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Abstract

To functionally characterize numerous novel proteins encoded by cDNAs sequenced by the German Consortium,
tagged with green fluorescent protein. The subcellular localizations of the fusion proteins were examined in living cells,
their classification in subcellular groups. Their activity in cell growth, cell death, and protein transport was screened
throughput using robotic liquid handling and reading stations. The resulting information is integrated with functional ge
and proteomics data for further understanding of protein functions in the cellular context.To cite this article: S. Wiemann et
al., C. R. Biologies 326 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

ADNc pour la génomique fonctionnelle et la protéomique : le consortium allemand. Pour caractériser fonctionnelleme
de nombreuses protéines caractérisées par le Consortium allemand, 800 ont été étiquetées avec la protéine fluorescen
localisations subcellulaires des protéines de fusion ont été examinées dans des cellules vivantes, permettant leur cl
en groupes subcellulaires. Leur activité dans la croissance et la mort cellulaire, ainsi que dans le transport protéiq
testée à haut débit, en utilisant des statons robotisées pour la manipulation des liquides et la lecture. L’information
est intégrée avec les données de génomique fonctionnelle et de protéomique pour améliorer la compréhension de
protéiques dans le contexte cellulaire.Pour citer cet article : S. Wiemann et al., C. R. Biologies 326 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

As the human genome has been mostly seque
on genomic level [1,2], the identification, isolation a
functional characterization of the genes and prote
remain the next challenges, especially in view of th
role in disease processes. The lack of perfect g
prediction software and the need for physical clo
resources of genes and gene products limits the
of the genomic sequence for direct use in functio
genomics. The availability of full-length cDNAs ha
proven to be pivotal for the process of correct ge
identification, and cDNAs also constitute the ide
physical clone resources for functional genomics’
proaches. The German cDNA Consortium which w
established in 1997 [3–5], also has been first to
velop and apply systematic high-throughput strateg
for the functional characterization of encoded p
teins [6].

While the cDNAs analyzed by the German cDN
Consortium have already been successfully emplo
in single-gene approaches [7–9], their use in hi
throughput applications is especially appealing
standardized set ups could be installed where a l
number of cDNAs could be analyzed in parallel
generate a huge amount of functional informati
We combine this information with existing knowledg
(e.g., chromosomal mapping position, disease in
mation) to allow for a comprehensive analysis of
dividual genes and gene products and their poss
involvement in disease processes.

In our initial set-up we exploited the human cD
NAs that are generated and sequenced by the
man cDNA Consortium [3] by determining the su
cellular localization of the encoded proteins [6,10,1
but recently we have extended our research to
clude a variety of functional genomics and proteom
approaches. Our research aims at the comprehe
functional characterization of the majority of the pr
teins and their splice variants, which have been ide
fied by the German cDNA Consortium.

2. Materials and methods

2.1. cDNA resources and sequencing

cDNA libraries are constructed and systematica
sequenced at the DKFZ within the German cDN
Consortium as described previously [3]. In brief, w
use mostly the Smart system (Clontech), and size
lect prior to cloning. The size selection procedu
allows for the cloning of long-insert sub-librarie
All libraries are arrayed in 384-well microtiter plate
and distributed to the seven sequencing center
the consortium. 5′ end-sequencing is done with a
clones of every plate, ESTs are analyzed for n
elty and likelihood to contain the complete open re
ing frame (ORF) of a gene. Positive clones are
leased for full-length sequencing. Annotation of fi
ished sequences is done at MIPS [12], sequence
entered into the EMBL sequence database [13].
clones are made available through the Resource C
ter (http://www.rzpd.de) via clone@rzpd.de. Annota-
tions are made public also through the web-site of
consortium (http://mips.gsf.de/projects/cdna).

