AY8_GADMO 821 8 29.2% 34.2;5.5 41.9;5.3
(G. morhua) Fragment

4017 Fast skeletal muscle a-actin Q78AY8_GADMO 1217 14 43.8% 41.5;5.4 41.9;5.3
(G. morhua)

5104 Nuclease diphosphate kinase B Q9DFL9_GILMI 218 4 27.5%° 17.1;7.1 17.0;7.45
(Gillichthys mirabilis)

6303 Triose-phosphate isomerase B Q7T315_XIPMA 584 8 39.7% 28.7;7.4 26.5; 8.1
(Xiphophorus maculatus)

7104 Nuclease diphosphate kinase B Q9DFL9_GILMI 86 1 8.1% 14.1; 8.0 17.0;7.45
(G. mirabilis) Fragment

8702 Glyceraldehyde-3-phosphate Q8AWX8_GADMO 945 8 39.6% 37.9;8.7 36.1;8.2
dehydrogenase (G. morhua)

8803 Aldolase A (Brachydanio rerio) Q8JH72_BRARE 705 9 30.2% 40.0; 8.6 39.7;8.4

MW, and MW,, are experimental and theoretical molecular weights, respectively. MW is given in kDa. Accession number in Swiss-Prot and

TrEMBL databases.
a) Indicates cross-species identification.
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Figure 6. Spot intensity of selected protein spots, shown
according to frozen storage time, e.g. 3, 6 or 12 months. Error
bars correspond to the 95% confidence interval. Spots were
selected from the loading plot.
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species (Table 2). Except for the fragments the discrepancy
between the theoretical and experimental MW is within the
window of *0.20% [28]. The discrepancy between the theo-
retical and experimental pI values is not always within the
+0.25 U limit [28]; however, pI values are less conserved be-
tween species than MW values.

For all listed identifications the total score of MS BLAST
correspond to significant hits [24] and homologies are found
with analogue proteins from several fish species, however
listed here (Table 2) are those giving the highest hits.

3.4 Changes in protein concentration of selected
proteins

The concentration of full-length myofibrillar proteins MLC1,
MLC2, MLC3 (MLC-myosin light chain), e.g. spots 1305,
1203, 101, respectively, and tropomyosin (spot 1710) (Fig. 6)
generally declines from 3 to 12months of frozen storage
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(p < 0.05). Tropomyosin represents a saturated spot for the 3
and 6 months frozen storage and therefore the calculations
of the concentrations might be suboptimal; it is however
clear that there is a distinct decrease in spot volume for this
protein from 3 or 6 months frozen storage to 12 months of
frozen storage. Other myofibrillar identifications represent
fragments namely a myosin heavy chain fragment (spot
2108) and four o-actin fragments (spot 1111, 3412, 3506 and
3509), whereof two (spot 3412 and 3506) increase about five-
fold from 3 months of frozen storage to 12months
(p < 0.05). The peptides obtained for spot 1111 are all located
in the N-terminal end (peptides identified between positions
3 and 63) and for spots 3412, 3506 and 3509 all peptides are
located in the C-terminal end (peptides identified from posi-
tions 199 to 374, 228 to 374 and 98 to 374, respectively).

The other identified proteins changing in concentration
during frozen storage are sarcoplasmatic proteins involved
in glycolysis. Triose-phosphate isomerase (spot 6303), gly-
ceraldehyde-3-phosphate dehydrogenase (spot 8702) and
aldolase A (spot 8803) decrease five-, nine- and eight-fold,
respectively (p < 0.05), from 3 to 12 months of frozen stor-
age. Spot 5104 is full-length nuclease diphosphate kinase B,
whereas spot 7104 is identified as a fragment of this enzyme.
The changes in spot 5104 are significant (p < 0.05) from 3 to
6 months of frozen storage and for the fragment (spot 7104)
there is a significant increase from 3 to 6 months and from 3
to 12 months of frozen storage.

