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 $EVWUDFW
 $EVWUDFWLQ(QJOLVK
Functional analysis of the proteins expressed in a specific tissue and/or stage of development
is an essential step towards understanding biological processes. No technique has yet been
available to go directly from sequence information on individual cDNA clones to the protein
products. In the approach described here, arrayed cDNA expression libraries from human fetal
brain (hEx1) and mouse adult kidney (mKd1) were established for the integration of DNAbased and protein-based experimental data. An ( FROL plasmid vector (pQE30NST) for the
expression of His6-tag fusion proteins was used to clone cDNA synthesised by oligo(dT)
priming. Using automated systems, 27,600 clones of the mKd1 and 193,500 clones of the
hEx1 library were picked, grown in microtitre plates and arrayed on membrane filters at a
density of 9,216 or 27,648 clones per filter. High-density DNA and protein filters were
prepared and used to screen the cDNA libraries with DNA probes and antibodies in parallel.
An antibody directed against the N-terminal tag sequence RGSH6 of proteins expressed from
pQE30NST (RGS·His antibody, Qiagen) was used to detect expression clones. Approximately
20% of clones in the mKd1 and hEx1 cDNA libraries were detected as putative expression
clones by this antibody. 37,830 putative expression clones in the hEx1 library were combined
and rearrayed into new microtitre plates. A copy of this sub-library was given to the Resource
Centre of the German Human Genome Project (RZPD, http://www.rzpd.de) to generate and
distribute high-density DNA and protein filters. Expression products and DNA sequences of
96 randomly selected clones were analysed in detail. Protein expression and purification in
microtitre plates was established. 68 out of 96 clones expressed proteins of at least 15 kd size
(estimated from SDS-PAGE) which were detected by SDS-PAGE of whole cellular proteins
or by metal affinity chromatography. DNA sequences derived from 5'-ends of cDNA inserts
were obtained for 93 clones. 58 sequences matched human protein sequences in the SWISSPROT and TrEMBL databases. 38 (66%) of these 58 sequences contained inserts cloned in
the correct reading frame, i.e. the His6-tag and a protein coding cDNA sequence were fused in
frame. 66% of sequences matched to the beginning of a protein database sequence, and the
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corresponding clones were therefore considered to contain complete protein-coding regions
(full-length clones).
Expression clones for a panel of human genes were identified in the hEx1 library. Nine cDNA
probes for BMP-7, calmodulin, COX4, GAPDH, hMSH2, HSP90α, HSP90β, RXRβ and
VDAC1 were used for screening by DNA hybridisation. Among the positive clones, putative
expression clones were selected that were also detected by the RGS·His antibody on highdensity filters. Expression clones for seven genes, but not for BMP-7 and VDAC1, were
found with this strategy. GAPDH and calmodulin clones comprising full protein-coding
regions expressing soluble His6-tag fusion proteins were identified. Biological activity of
His6-tag GAPDH and calmodulin fusion proteins was shown with enzyme assays. DNA
probes and the RGS·His antibody were used in combination to detect clones expressing
GAPDH and HSP90α fusion proteins. In parallel, specific antibodies directed against GAPDH
and HSP90α were used to identify expression clones on high-density protein filters. All
clones identified by the protein-specific antibodies expressing His6-tag GAPDH or HSP90α
fusion proteins were reliably detected by the RGS·His antibody. The RGS·His detected
additional clones, which either contained GAPDH or HSP90α inserts in an incorrect reading
frame, or which expressed truncated proteins lacking the epitopes recognised by the proteinspecific antibody. Estimated 90% of clones with inserts in an incorrect reading frame were not
detected by the RGS·His antibody.
A protocol for the analysis of His6-tag fusion proteins by matrix assisted laser
ionisation/desorption mass spectrometry (MALDI-MS) was established. His6-fusion proteins
were purified under denaturing conditions by immobilisation on Ni2+-chelate-coated magnetic
beads, followed by direct digestion with trypsin. The masses of the tryptic peptides were
measured and compared to masses predicted from sequences in databases.

