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Abstract Human 2-D PAGE Databases established at the 
Danish Centre for Human Genome Research are now available 
on the World Wide Web (http:l/biobase.dk/cgi-birdcelis). The 
databanks, which offer a comprehensive approach to the analysis 
of the human proteome both in health and disease, contain data 
on known and unknown proteins recorded in various IEF and 
NEPHGE 2-D PAGE reference maps (non-cultured keratino- 
cytes, non-cultured transitional cell carcinomas, MRC-5 fibro- 
blasts and urine). One can display names and information on 
specific protein spots by clicking on the image of the gel 
representing the 2-D gel map in which one is interested. In 
addition, the database can be searched by protein name, 
keywords or organelle or cellular component. The entry files 
contain links to other databases such as Medline, Swiss-Prot, 
PIR, PDB, CySPID, OMIM, Methabolic pathways, etc. The 
on-line information is updated regularly. 
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1. Introduction 

It is now 6 years since the Human Genome Project was 
launched and, indeed, there have been remarkable advances 
both on the construction of physical and genetic maps as well 
as in identification of genes associated with diseases [1]. Re- 
search at the protein level, however, has lagged behind partly 
due to the complexity of the technology required to separate, 
analyse and identify the thousands of polypeptides that con- 
stitute the proteome (1) of a given human cell type. To date, 
only a small proportion of the total proteome has been iden- 
tified and little is known about the protein composition of 
individual cells, in particular differentiated ones. Proteins or- 
chestrate most cellular functions and therefore, it is of impor- 
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Abbreviations: 2-D, two-dimensional; IEF, isoelectric focusing; 
NEPHGE, non-equilibrium pH gradient electrophoresis; keywords, 
sample spot; PAGE, polyacrylamide gel electrophoresis 

1The term proteome was recently coined by M. Wilkins and K. Wil- 
liams. 

tance to develop technology to resolve and identify them, as 
well as to pinpoint those associated with diseases. 

At present, the only available approach for a comprehen- 
sive analysis of the human proteome is provided by high-res- 
olution two-dimensional polyacrylamide gel electrophoresis 
(2-D PAGE) [2-5] in combination with methods to identify 
and quantitate the polypeptides present in the individual spots 
([6-8] and references therein). The current 2-D PAGE tech- 
nology allows the resolution of about 3000~000 
[35S]methionine-labelled polypeptides (ranging in pI from 4 
to = 12) from any cell line or tissue and of these at least 
1000 may correspond to modified variants [6,9,10]. This may 
seem like a small number compared with the estimated 
100000 expressed human genes [1]; however, only a fraction 
of the genes are switched on in a given cell type with may be 
no more than 5000-6000 different expressed proteins (perhaps 
with the exception of cell types in the brain) and their mod- 
ifications per cell [9,10]. As much as about 80% of the poly- 
peptides could represent house-keeping proteins that are 
shared by all cell types and that are expressed in variable 
amounts ([10] and references therein). Assuming that there 
are at least 250 different cell types in the human body [11], 
each expressing about 3400  proteins unique to a specific cell 
type, one ends up with a total number of proteins that is 
reasonable close to the estimated number of genes. Thus, by 
focusing on the study of common proteins and by co-ordinat- 
ing the analysis of individual human cell types, it may be 
possible to resolve and analyse the majority of the expressed 
proteins in the near future. The purpose of this short review is 
to describe some features of our 2-D PAGE databases for the 
study of global cell regulation and diseases (http://biobase.dk/ 
cgi-bin/celis), as well as to underline future directions and 
limitations of the approach. The reader, however, is encour- 
aged to visit other related sites in the Web, in particular, the 
federated 2-D PAGE databases that are available individually 
or through the ExPASy molecular biology server in Geneva 
(http :/expasy.hcuge.ch/www/expassy-top.html). 