2.2. ORF identification and sub-cloning

The cDNA sequences are systematically scree
for the presence of ORFs with the HUSAR-progra
‘Frames’ (http://genome.dkfz-heidelberg.de/) and the
graphical analysis tool ‘ORFfinder’ from NCBI (http:
//www.ncbi.nlm.nih.gov/gorf/gorf.html). ORFs are
manually annotated and analyzed for their probab
to be complete. To allow for their functional charact
ization, we use the Gateway cloning system (Invit
gen) [6,14], which is based on cloning by site-spec
recombination. PCR primers for the amplification
ORFs are selected automatically using the PRIDE p
gram [15]. Amplification is carried out systematica
by two-step PCR using the Expand High Fidelity PC
System (Roche) to optimize the success rate als
long fragments, the fidelity and the yield of PCR pro
ucts. Primers for first-step PCR are designed to c
tain both an ORF-specific and a Gateway compat
segment, which is extended in the second-step PC
generate the complete recombination sites. The clo
ORFs are sequence verified. For functional analy
the ORFs are subcloned into Gateway compatible
pression vectors. The resulting expression clones
low for protein expression in either bacterial, baculo
ral or eukaryotic systems in a native form or as fus
proteins. The ORFs are cloned without a native st
codon in order to allow the generation of both N- a
C-terminal protein fusions.

http://www.rzpd.de
mailto:clone@rzpd.de
http://mips.gsf.de/projects/cdna
http://genome.dkfz-heidelberg.de/
http://www.ncbi.nlm.nih.gov/gorf/gorf.html
http://www.ncbi.nlm.nih.gov/gorf/gorf.html
http://www.ncbi.nlm.nih.gov/gorf/gorf.html
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2.3. Sub-cellular localization

We use the green fluorescent protein (GFP) [
to pursue systematic experiments in order to unra
the sub-cellular localization of the proteins that a
encoded by full-length cDNAs [6]. We produce N
terminal (CFP) and C-terminal (YFP) fusions wi
derivatives of the GFP since the orientation of the
orescent tag relative to the ORF of interest in ma
cases influences the localization of the fusion p
tein [11]. Plasmids are extracted from bacteria in
well format using a Millipore system that has be
adapted to a Packard Biosciences Multiprobe liq
handling robot. Vero cells (ATTC CCL-81) are cu
tured in MEM medium supplemented with 10% fe
calf serum in 35 mm glass-bottom dishes. Transf
tion and image acquisition is done as described pr
ously [6].

2.4. Functional assays

The GFP-fusion constructs are also employed
functional assays. Two types of assays have been
tablished yet that are compatible with the 96-well f
mat. In a protein transport assay the VSV-G prot
is used as a marker for transport to the plasma m
brane [17]. Proteins that have an effect on the tra
port of the VSV-G protein to the plasma membra
are candidate regulators of protein secretion. The
liferation assay relies on the detection of BrdU wh
is incorporated into the cellular DNA during S-pha
of mitosis [18]. Enhanced BrdU incorporation is i
dicative of a proliferating effect of the analyzed pr
teins, decreased BrdU incorporation is expected to
cur when proteins reduce the proliferation rate of ce

Pipetting of assays is carried out with help
Packard Multiprobe pipetting robots. Image acqu
tion is done using a 96-well automated fluorescent
croscope. The microscope, which is a prototype de
oped at the EMBL (http://www.embl-heidelberg.de
ExternalInfo/pepperko/index.html), performs image
acquisition and analysis automatically. Statistical ev
uation of raw data (e.g., fluorescence intensities in
GFP, BrdU and Dapi channels of the proliferation
say) is done with R-statistical software (Version 1.6
Gentleman and Ihaka, University of Auckland).
-

Fig. 1. Cloning and data production pipeline within the Germ
cDNA Consortium. cDNA libraries are generated at the DKF
sequencing is performed at: AGOWA GmbH (Berlin), DKF
(Heidelberg), EMBL (Heidelberg), GBF (Braunschweig). Heinri
Heine University (Düsseldorf), Medigenomix GmbH (Munich) a
Qiagen AG (Hilden). Bioinformatic analysis and annotation
done at MIPS-GSF (Munich). Functional genomics and proteom
approaches are carried out at the DKFZ and the EMBL.

2.5. Data integration and analysis

We have implemented a Microsoft SQL-serv
database which serves as a tracking database in
cloning process as well as for the processing of c
based assays. Raw data and annotation is impo
via a Web interface which also allows for examp
the uploading of microscopic images. The databas
made publicly available on-line in a queriable form

Common identifiers are the clone names, links
external resources are implemented, e.g., the clon
quest at the RZPD (http://www.rzpd.de), the sequenc
entry in the EMBL database [13], GoldenPath [1
and ENSembl [20] genome browsers, GeneCards
and Omim (http://www.ncbi.nlm.nih.gov/omim/).
Blastp analysis in the Trembl database [22] is carr
out on a weekly basis to provide up-to-date simil
ity information on the encoded proteins. The loc
ization of fusion proteins within living cells is dis
played with microscopic images. The integration
the results from the cell-based assays and from the
teomics approaches is in progress.

