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A method derived from general computerized data analysis techniques is used here first to tabulate the char-

acteristics of individual peptide spots observed by two-dimensional electrophoresis and to compare these

characteristics among spots. Multivariate analysis of such data arrays then leads to the grouping of spots

in an n-dimensional space, according to their expression characteristics. Such maps display zones which are

characteristic of the tissue studied. These functional maps provide a powerful analytical tool for describing

such functional interactions and also for predicting the function of unidentified peptides observed on the
electrophoresis gels.

Data analysis

1. INTRODUCTION

Analysis of proteins using two-dimensional
(2-D) electrophoresis plays a prominent role in the
study of gene expression [1-4].

This technique is now the most powerful means
of analyzing genetic expression in a cell or in a
tissue. Up to several thousand peptides can be
observed in a single analysis, and therefore about
the same number of gene activities can be
monitored together. Some methods have been
developed to routinely collect data on posttransla-
tional modifications (e.g. acetylation, phosphory-
lation) or biochmeical characteristics (associated
lipids or polysaccharides). These data, together
with the determination of the molecular mass and
isoelectric point of each peptide, consist of a set of
parameters whose values characterize each spot on
a given gel.

However, the enormous quantity of information
to be manipulated leads to a self-limitation on the
exhaustive use of 2-D electrophoresis in the study
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of all the peptides that can be observed on a 2-D
gel. The use of computer methods is needed to
handle such amounts of data. Here we describe a
method to extract the significant relationship con-
cerning protein functions and functional interac-
tions from the collected data. The data are thus
presented as functional maps.

2. MATERIALS AND METHODS
2.1. Sample preparation

Tissues were incubated in Landureau medium in
the presence of 0.05mCi [**S]methionine
(800 Ci/mmol) for 3 h. After labeling, tissues were
rinsed and collected by centrifugation. They were
then homogenized in extraction buffer (0.12 M
NaCl, 0.5% SDS, 50 mM Tris-Cl, pH 7.5). After
centrifugation to remove non-homogenized tissue
and cell debris, the supernatant was carefully col-
lected and then precipitated with one volume of
cold saturated ammonium sulfate. The precipitate
was pelleted and solubilized in O’Farrell extraction
medium.
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2.2. Protein electrophoresis

Electrophoresis analyses were performed as sug-
gested by O’Farrell with minor variations in the
geometry of the apparatus and the experimental
protocol. The pH gradient in the first dimension
ranged from 3.5 to 10 pH units and acrylamide
concentration in the second dimension from 7.5 to
14.5%. Isoelectric focusing was performed for
9000 V-h at 400 V and second dimension elec-
trophoresis at 18 mA/gel. After electrophoresis
slabs were rinsed in methanol acetic acid, stained
with G-250 Coomassie brilliant blue, photo-
graphed and then treated for fluorography using
the technique described by Laskey and Mills, and
that described by Bonner and Laskey. Gels were
dried and autoradiographed at 200 K for one week
to one month depending on the amount of
radioactivity.

2.3. Computer image treatments

A computer based 2-D gel image treatment
system is used to digitalize and analyze gel images.
After a set of preliminary filtering treatments
devoted to cleaning of the image and to reduction
of the noise, the main shape parameters and the
volume of each detected spot is calculated accor-
ding to the fitting of these parameters to a
Gaussian-derived spot model. A spot list is thus
established including a reference number, each
parameter of the model, the volume and the inten-
sity of each spot.

A set of spot lists corresponding to a series of ex-
periments is matched to determine the homologous
spots from one gel to another and a data array is
then constituted. It includes the intensity of each
spot throughout the series of gels.

2.4. Data analysis

We used different approaches to perform data
analyses. The main technique we used was the
principal component analysis (Kendall et al. [11]).
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This analysis is a multivariate technique for ex-
amining relationships between several variables. It
is useful to reduce the number of initial variables
to their principal components (a linear combina-
tion to the initial variables, the coefficients of-
which are the eigenvectors of the correlation or
covariance matrix). In our case we used the cor-
relation matrix calculated from the data. A con-
stant feature of this type of data analysis is that it
gives the broadest distribution of the objects
through the variable space.