2. 2-D gel technology 

For the past 20 years, high-resolution 2-D PAGE has been 
the technique of choice to analyse the protein composition of 
a given cell type and for monitoring changes in gene activity 
through the quantitative and qualitative analysis of the thou- 
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Fig. 1. Part of a synthetic image of human keratinocyte proteins separated by IEF 2-D PAGE. Proteins flagged with a red cross correspond to 
known proteins. By clicking on any spot is possible to obtain a file containing information about the protein. 

sands of proteins that orchestrate various cellular functions. 
The technique, which was originally described by O'Farrell 
[2,4] and Klose [3], separates proteins both in terms of their 
isoelectric point (pI) and molecular weight. Usually, one 
chooses a condition of interest and lets the cell reveal the 
global protein behavioral response as all detected proteins 
can be analyzed (relative abundance, post-translational mod- 
ifications, coregulated proteins) both qualitative and quantita- 
tively in relation to each other. 

A systematic analysis of the human proteome by 2-D 
PAGE requires a reproducible gel system to resolve the pro- 
teins as well as computer-assisted technology to scan the gels, 
make synthetic images, assign numbers to individual spots 
and match gel spots. In addition, one needs functions to enter 
and retrieve qualitative and quantitative information. To date, 
our work has been based entirely on the use of carrier am- 
pholytes as originally described by O'Farrell [2,4]. Even 
though gels run with carrier ampholytes are difficult to repro- 
duce in many hands we have standardized the technology to a 
level in which it is possible to obtain reproducible separations 
routinely ([12], see also procedures and videos at http://bio- 
base.dk/cgi-bin/celis). Recently, Bjellquist and others [13-15] 
introduced the use of immobilized pH gradients (IPG), which 
are integral part of the polyacrylamide matrix and provide 
more reproducible focussing patterns. IPGs avoid some of 
the problems associated with carrier ampholytes (e.g., cathi- 
onic drift) and offer enhanced resolution as very narrow pH 
gradients of about 0.05 pH/cm can be established. 

3. Making a 2-D page database 

The first step in making a comprehensive 2-D PAGE data- 
base is to prepare a synthetic image (digital form of the gel 
image) of the gel (autoradiogram, fluorogram, Coomassie 
blue- or silver-stained gel) to be used as a standard or master 
reference. This can be done with laser scanners, charge couple 
device (CCD), array scanners, television cameras, rotating 
drum scanners and multiwhire chambers [16]. Various soft- 
wares for 2-D PAGE analysis have been developed that 
work on different hardwares ([16] and references therein). 

In our workstation in Aarhus, autoradiograms are scanned 
with a laser scanner and the data are analyzed with the use of 
the PDQUEST II software (Protein Databases Inc.) [17] run- 
ning on a SPARK station computer from SUN Microsystems, 
Inc. The scanner measures intensity in the range of 0 to 3.0 
absorbance. A typical scan of a 17X 17 cm autoradiogram 
takes about 2 min. Steps in image analysis include: image 
acquisition, initial smoothing, background subtraction, final 
smoothing, spot detection and fitting of ideal Gaussian dis- 
tributions to spot centers. Spot intensity is calculated as the 
integration of a fitted Gaussian. If  calibration strips contain- 
ing individual segments of known amount of radioactivity are 
used, it is possible to merge multiple exposures of the sample 
image into a single data image of greater dynamic range. Once 
the synthetic image is created it can be stored on disk and 
displayed directly on the monitor. Functions that can be used 
to edit the images include: cancel (for example to erase 
scratches that may have been interpreted as spots by the com- 
puter; cancel streaks or low dpm spots), combine (sometimes 

a spot may be resolved into several closely packed spots), 
restore, uncombine and add spot to the gel. The editing proc- 
ess is time consuming and takes about 1-1.5 day per image. 

Each polypeptide is assigned a number by the computer, a 
fact that facilitates the entry and retrieval of qualitative and 
quantitative information for any given spot in the gel [6,10]. 
The standard image can be matched automatically by the 
computer to other standard or reference gels provided a few 
landmarks spots are given manually as reference to initiate the 
process. It should be stressed that proteins are matched ac- 
cording to their gel position and, therefore, additional ways to 
verify their relatedness are needed before one can take full 
advantage of the data. Once a standard map of a given pro- 
tein sample is made, one can enter qualitative or quantitative 
information to establish a reference or master database 
(http ://biobase.dk/cgi-bin/celis) ([6,10,18] and references there- 
in). Categories or entries are created so as to gather informa- 
tion on physical, chemical, biochemical, physiological, genetic, 
architectural as well as biological properties of proteins. In 
general, entries reflect the type of biological problem that is 
being studied using the database approach. 