4 Discussion

The storage conditions of fish are known to have a sub-
stantial effect on eating quality. The proteomic data studied
here represent variations according to three different storage
conditions, e.g. frozen storage temperature, frozen storage
time and storage at 2°C in MAP after defrosting of cod fillets.
To achieve optimal information from the proteome analysis
described, multivariate data analysis was applied to search
for interrelated changes in the protein pattern characterising
the samples in the experimental setup. A visual inspection of
the PCA score plot (Fig. 4A) reveals the variation in protein
pattern primarily to be related to frozen storage time as the
samples are clustered according to this parameter. The load-
ings plot (Fig. 4B) gives an indication about which protein
spots have relatively high or low intensities according to the
clusters appearing in the score plot. For the validated varia-
tion in the spot intensities (Fig. 4C) 19% is explained along
PC1 and PC2. Hereof 17% is described along PC1 where the
samples form two groups, e.g. 12 months frozen storage ver-
sus 3 or 6 months frozen storage. Along PC2 the grouping
cannot be explained according to differences in storage con-
ditions, or experimental setup, but may be due to individual
differences of the investigated fish, which are not described,
for instance sex or age. Alternatively, the semiquantitative
nature of proteomics may weaken the interpretation of the
results, where especially the staining technique can be
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afflicted with uncertainties, in respect to reproducibility,
minor day-to-day variations and a limited dynamic range of
the protein stain [29]. Since the samples were mixed during
2-DE (Fig. 4A) the major problems due to day-to-day varia-
tions are omitted and the influence of proteins stained to
saturation is absent since these are weighted down in the
multivariate calculations. It is possible that more explicit
results could have been obtained by for instance fluorescent
staining methods, however the multivariate data analyses
show that despite the described uncertainties a systematic
variation can be subscribed to frozen storage time.

To get the optimal information from the data set DPLSR
models with one design variable was studied at the time
(Table 1). This did reveal a correlation of the protein pattern
with frozen storage time but not with frozen storage tem-
perature or storage time at 2°C in MAP.

Therefore, the obtained results reveal that, within the
molecular weight and pI values of the proteins studied here,
the biggest alterations in cod fillet protein composition can be
subscribed to the frozen storage time (Figs. 3-6) and that dis-
tinct changes appear between 6 and 12 months of frozen stor-
age. The samples analysed were selected to screen the three
different storage parameters and it is therefore possible that a
different approach could have given more explicit details of
changes for every single storage parameter. However, by
applying the more explorative approach we now know that the
frozen storage time has a pronounced effect on the protein
pattern in contrast to the effect of two different freezing tem-
peratures (—30 or —20°C) or storage time in MAP after
defrosting. This resulted in a large number of protein spots
(288) correlating with the frozen storage time (Fig. 5) whereof
some have been identified by MS/MS sequencing (Table 2).

Identification of cod proteins required cross-species
analysis based on peptide sequencing, since distant evolu-
tionary relationships typically result in orthologous proteins
with less than 70% sequence identity unsuitable for cross-
species identification by PMF [30]. The success of cross-spe-
cies identification is improved by a modified version of the
standard BLAST algorithm [24]. This programme is advanta-
geous for identification of proteins from MS/MS sequences,
since it is targeted at matching several relatively short pep-
tide sequences in the query with a homologue protein
sequence from the database entry. The algorithm is based on
an ungapped BLAST search identifying all ‘high-scoring
pairs’ regions of high local sequence similarity between in-
dividual peptides in the query and a protein sequence from
the database entry.