3. Results and discussion

3.1. cDNA resources

The German cDNA Consortium (Fig. 1) combin
the capacities and competence of several sequen

http://www.embl-heidelberg.de/ExternalInfo/pepperko/index.html
http://www.embl-heidelberg.de/ExternalInfo/pepperko/index.html
http://www.embl-heidelberg.de/ExternalInfo/pepperko/index.html
http://www.rzpd.de
http://www.ncbi.nlm.nih.gov/omim/


1006 S. Wiemann et al. / C. R. Biologies 326 (2003) 1003–1009

ics
ies.
ns

onal
5
ll-
al
es o
ed,
ur
ter,
le
ll as
m.

al
and
ing
of

Fs
ion
sub-
ve
to
of

rial

ity
nc-
s

tein
the
s a
6].
s as
ted
as
or
fre-

ich
N-
er,

C-
n
se-
nal
b-

ps
f a

not
ns.
im-

ity
ely
ssi-
ic
ar-
o-
ed
t cel-
nal
sis
o be
our

dily
w-
ed
the
ave
har-
ible

L
ex-

and
the
im-
c-
ys
ble
-
f-
ith
centers, one of Germany’s leading bioinformat
institutes and potent functional genomics laborator
Biologists, chemists, physicists and informaticia
synergistically produce gene sequence and functi
information. The cDNA clones originate from 1
human libraries that are enriched in long and fu
length cDNAs. ESTs from over 170 000 individu
cDNA clones have been generated. The sequenc
over 7500 cDNAs have been completely determin
resulting in 24 Mb of high-quality sequence. O
clones, which are distributed by the Resource Cen
RZPD, are widely used in the community for sing
gene [7–9] and large scale approaches [23], as we
in the projects we have established in the consortiu

3.2. ORF identification and cloning

The protein coding regions of over 1100 individu
cDNAs have been subcloned into entry vectors
sequence verified thus far. ORFs are cloned lack
the native stop-codon to enable the generation
both N- and C-terminal protein fusions. The OR
are further cloned to produce CFP and YFP fus
constructs (expression clones) and used in the
cellular localization and functional assays. We ha
modified a number of other expression vectors
be Gateway-compatible to increase the versatility
the entry clones. These vectors allow for bacte
expression with fusions to a variety of tags.

3.3. Sub-cellular localization

The context of a protein determines the activ
(e.g., availability of substrates), interaction and fu
tion of a protein. The milieu of other proteins, lipid
and nucleic acids regulates the potential of the pro
to interact with these other molecules. Therefore,
determination of the natural habitat of any protein i
first step towards the understanding of its function [
Our results of overexpressing novel human protein
fusions with the GFP have drastically demonstra
that the position of the GFP relative to the ORF h
dramatic effects on the resulting localization [11]. F
example, signal peptides of secreted proteins are
quently located at the N-terminus of proteins, wh
are masked by the GFP fusion when it is located
terminal to the protein under investigation. Howev
f

other proteins carry their targeting signals at the
terminal end resulting in a mis-localization of fusio
proteins that have the orientation ORF-YFP. Con
quently we always analyze both, N- and C-termi
fusion proteins in the determination of a protein’s su
cellular localization.

3.4. Functional assays

While knowledge of a potential domain often hel
to predict a possible activity and/or localization o
protein, in many cases database searches still do
reveal any similarities to known proteins or domai
However, even the presence of a domain does not
mediately provide information on the specific activ
or activities and substrate(s) of a protein, but mer
guides (or misguides) the investigator towards a po
ble direction. Instead of only relying on bioinformat
predictions, we aim at the systematic functional ch
acterization of proteins. We initially group the pr
teins into functional categories by applying cell-bas
screens. These screens focus on disease relevan
lular processes like proliferation, apoptosis and sig
transduction. In order to allow for the parallel analy
of a large number of proteins, these assays need t
simple and robust. Because of the heterogeneity of
set of proteins, the number of assays will be stea
increasing in order to obtain functional data on a gro
ing fraction of the total proteins. The data produc
and the results of these assays are published via
Web site that is described below. Once candidates h
been identified in these screens, they are deeply c
acterized to elucidate their cellular roles and poss
disease relation (Fig. 2).