4. http ://biobase.dk/egi-bin/celis 

As a result of a long-term and systematic effort to study 
gobal cell regulation and diseases (psoriasis, bladder cancer) 
we have established several comprehensive, computer-aided 
IEF and NEPHGE 2-D PAGE databases (non-cultured ker- 
atinocytes [10,19], non-cultured transitional cell carcinomas, 
MRC-5 fibroblasts [20] and urine [21] that can be accessed 
(in part) on the World Wide Web thanks to a custom made 
software developed by Protein Databases Inc. (PDI). Of the 
databanks, the keratinocyte one has taken nearly 6 years to 
develop and is by far the most comprehensive. The ultimately 
aim of this database is to gather - -  through a systematic study 
of these cells - -  qualitative and quantitative infomation on 
keratinocyte proteins that may allow us to identify abnormal 
patterns of gene expression and to pinpoint signalling path- 
ways and components that are affected in diseases, psoriasis in 
particular ([21-27] and references therein). Some interesting 
features of the keratinocyte database, including links to other 
sites in the Web, are illustrated below. 

Fig. 1 shows a fraction of the synthetic image of non-cul- 
tured human keratinocyte proteins separated by isoelectric 
focussing (IEF) 2-D PAGE as depicted on the World Wide 
Web (http://biobase.dk/cgi-bin/celis). Proteins flagged with a 
red cross correspond to known polypeptides. To date, about 
1100 polypeptides have been identified in this database (IEF 
and NEPHGE) of the nearly 3200 that have been resolved 
and catalogued [10]. Proteins have been identified by one or 
a combination of techniques that include (i) 2-D gel immuno- 
blotting using specific antibodies and the ECL detection pro- 
cedure [10,28], (ii) microsequencing of Coomassie Brilliant 
Blue-stained proteins ([29-31] and references therein), (iii) co- 
migration with known human proteins (individual proteins 
and organeUe components), (iv) mass spectrometry of tryptic 
peptides ([32] and references therein), (v) vaccinia virus [33] 
and COS-1 expression [34] of full-length cDNAs, (vi) in vitro 
transcription-translation [34], (vii) blot overlay techniques [35] 
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Fig. 3. Linking protein and DNA sequencing and mapping information. 

and (viii) labeling of post-translational modifications [36]. 
Both microsequencing and mass spectrometry are instrumen- 
tal for the identification of novel proteins. 

Information gathered on any given polypeptide, known or 
unknown, can be easily retrieved by clicking on the corre- 
sponding spot. A file containing all of the information gath- 

H v ,  l e w  

ered for this particular protein (mostly obtained in our labora- 
tories) appears as shown in Fig. 2 (only a fraction of the file 
for psoriasin is shown). Files for known proteins contain links 
to a subset of Medline, Swiss-Prot, PIR, and PDB. Other 
links include OMIM and other Web sites such as CySPID 
(cytoskeletal protein interactions database), metabolic path- 

I 

m ~ m m / 

Fig. 4. Organelles and cellular components. By clicking on any of the structures and components it is possible to obtain a protein list as well 
as their relative positions in the master image. 
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ways (compiled by KEGG),  the cytokines database, NUS 
histonet (histology), etc. (Fig. 2). In the long run, as new 
databases and related Web sites become available it will be 
possible to navigate through various databanks containing 
complementary information (nucleic acid and protein se- 
quence, genome mapping, diseases, protein structure, post- 
translational modifications, antibodies, signalling pathways 
etc.) (Fig. 3). In particular, as the Human Genome Project 
progress, 2-D PAGE databases are expected to help annotat- 
ing DNA sequences and will be instrumental in linking pro- 
tein and DNA sequencing and mapping information. In addi- 
tion, they may offer a global approach to the study of cell 
regulation (Fig. 3) [10]. 