3. RESULTS

The global approach used here was made possi-
ble by the recent development of several techniques
and systems concerning the automatic analysis of
2-D gels [1,5-7]. These techniques reduce the in-
formation contained in a gel to a spot list which in-
cludes spot coordinates, intensities and other
physical characteristics such as shape, diffusion,
tailing, etc.

Obviously, the regulation mechanism of gene ex-
pression lies in a complicated network of interac-
tions including the expression of numerous
polypeptides. In other words, the expression of
many genes is interrelated. The methods described
here can detect these critical interactions between
the expression of several genes in a given tissue.
Here we show the method by describing the setting
up of such a functional map for a particular case,
the terminal differentiation of an insect tissue, the
wing imaginal disc of the Lepidopteran Pieris
brassicae. We performed a set of several elec-
trophoretic analyses of proteins extracted every
24 h when the nymphal development proceeds [8],
and we established an equal number of spot lists
using our computer graphic system [8]. A data ar-
ray, constituting a 2-D electrophoresis data base
for this special tissue, was then established (fig.1).
The corresponding data array consists of a descrip-

.

Fig.1. Data array constituted from 2-D electrophoresis results. The dissected wing imaginal discs of Pieris brassicae

nymphs were incubated with [**S}methionine (>800 Ci/mmol, Amersham) at 50 #Ci/ml. The tissue was homogenized

in 50 mM Tris-Cl containing 0.125 M NaCl and 0.5% SDS, and the proteins were precipitated with ammonium sulfate.

After analysis by 2-D electrophoresis, the spots were submitted to a semi-quantitative analysis in each gel. The results

are reported in this data array. Each protein is referenced by a global number (top left) and a local number (top right)

used to reference it in a given gel. This local number is sometimes replaced by a mnemonic (e.g. tu for tubulin, AC
for actin, etc.). Each curve displays the evolution of the protein labeling along the developmental stages.
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tion of the proteins in an n-dimensional space, n
being the number of different stages used in the
analyses. It is then possible to submit these objects
(the proteins), described by an n-dimensional set of
variables (their expression), to multivariate analy-
sis [9—11]. From these computations, we obtain a
linear combination of the » starting coordinates,
which leads to the best separation of the different
peptides along each variable in the resulting n-
dimensional space. At this stage, it is of peculiar
interest to understand how this separation is ob-
tained. Each protein differs in the shape of its ex-
pression pattern during development. Some are
very different (nos 39 and 85 in fig.1), and some
are closely related (nos 59 and 60) or even essential-
ly identical (nos 5 and 88). These similarities be-
tween synthesis patterns reflect the expression of
all the interactions formed during tissue differen-
tiation. Some aspects put the peptides together in
the same area of the variable space, while others
separate them. In such cases, peptides will be ag-
gregated along one dimension of variable space
and separated along another. The result of these
computations is shown in fig.2. Only the main
planes of the variable space have been plotted. The
proteins are separated on these planes as spread
clouds, each corresponding to common charac-
teristics for the expression of the enclosed spots. It
is of interest to note that this separation reflects
functional differences. In fact, we identified some
functions of the separated spots. Group 1 of fig.2
contains cuticular peptides, group 2 cytoskeletal
proteins (see legend), groups 3a and 3b ribosomal
proteins and group 4 ecdysone-induced proteins
(EIP). A significant observation is that the projec-
tion of each identified functional area retains its
cohesion properties on each plane in the variable
space. This feature means that each functional
zone consists of a compact volume in the n-
dimensional space. The juxtaposition of these
functional volumes gives a true functional map of
the tissue. This approach yields an overall descrip-
tion of the interactions between these functions in
a given tissue. For example, EIP seem to have no
features in common with cytoskeletal proteins,
because the cytoskeleton is a constant element of
the studied tissue. Experiments not reported here
revealed that ecdysteroids were unable to induce
tubulin or actin synthesis in the imaginal disc. On
the other hand, cytoskeleton and cuticle areas
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Fig.2. Multivariate analysis of the proteins contained in
the data base. The planes constituted by the 1-2 (top)
and 2-3 (bottom) axes are represented. Group 1
{cuticle), o ; group 2 (cytoskeleton), ®; group 3aand b
(ribosome), @ and group 4 (EIP), A .

display common features in plane 1-3 (46% of in-
itial information) and plane 1-4 (44%),
represented in fig.3.