Arraying of cDNA expression libraries extends the application of DNA library arrays to
protein-based screening techniques, thus creating a direct link between DNA-based and
protein-based experimental data. The hEx1 expression library allows for the fast identification
of expression clones for specific genes by DNA hybridisation or antibody screening. Proteins
expressed from library clones can be directly used for functional assays, or, if inclusion bodies
are formed, may be used as antigens to generate antibodies or possibly refolded LQ YLWUR.
Libraries of expression clones displayed on high-density filters, in combination with high-
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throughput protein expression and purification in microtitre plates, should be a feasible
approach to the construction of gene product catalogues.

 =XVDPPHQIDVVXQJLQGHXWVFKHU6SUDFKH
Die

funktionelle

Analyse

der

Proteine,

die

in

bestimmten

Geweben

und/oder

Entwicklungsstadien exprimiert werden, ist unverzichtbar für das Verständnis biologischer
Vorgänge. Bis heute steht keine Technik zur Verfügung, um direkt von Sequenzinformation
individueller cDNA Klone zu den Proteinprodukten zu gelangen. Bei der hier beschriebenen
Vorgehensweise wurden geordnete cDNA Expressionsbanken aus humanem Fötalgewebe
(hEx1) und Maus Nierengewebe (mKd1) hergestellt, um experimentelle Daten, die auf DNABasis oder Proteinbasis gewonnen wurden, integrieren zu können. Ein (FROL Plasmidvektor
(pQE30NST) für die Expression His6-markierter Fusionsproteine wurde für die Klonierung
von cDNA benutzt, die mit einem oligo(dT) Primer synthetisiert wurde. 27.600 Klone der
mKd1 und 193.000 Klone der hEx1 Bank wurden mit Hilfe von Robotern gepickt, in
Mikrotiterplatten wachsen gelassen und auf Membranfiltern mit einer Dichte von 9.216 oder
27.648 Klonen pro Filtern angeordnet. Hochdichte-DNA und Proteinfilter wurden auf diese
Art hergestellt und für das parallele Screening der cDNA-Banken mit DNA-Sonden und
Antikörpern benutzt. Ein Antikörper gegen die N-terminale Sequenz RGSH6 von Proteinen,
die mit dem pQE30NST Vektor exprimiert wurden, wurde benutzt, um Expressionsklone zu
identifizieren. Ungefähr 20% der Klone der mKd1 und hEx1 cDNA Banken wurden durch
diesen Antikörper als mutmaßliche Expressionsklone identifiziert. 37.830 mutmaßliche
Expressionsklone