3.5. Data integration and analysis

We have implemented LIFEdb, a Microsoft SQ
database, to serve as tracking database for the
perimental processes, and which also integrates
disseminates the information that is produced in
diverse projects. Data on protein structure and s
ilarity, protein localization, protein–protein intera
tion, and functional information from cell assa
and protein expression are made publicly availa
(http://www.dkfz.de/LIFEdb). Expression profiling da
ta [24,25] is integrated to link the information of di
ferential expression of genes in cancer tissues w

http://www.dkfz.de/LIFEdb
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e LIFEdb
etwork
Fig. 2. Information from a suite of functional genomics and proteomics approaches and bioinformatic analyses are integrated in th
database (http://www.dkfz.de/LIFEdb). The work is supported within the German Genome Project (DHGP) and the National Genome N
(NGFN) by the Bundesministerium für Forschung und Technologie (BMBF).
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the functional information that is generated. Over-
under-expression of genes also serves as addit
criterion for the selection of primary candidates to
put into the assays. The database serves as tool fo
integrated evaluation of the diverse data that are
quired in the experiments. By linking internally gene
ated with external data, the public user of the datab
is enabled to view functional information in a mo
global context.

4. Conclusions

We systematically generate and exploit cDNA
sources in the German cDNA Consortium. Large-sc
genomics in form of the production and analysis
full-length cDNA resources are connected to dow
l
to-earth biology, as these cDNAs are applied in c
biology analysis that we adapt to cope with the la
number of clones and proteins.

The overall aim is to identify novel human cDNA
and proteins and to functionally characterize th
proteins in as much detail as possible using lar
scale approaches and then to concentrate on prom
candidates for in depth research. We focus on dise
relevant processes that are mostly connected to ca
in order to connect basic with applied research.

Acknowledgements

The German cDNA Consortium is: Stefan Wi
mann, Regina Albert, Petra Moosmayer, Ingo Schu

http://www.dkfz.de/LIFEdb


1008 S. Wiemann et al. / C. R. Biologies 326 (2003) 1003–1009

rf,
ei-
L,
F,
r-
i-

S-
er
m-
y

ute
fil-
olf-
ne
stin
ina
as-

nt
et-
r-
d
e
art
d

itial
409

l,
lt,
304–

er,
hs,
r,
m-
a,
and

As,

ne

294

kok,
vel

BO

-
n
nce

ol.

t-
nal
ge
ro-

r,
m-
),
l.

ight

kok,
15

pt,
r,
tein

tor,
-
u-

ase:
22.

g
00)

ign
98)

er,
sion,

ic
its

ase
/S
91.

n-
t,
SC
51–

on,
,

rd,
p,
Detlev Bannasch, Alexander Mehrle, Ulrike Ko
Ruth Wellenreuther, Annemarie Poustka (DKFZ, H
delberg); Wilhem Ansorge, Sabine Glassl (EMB
Heidelberg); Helmut Blöcker, Michael Böcher (GB
Braunschweig); Karl Köhrer, Andreas Beyer (Unive
sity of Düsseldorf); Jürgen Lauber, Andrè Bahr (Q
agen, Hilden); Werner Mewes, Clara Amid (MIP
GSF, Munich); Birgit Ottenwälder, Brigitte Obermai
(Medigenomix, Munich); Dagmar Heubner, Rolf Wa
butt (AGOWA, Berlin); Rainer Pepperkok, Jerem
Simpson, Urban Liebel, Veronika Neubrand, Vyta
Starkuviene (EMBL, Heidelberg). Expression pro
ing data are generated by Holger Sültmann and W
gang Huber (DKFZ, Heidelberg). We thank Simo
Schleeger, Christian Schmidt, Regina Zahn, Ker
Hettler, Anny Duda, Sara Burmester, Ute Ernst, N
Claudino, and Daniela Heiss for excellent technical
sistance.