As we observed elsewhere (data not replotted), it
is a characteristic of this tissue that the
cytoskeleton plays a prominent role in the elabora-
tion of cuticular structures. The interaction be-
tween these two clouds is essentially realized
through protein 92 (acidic form of actin). This pro-
tein, usually associated with the cytoskeleton,
seems to be present in cuticular protein prepara-
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Fig.3. Same as in fig.2, but the 1-3 and 1-4 planes are
represented.

tions (not shown) and could represent a
cytoskeletal element embedded in cuticular struc-
tures. We also observed that protein 15 is always
present within the projection of the cytoskeleton
volume onto each plane. This observation led us to
believe that this protein could be associated in the
cell with the cytoskeleton. Further preparation and
analysis of the entire cytoskeleton revealed the
presence of protein 15 in this set of peptides.
Groups 3a and 3b enclose ribosomal proteins
and exhibit a strong association of the aggregated
peptides. We cannot explain why ribosomal pro-
teins are split into two groups in this tissue, but this
characteristic is constant over all the planes of the
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variable space. However, the members of each
group are different from one plane to another.
Ribosomal proteins then, are sorted into the same,
or different, groups according to various aspects
of their expression patterns. This feature probably
hides some characteristics of the functional
specialization of ribosomal proteins.

4. DISCUSSION

The approach presented here has a descriptive
role anid can allow a more global approach both to
the cell functions and to the interactions between
them. The visualization of functional zones can
help to understand how, in a given tissue, the
regulation of cell functions is integrated. Such a
map achieves a true n-dimensional separation in a
functional space, adding several facets to the 2-D
space of the electrophoretic separation. However,
our method also plays a predictive role. In this
work, we can quote the discovery of the interaction
of actin with cuticular structures and the discovery
of protein 15 as a cytoskeletal component. The
bifunctional characteristics of ribosomal proteins
raise additional interesting questions; the close
relationship between peptides found in group 4
allows us to predict that some peptides of this
group should be tested for the sensitivity of their
genes to ecdysteroids. A promising way consists of
the establishment of such functional maps for
several tissues to observe whether the relative posi-
tion of the different functions in variable space
varies from one tissue to another. Numerous ap-
plications can be derived from this technique,
especially using data on posttranslational
modifications or physicochemical characteristics.
The comparison of functional maps obtained from
different cell lines with closely related
characteristics may also be very useful.

So, the data analysis allows sorting of some
aspects of protein expression that were difficult to
establish with the more conventional biochemical
approach. Therefore, the usefulness of such func-
tional maps resides in that they highlight certain
elements of protein expression, further study of
which could be profitably undertaken using more
conventional biochemical tools. Such predictive
ability derives from the large quantity of informa-
tion contained in a single 2-D gel and from the
maximum exploitation of this information, this
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technique being only a tool to handle these data.
The fact that functional sorting is achieved
through the use of protein expression patterns sug-
gests a relation between the regulation of the pro-
tein expression during development and the func-
tion of these proteins in the cell. This means that
protein expression is coordinated to perform de-
fined functions. However, such maps are only
predictive. For example, replacement of one pro-
tein by another to perform the same function
yields two opposing expression profiles and a
separation of the two peptides in the map. But it
must be remembered that, if these two proteins
perform the same function, they will be subject to
the same regulatory processes. If the data array
used to perform the analysis covers a sufficiently
wide range of conditions, the similarities induced
by the common regulation should overcome the
initial discrepancy. It appears therefore that the
power and accuracy of this approach increase with
the quantity of available data, and also with the
relevance of the data collected.
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