der

hEx1

cDNA-Bank

wurden

zusammengefaßt

Mikrotiterplatten angeordnet. Eine Kopie dieser neuen

cDNA-Bank

und

neu

wurde

in
dem

Ressourcenzentrum im Deutschen Humangenomprojekt (RZPD, http://www.rzpd.de) für die
Herstellung und Verteilung von Hoch-Dichte DNA- und Proteinfiltern gegeben. Die
Expressionsprodukte und DNA-Sequenzen von 96 zufällig ausgewählten Klonen wurden
analysiert. Zu diesem Zweck wurde die Expression und Reinigung von Proteinen in
Mikrotiterplatten etabliert. 68 von 96 Klonen exprimierte Proteine von mindestens 15 kd
Größe (bestimmt durch SDS-Gelelektrophorese), die nach SDS-Gelelektrophorese von
Gesamtzellproteinen oder nach Metall-Affinitätschromatographie nachgewiesen wurden.
cDNA-Inserts von 93 Klonen wurden vom 5'-Ende her ansequenziert. 58 dieser Sequenzen
entsprachen Proteinsequenzen in der SWISS-PROT und TrEMBL Datenbank. 38 (66%)
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dieser 58 Sequenzen enthielten Inserts, die im richtigen Leseraster kloniert waren, d.h. die
His6-Sequenz auf dem Vektor und eine Protein-kodierende cDNA Sequenz waren im richtigen
Leseraster fusioniert. 66% war der Anteil der Sequenzen, die mit dem Anfang einer
Proteinsequenz übereinstimmten, und von denen deshalb angenommen wurde, daß sie eine
vollständige Protein-kodierende Sequenz enthalten („full-length Klone“).
In der hEx1 Bibliothek wurden Expressionsklone für eine Auswahl menschlicher Gene
identifiziert. Neun cDNA-Sonden für BMP-7, Calmodulin, COX4, GAPDH, hMSH2,
HSP90α, HSP90β, RXRβ und VDAC1 wurden für DNA-Hybridisierungs-Screenings benutzt.
Unter den positiven Klonen wurden solche Klone, die auch durch den RGS·His-Antikörper
detektiert wurden, als mutmaßliche Expressionsklone betrachtet. Expressionsklone für sieben
Gene, jedoch nicht für BMP-7 und VDAC1, wurden so gefunden. Biologische Aktivität von
His6-GAPDH und Calmodulin Fusionsproteinen wurde durch Enzym-Assays nachgewiesen.
DNA-Sonden und der RGS·His Antikörper wurden in Kombination eingesetzt, um Klone zu
identifizieren, die GAPDH und HSP90α Fusionsproteine exprimieren. Parallel dazu wurden
spezifische Antikörper gegen GAPDH und HSP90α eingesetzt, um Expressionsklone auf
Hochdichte-Proteinfiltern zu identifizieren. Alle Klone, die von den Protein-spezifischen
Antikörper erkannt wurden und His6-GAPDH oder HSP90α Fusionsproteine exprimierten,
wurde auch von dem RGS·His Antikörpern erkannt. Der RGS·His Antikörper detektierte
weitere Klone, die GAPDH oder HSP90α Inserts enthielten, die entweder nicht im richtigen
Leseraster kloniert waren, oder bei denen es sich um Teilsequenzen handelte, die nicht die von
den Protein-spezifischen Antikörper erkannten Epitope umfaßten. Ungefähr 90% der Klone
mit Inserts, die nicht im richtigen Leseraster kloniert waren, wurden durch den RGS·His
Antikörper nicht erkannt.
Ein Protokoll für die Analyse von His6-Fusionsproteinen durch PDWUL[ DVVLVWHG ODVHU

LRQLVDWLRQGHVRUSWLRQ
Fusionsproteine

Massenspektrometrie

wurden

auf

(MALDI-MS)

Ni2+-Chelator-beschichteten

wurde

etabliert.

magnetisierbaren

His6-

Partikeln

immobilisiert und so unter denaturierenden Bedingungen gereinigt und direkt mit Trypsin
verdaut. Die Massen der tryptischen Peptide wurden gemessen und mit vorhergesagten
Massen aus Sequenzdatenbanken verglichen.

Die Verwendung von geordneten cDNA Expressionsbanken erweitert die Anwendung von
geordneten DNA-Banken auf Protein-basierende Screening-Methoden, und schafft so eine
direkte Verbindung zwischen experimentellen Daten, die auf DNA- und Proteinbasis
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gewonnen werden. Die hEx1 Expressionbank ermöglicht eine schelle Identifikation von
Expressionsklonen für bestimmte Gene durch Screening mit DNA-Hybridisierungs-Sonden
oder Antikörpern. Die Protein-Produkte von Klonen der cDNA-Bank können direkt für
funktionelle Assays verwendet werden, oder können, falls LQFOXVLRQERGLHV gebildet werden,
als Antigene für die Produktion von Antikörpern verwendet oder möglicherweise in vitro
gefaltet werden. Bibliotheken aus Expressionsklonen könnten, in Kombination mit ProteinExpression und -Reinigung in Mikrotiterplatten mit hohem Durchsatz, einen sinnvollen Weg
zur Herstellung von Gen-Produkt-Katalogen darstellen.
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ODF, promoter mutation leading to enhanced expression
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MALDI mass spectrometry
mouse kidney library 1
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mass spectrometry
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URL
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uniform resource locator
volume
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yeast artificial chromosome
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Introduction

1

 ,QWURGXFWLRQ
Functional analysis of the proteins expressed in a specific tissue and/or stage of development
is an essential step towards an understanding of biological processes. Initial attempts at
sequencing the large and complex human genome were intentionally focused on expressed
regions, as represented by cDNA repertoires (1,2). Meanwhile, expressed sequence tags
(ESTs) for most human genes have been deposited in the nucleotide databases (3). However,
only a minority of the proteins encoded by these sequences have yet been assigned a function
(4).
For a full understanding of the function of a gene, information on the encoded protein’s
expression levels in different cell types, interactions, biochemical activities, structure,
modifications, and localisation in the cell is required. The function of genes and the encoded
proteins are studied by genetic and biochemical approaches.
By identifying mutations leading to genetic traits, conclusions can be drawn on the function of
the affected genes. In a reverse approach, genes are deliberately deleted (‘knocked out’) or
changed in their expression level, and the resulting phenotypic effect is studied (5,6).