The work is supported by the BMBF with gra
01GR0101 in the National Genome Research N
work (NGFN), and with grants 01KW9987 (Ge
man cDNA Consortium), 01KW0012 (DKFZ) an
01KW0013 (EMBL) within the German Genom
Project (DHGP). Sequencing was supported in p
by the EU grant BMH4-CT97–2284 (DKFZ an
EMBL).

References

[1] International Human Genome Sequencing Consortium, In
sequencing and analysis of the human genome, Nature
(2001) 860–921.

[2] J.C. Venter, M.D. Adams, E.W. Myers, P.W. Li, R.J. Mura
G.G. Sutton, H.O. Smith, M. Yandell, C.A. Evans, R.A. Ho
Sequence of the human genome, Science 291 (2001) 1
1351.

[3] S. Wiemann, B. Weil, R. Wellenreuther, J. Gassenhub
S. Glassl, W. Ansorge, M. Bocher, H. Blocker, S. Bauersac
H. Blum, J. Lauber, A. Dusterhoft, A. Beyer, K. Kohre
N. Strack, H.W. Mewes, B. Ottenwalder, B. Obermaier, J. Ta
pe, D. Heubner, R. Wambutt, B. Korn, M. Klein, A. Poustk
Toward a catalog of human genes and proteins: sequencing
analysis of 500 novel complete protein coding human cDN
Genome Res. 11 (2001) 422–435.

[4] A. Abbott, Free access to cDNA provides impetus for ge
function work, Nature 410 (2001) 289–290.

[5] E. Pennisi, So many choices, so little money, Science
(2001) 82–85.

[6] J.C. Simpson, R. Wellenreuther, A. Poustka, R. Pepper
S. Wiemann, Systematic subcellular localization of no
proteins identified by large scale cDNA sequencing, EM
Rep. 1 (2000) 287–292.

[7] J.H. Heaton, W.M. Dlakic, M. Dlakic, T.D. Gelehrter, Iden
tification and cDNA cloning of a novel RNA-binding protei
that interacts with the cyclic nucleotide responsive seque
in the type-1 plasminogen activator inhibitor mRNA, J. Bi
Chem. 276 (2001) 3341–3347.

[8] V. Derrien, C. Couillault, M. Franco, S. Martineau, P. Mon
courrier, R. Houlgatte, P. Chavrier, A conserved C-termi
domain of EFA6-family ARF6-guanine nucleotide exchan
factors induces lengthening of microvilli-like membrane p
trusions, J. Cell Sci. 115 (2002) 2867–2879.

[9] M.P. Scott, F. Zappacosta, E.Y. Kim, R.S. Annan, W.T. Mille
Identification of novel SH3 domain ligands for the Src fa
ily kinase Hck. Wiskott–Aldrich syndrome protein (WASP
WASP-interacting protein (WIP), and ELMO1, J. Bio
Chem. 277 (2002) 28238–28246.

[10] R. Pepperkok, J. Simpson, S. Wiemann, Being in the r
location at the right time, Genome Biol. 2 (2001) 1024.

[11] J.C. Simpson, V.E. Neubrand, S. Wiemann, R. Pepper
Illuminating the human genome, Histochem. Cell Biol. 1
(2001) 23–29.

[12] H.W. Mewes, D. Frishman, U. Guldener, G. Mannhau
K. Mayer, M. Mokrejs, B. Morgenstern, M. Munsterkotte
S. Rudd, B. Weil, MIPS: a database for genomes and pro
sequences, Nucleic Acids Res. 30 (2002) 31–34.

[13] G. Stoesser, W. Baker, A. van den Broek, M. Garcia-Pas
C. Kanz, T. Kulikova, R. Leinonen, Q. Lin, V. Lombard, R. Lo
pez, R. Mancuso, F. Nardone, P. Stoehr, M.A. Tuli, K. Tzo
vara, R. Vaughan, The EMBL Nucleotide Sequence Datab
major new developments, Nucleic Acids Res. 31 (2003) 17–

[14] J.L. Hartley, G.F. Temple, M.A. Brasch, DNA cloning usin
in vitro site-specific recombination, Genome Res. 10 (20
1788–1795.

[15] S. Haas, M. Vingron, A. Poustka, S. Wiemann, Primer des
for large scale sequencing, Nucleic Acids Res. 26 (19
3006–3012.