Functions to query the database include search by name or 
keywords (Fig. 1) as well as by organelle or cellular compo- 
nent (Fig. 4). By clicking on any of the organelles, cellular 
structures and components depicted in Fig. 3 it is possible to 
get a protein list (together with Mr and pI) as well as their 
relative position in the master image. Also, one can retrieve a 
list of the nearly 1100 known proteins recorded in the data- 
base and from there go directly to the position in the gel and 
thereafter to the files for these proteins. To date, 56 informa- 
tion categories are available on the World Wide Web version 
of the IEF keratinocyte database. To name a few, these in- 
clude cellular localization, pathways, proteins affected in pso- 
riatic keratinocytes, proteins differentially regulated in abnor- 
mally differentiated keratinocytes, effects of growth factors 
and cytokines, protein levels in normal and transformed ker- 
atinocytes, levels in fetal human tissues, abundancy, distribu- 
tion in Triton cytoskeletons and supernatans, peptide se- 
quences, cytoskeletal proteins, calcium binding proteins, 
annexins, chaperonins, heat shock proteins, etc. 

The transitional carcinomas databank is being developed 
with the aim of identifying a complete set of protein biomar- 
kers that may be useful to classified histopathological grades 
of TCCs and that will provide specific probes (mainly anti- 
bodies) for the objective diagnosis, prognosis and treatment of 
these lesions [37,38]. In due course, these biomarkers will be 
used as landmarks for forthcoming research directed at dis- 
secting the various stages involved in tumour progression. 
Furthermore, we are interested in identifying tumour specific 
antigens that are externalized to the urine [21,37], and that 
may identify individuals at risk. 

4.1. Concluding remarks and perspectives 
Recent advances in protein identification techniques (micro- 

sequencing, mass spectrometry immunoblotting and cDNA 
expression systems) have made possible the establishment of 
comprehensive 2-D PAGE gel protein databases that aim at 
linking protein and DNA mapping and sequence information 
(Human Genome Project), and that offer a unique approach 
to the study of the proteome both in health and disease (see 
also http:/expasy.hcuge.ch/www/expassy-top.html). With the 
integrated approach offered by 2-D PAGE databases it is 
now possible to reveal phenotype-specific proteins, sequence 
them, to search for homology with previous identified pro- 
teins, clone the cDNAs, assign partial protein sequences to 
genes for which the full DNA sequence and the chromosome 
location are known, and to study the regulatory properties 
and function of groups of proteins that are co-ordinately ex- 
pressed in a given biological process, diseases included. Hu- 
man 2-D PAGE databases will provide an integrated picture 

of the expression levels and properties of the thousands of 
protein components of organelles, pathways, and cytoskeletal 
systems, both under physiological and abnormal conditions, 
and are expected to complement the current efforts to map 
and sequence the entire human genome. In addition, 2-D 
PAGE databases and associated technology are expected to 
address problems that cannot be approached by DNA analy- 
sis, namely, relative abundancy of the protein product, post- 
translational modifications, subcellular localization, turnover, 
interaction with other proteins as well as functional aspects. 

In spite of new and sensitive technology available for pro- 
teome analysis, in particular the development of the nano- 
electrospray by Wilm and Mann [39] that allows the identifi- 
cation of proteins in the low picomole level, we believe that a 
complete analysis of the human proteome will be hampered 
by the lack of procedures to prepare pure non-cultured nor- 
mal cells from various tissues. This may seem trivial at first 
glance, but many normal cells may change their protein ex- 
pression profile shortly upon culturing given a distorted view 
of the true expression pattern. Working with whole tissues on 
the other hand, poses many technical problems due to cell 
heterogeneity and high abundancy of some differentiated 
products. Obviously, one can enrich for low abundance pro- 
teins by cell fractionation or conventional protein purification 
procedures, but the more one handles a sample the higher the 
chance of introducing artificial protein modifications. We also 
foresee problems with the separation of very basic proteins, 
the identification of very low abundance proteins that are 
post-translationally modified as well as with quantitations in 
general as none of the current procedures can be used to 
analysize all of the proteins resolved in a gel. All in all how- 
ever, the 2-D PAGE technology and satellite techniques have 
now reached a stage in which it is possible to begin to con- 
template translating basic discoveries into meaningful clinical 
applications. 
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