 ([SUHVVLRQSDWWHUQV
The function of genes can be inferred by their level of expression in tissues of different
developmental stages, differentiation and disease status. Technology is available to correlate
the functional status of a tissue with the expression of certain sets of genes. To determine the
expression strength of a gene, the amount of transcript or the amount of protein in a cell are
monitored.
On the transcriptional level, gene expression patterns are compared by DNA hybridisation or
by sequencing approaches. The SAGE approach involves sequencing of bacterial clones
containing concatenated 13 bp-tags of many different cDNAs (7). Tags identified in the
sequences are matched to sequence database entries. When a sufficiently high number of
clones is sequenced, the number of times a certain database entry is matched can be correlated
to the expression strength of the respective gene. With this technique, the expression strength
of a large number of genes in normal and cancer cells was determined and compared (8).
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Expression patterns are being examined by DNA hybridisation. Thousands of cDNAs or
oligonucleotides representing individual genes are arrayed on filter or glass slide supports.
This was enabled by the development of devices that can array biological samples at high
density with a high precision (9). To examine variation in gene expression, complex probes,
generated by reverse transcription of RNA from different tissues and cell-lines, are hybridised
on cDNA or oligonucleotide arrays. Differentially expressed genes show discriminative signal
strength with complex probes from distinct tissues or cell lines.
With this technique, expression patterns of both resting and activated T-cells were compared
using radioactively labelled probes which were hybridised on high-density cDNA filters (10).
Expression differences in a tumour cell line before and after reversal of tumorigenicity were
measured by hybridisation of fluorescently labelled probes in small volumes on cDNA microarrays printed on glass slides (11). High-density arrays of oligonucleotides representing yeast
open reading frames were used to compare gene expression in yeast growing in rich and
minimal media (12).
Oligonucleotide fingerprinting (or OligoFingerprinting) is another DNA hybridisation
approach applicable to monitor expression patterns (13-15). This technique involves
hybridisation with short oligonucleotide probes to profile gene expression patterns of cDNA
libraries. Sets of short oligonucleotides are subsequently hybridised on high-density cDNA
arrays. Clones that hybridise with the same subsets of oligonucleotides are grouped into
clusters. The size of a cluster correlates with the expression strength of the respective gene. By
oligonucleotide fingerprinting cDNA libraries of different developmental or disease stages, or
of different tissues, expression levels of thousands of genes are compared in parallel. The
expression levels of genes in human infant brain were measured by this method (14), and gene
expression in nine day and twelve day mouse embryos was compared (16).

 3URWHLQH[SUHVVLRQ
Expression patterns can be analysed on the translational level. Two-dimensional
electrophoresis (2D-PAGE) is used to map protein extracts at high resolution (17) and
sequence information on protein spots in 2D-gels is obtained by mass spectrometry (18).
Protein extracts are obtained by subcellular fractionation of tissues or cell lines. Recombinant
DNA technology has created an alternative route to generate proteins of interest in high yield
and purity. The rapid progress in characterising genes and mRNAs (expressed sequence tags,
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ESTs) as a result of the Human Genome Project, creates a need for expression of the encoded
proteins. Several options exist for overexpressing cloned genes in host cells or LQYLWUR, and
for detection and purification of the expression products.