[16] M. Chalfie, Y. Tu, G. Euskirchen, W.W. Ward, D.C. Prash
Green fluorescent protein as a marker for gene expres
Science 263 (1994) 802–805.

[17] T.E. Kreis, Microinjected antibodies against the cytoplasm
domain of vesicular stomatitis virus glycoprotein block
transport to the cell surface, EMBO J. 5 (1986) 931–941.

[18] R. Pepperkok, P. Lorenz, W. Ansorge, W. Pyerin, Casein kin
II is required for transition of G0/G1, early G1, and G1
phases of the cell cycle, J. Biol. Chem. 269 (1994) 6986–69

[19] D. Karolchik, R. Baertsch, M. Diekhans, T.S. Furey, A. Hi
richs, Y.T. Lu, K.M. Roskin, M. Schwartz, C.W. Sugne
D.J. Thomas, R.J. Weber, D. Haussler, W.J. Kent, The UC
Genome Browser Database, Nucleic Acids Res. 31 (2003)
54.

[20] M. Clamp, D. Andrews, D. Barker, P. Bevan, G. Camer
Y. Chen, L. Clark, T. Cox, J. Cuff, V. Curwen, T. Down
R. Durbin, E. Eyras, J. Gilbert, M. Hammond, T. Hubba
A. Kasprzyk, D. Keefe, H. Lehvaslaiho, V. Iyer, C. Melsop



S. Wiemann et al. / C. R. Biologies 326 (2003) 1003–1009 1009

rle,
ker,
2:
. 31

pi-
ld-

er,
ann
E,

s-
o-
ro-

u-

ing

y-
esi,
if-
res-
ay,

a,
ta

on,
E. Mongin, R. Pettett, S. Potter, A. Rust, E. Schmidt, S. Sea
G. Slater, J. Smith, W. Spooner, A. Stabenau, J. Stal
E. Stupka, A. Ureta-Vidal, I. Vastrik, E. Birney, Ensembl 200
accommodating comparative genomics, Nucleic Acids Res
(2003) 38–42.

[21] M. Safran, V. Chalifa-Caspi, O. Shmueli, T. Olender, M. La
dot, N. Rosen, M. Shmoish, Y. Peter, G. Glusman, E. Fe
messer, A. Adato, I. Peter, M. Khen, T. Atarot, Y. Gron
D. Lancet, Human Gene-Centric Databases at the Weizm
Institute of Science: GeneCards, UDB, CroW 21 and HORD
Nucleic Acids Res. 31 (2003) 142–146.

[22] B. Boeckmann, A. Bairoch, R. Apweiler, M.-C. Blatter, A. E
treicher, E. Gasteiger, M.J. Martin, K. Michoud, C. O’Don
van, I. Phan, S. Pilbout, M. Schneider, The SWISS-PROT p
tein knowledgebase and its supplement TrEMBL in 2003, N
cleic Acids Res. 31 (2003) 365–370.

[23] J. Ziauddin, D.M. Sabatini, Microarrays of cells express
defined cDNAs, Nature 411 (2001) 107–110.

[24] J.M. Boer, W.K. Huber, H. Sultmann, F. Wilmer, A. von He
debreck, S. Haas, B. Korn, B. Gunawan, A. Vente, L. Fuz
M. Vingron, A. Poustka, Identification and classification of d
ferentially expressed genes in renal cell carcinoma by exp
sion profiling on a global human 31 500-element cDNA arr
Genome Res. 11 (2001) 1861–1870.

[25] W. Huber, A. Von Heydebreck, H. Sultmann, A. Poustk
M. Vingron, Variance stabilization applied to microarray da
calibration and to the quantification of differential expressi
Bioinformatics (Suppl.) 18 (1) (2002) S96–S104.


	cDNAs for functional genomics and proteomics:  the German Consortium
	Introduction
	Materials and methods
	cDNA resources and sequencing
	ORF identification and sub-cloning
	Sub-cellular localization
	Functional assays
	Data integration and analysis

	Results and discussion
	cDNA resources
	ORF identification and cloning
	Sub-cellular localization
	Functional assays
	Data integration and analysis

	Conclusions
	Acknowledgements
	References