Generally frozen storage inhibits microbial spoilage, but
the water-holding capability diminishes and the muscle tex-
ture becomes harder and more flaky partly due to modifica-
tions leading to decreasing protein solubility [5, 31]. Altera-
tions in protein solubility and formation of aggregates have
previously been studied by gel electrophoresis under different
storage conditions and for different fish species [6, 7, 32-34].
In these studies the fish proteins were sequentially extracted
by first measuring the amount of protein soluble in NaCl,
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then SDS and finally SDS with B-mercaptoethanol. A general
tendency is that the solubility of proteins in NaCl decreases
during prolonged frozen storage, thereby indicating a shift in
protein solubility due to increased protein aggregation. That
addition of the reducing agent p-mercaptoethanol increases
the protein solubility highlights the importance of disulphide
covalent bonds in aggregation. In the work described here,
cod muscle proteins were extracted in 2% SDS and 100 mM
DTT and the overall protein solubility did not change
throughout the time course of the experiment. This indicates
that the buffer used for protein extraction masks the overall
differences in protein solubility; therefore, the general differ-
ences observed in 2-DE are due to cleavages in the protein
chains and not due to different solubility of the proteins
according to storage time. However, for some distinct proteins
the solubility may change during storage, thereby giving the
impression that they disappear even though they solely might
have reduced solubility in SDS and DTT.

The causes of textural changes in meat and fish is of
major interest and there has been an immense debate on the
degradation pattern of specific proteins [35-43]. Even though
a decreased solubility of o-actin has been reported [6, 7], actin
degradation has generally not been observed [36, 37, 39]
except in one study on pacific whiting (Merluccius productus)
[38]. However, recent 2-DE studies have revealed fragmenta-
tion of pig a-actin during postmortem storage [44—46]. It is
plausible that the detailed picture of the protein composition
emerging from this technique gives a more comprehensive
picture than the otherwise applied SDS-PAGE approach,
thereby providing new information on the changes appear-
ing in fish and meat after slaughter.

Within the time span of the experiment described here
the full-length myofibrillar proteins MLC1 (spot 1305),
MLC2 (spot 1203), MLC3 (spot 101), and tropomyosin (spot
1710) decline in concentration. The two o-actin fragments
(spots 3412 and 3506) increase in concentration thereby
implying an o-actin breakdown concurrent with prolonged
frozen storage of cod. In both cod and pig a-actin is 377 aa
long and the sequence identity between the pig and cod pro-
tein is 98%. It is remarkable that an o-actin fragment
appearing in pig has a size of 32kDa and a pI value of 5.3,
which are basically the same as the values reported here for
one of the cod fragments (spot 3506) with a size of 32.5kDa
and a pIvalue of 5.7. The high sequence identity between the
two different species and the common characteristics of
fragment size imply that the same type of protein degrada-
tion might occur in the two different species.

MLCs bind to the globular region of myosin heavy chain.
Together the MLCs and myosin heavy chain are the main
proteins forming the thick filaments. Besides an ATP- and
two MLC-binding regions myosin heavy chain contains an
actin-binding region, which is the major protein of the thin
filaments. The results described here reveal a simultaneous
decrease in concentration of MLC1, MLC2, MLC3, tropo-
myosin and increase in a-actin fragments. These contractile
proteins are abundant in the muscle, and therefore degrada-
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tion, changes in interactions and bindings of these proteins
may signify an important point of the correlation between
frozen storage time and textural damage. During the storage
experiment two o-actin fragments (spots 1111 and 3509) and
a myosin heavy chain fragment do not change significantly
in concentration. These fragments might represent inter-
mediate fragments generated from full-length proteins
where the intermediate fragments are cleaved further into
smaller fragments not identified here.

During frozen storage triose-phosphate isomerase, aldo-
lase A and glyceraldehyde-3-dehydrogenase decrease about
five-, eight- and nine-fold, respectively, from 3 to 12 months
of frozen storage indicating that the enzymes disappear from
the cod fillets. All three enzymes are involved in the glycoly-
tic pathway and structurally triose-phosphate isomerase
binds to other glycolytic enzymes already bound to the thin
filaments in the muscle sarcomer, such as aldolase A and
glyceraldehyde-3-dehydrogenase [47]. The breakdown of
nuclease diphosphate kinase B is verified by the increase in
concentration of spot 7104. Nuclease diphosphate kinases
are involved in multiple cellular functions and are required
for synthesis of nucleoside triphosphates (NTP) other than
ATP Dy transferring the terminal phosphates from ATP. The
enzymes are located in the nucleolus but might also be colo-
calised with actin [48].

The increase of a-actin fragments during frozen storage
verifies that a degradation of the thin filaments occurs. Since
triose-phosphate  isomerase, glyceraldehyde-3-phosphate
dehydrogenase and aldolase A are located in this region of
muscle sarcomers, alterations in their binding pattern is
expected concurrently with o-actin degradation. This degra-
dation is expected to result in a softer structure of the thin
filaments leading to an increased exposure of the enzymes
present, in respect to both proteolysis and mechanical stress.
This might explain the simultaneous degradation of triose-
phosphate isomerase, glyceraldehyde-3-phosphate dehy-
drogenase and aldolase A.

The biochemical processes in fish muscle are expected to
be different before and after rigor, e.g. oxygen depletion, dur-
ing initial freezing and during prolonged frozen storage. In a
previous study on postmortem changes during ice storage it is
found that the protein spot corresponding to triose-phosphate
isomerase increases about three-fold in concentration within
the first 18 h of storage [18], which is the time point when rigor
begins. This increase in concentration of triose-phosphate
isomerase during ice storage from just slaughtered until rigor
occurs indicates [18] a shift in metabolism in the postmortem
muscle probably due to ATP depletion. Likewise triose-phos-
phate isomerase increases about five-fold in pig during post-
mortem storage [45]. In the study on protein changes during
ice storage of cod, MLC2 and MLC3 have been found to
increase about three times within the first 18 h of ice storage
[18)]. Interestingly a similar study on postmortem storage of
pig for 72h shows the concentration of MLC2 to increase
about five times during postmortem storage [45, 46]. It is
remarkable that some of the proteins changing in concentra-
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tion are the same during ice storage, frozen storage and in
species as different as cod and pig; this implies that similar
biochemical mechanisms are involved during all processes.

The choice of proteins for MS/MS sequencing was based
on a combination of protein spots with a sufficient size for
sequencing and protein spots that appeared to change dur-
ing frozen storage. The protein spots changing in con-
centration represents an average of different storage tem-
peratures and days of storage in MAP and it is therefore
likely that a more distinct pattern could evolve if the analysis
was applied on more samples from each condition or for
instance at different temperatures. Future work would
therefore include a more comprehensive analysis of the pro-
tein spots and extended focus on the multivariate data anal-
ysis eventually searching for a connection between the
alterations of protein pattern with different sensory aspects
of the fish during different storage conditions.

The results demonstrate protein changes induced due to
frozen storage time to have major influence on the protein
pattern compared to those induced due to different freezing
temperatures or storage time in MAP. Furthermore, combin-
ing proteomics and multivariate data analysis, to the samples
described here, has drawn the attention to remarkably related
proteins and protein fragments in the otherwise immense
amount of proteomic data. It is notable how the identified
proteins fall into groups where the proteins are connected.
Three of the sarcoplasmic proteins identified this way are
located in the same subcellular structure in the muscle fibre
and all three disappear with a similar pattern from the cod
muscle. For the fourth sarcoplasmic proteins the full-length
proteins disappear coherently with an increase of concentra-
tion of the fragment. In respect to the myofibrillar proteins all
three MLCs and tropomyosin are degraded in a similar pat-
tern and at the same time two o-actin fragments increase in
concentration. One of the o-actin fragments is also found in
pig [45] thereby indicating that the same type of protein deg-
radation appears in both fish and pig meat. The results
achieved here provide an important basis for future studies on
changes in protein composition/protein degradation during
storage of cod and fish in general.
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