 ([SUHVVLRQRIIXVLRQSURWHLQV
To facilitate the purification of the expression product, protein sequences are fused to protein
or peptide tags. A large number of tags have been introduced for this purpose. Fusions with
glutathione S-transferase or maltose binding protein enable affinity chromatography on
immobilised glutathione or amylose, and furthermore can improve the solubility of the fusion
partner (19,20). A number of binding epitopes of monoclonal antibodies have been introduced
as tags, e.g. epitopes of antibodies against c-myc (21), influenza virus hemagglutinin (22) or
vesicular stomatitis virus glycoprotein (23). These tags are around ten amino acids long, and
allow highly specific detection of the expression product in cellular extracts. On the other
hand, affinity purification with immobilised antibodies usually involves elution at a low or
high pH, which can denature the target protein. An exception is the epitope of a monoclonal
antibody directed against protein C, a vitamin K-dependent plasma zymogen (24). Binding of
the protein C antibody is Ca2+-dependent, and protein can be mildly eluted with Ca2+chelating reagents.
The StrepII-tag is a nine amino acid peptide with affinity for streptavidin, that allows
purification on a matrix conjugated with modified streptavidin (25,26). Target proteins are
eluted with biotin.
Metal chelate affinity chromatography for protein purification is based on the ability of amino
acids such as histidine, acting as electron donors, to bind reversibly to transition-metal ions
that have been immobilised by a chelating group covalently bound to a solid support (27).
Recombinant proteins engineered to have six consecutive histidine residues on either the
amino or carboxyl-terminus can be purified using a resin containing Ni2+ ions that have been
immobilised by covalently attached nitrilotriacetic acid (Ni-NTA, ref. 28). This technique can
be performed with either native or denatured protein. Ni-NTA conjugated to marker enzymes
and antibodies directed against the His6-tag is available and can be used to detect fusion
proteins in cellular extracts.
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 ([SUHVVLRQV\VWHPV
When choosing an expression system, the following parameters have to be considered: the
amount of recombinant protein that can be expressed, the time needed to set up expression
and the ability of correct folding and posttranslational modification. The most widely applied
expression systems are those using (VFKHULFKLD FROL as host cell (29-31). The genetics and

biochemistry of this organism are probably the best understood of any known organism. (
FROL can be easily genetically manipulated, has a short doubling time and can be cultivated on

inexpensive media. Strategies for gene expression in ( FROL include intracellular expression

and secretion of the protein into the periplasmic space. Expression in ( FROL has the
disadvantage that eukaryotic proteins are often not correctly folded, leading to the formation
of dense, insoluble aggregates called inclusion bodies. Furthermore they lack posttranslational modifications as phosphorylation or glycosylation. Inclusion bodies are easily
separated from soluble cell components by centrifugation and can be solubilised by chaotropic
salts or detergents. His6-tagged recombinant proteins can be purified under denaturing
conditions by metal chelate chromatography and used for immunisation of animals. However,
for functional analysis the expressed proteins have to be in their native state.
Yeast is another unicellular organism that retains advantages of bacterial systems as ease of
manipulation and growth. Yeast possesses a eukaryotic secretory pathway and can effect
disulphide bond formation, proteolytic maturation, N- and O-linked glycosylation and other
post-translational modifications of many mammalian proteins. For 6DFFKDURP\FHVFHUHYLVLDH,
a wealth of information on genetics, molecular biology and physiology has been accumulated
(32,33), and the whole genome has been sequenced (34). A variety of promoters, plasmids and
selectable markers is available (35). On the other hand, secreted proteins are often
hyperglycosylated and, except for a few examples, yields of heterologous protein only reach a
maximum of 1–5% of total protein, even with a strong promoter. This limitation is now
relieved by an increasing number of alternative non-6DFFKDURP\FHV yeast which exhibit
favourable properties as protein production organisms, e.g., the methylotroph 3LFKLDSDVWRULV
(36).
Protein expression in cultured animal cells is more demanding than in micro-organisms in
terms of growth conditions and establishment of expression. Insect cells transfected by
baculovirus vectors have become popular expression hosts, because cells are easily cultured
and can be grown in bioreactors, and high expression levels of up to 25% of total cellular
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protein can be obtained (37-39). Proteins are expressed intracellularly or secreted into the
medium and are usually folded correctly. Because of the size of the baculovirus genome,
recombinant baculovirus is generated YLD homologous recombination with a plasmid
containing the gene of interest. The efficiency of this step has been improved (40-42) but the
generation of recombinant baculovirus is still long winded in comparison to (FROL or yeast
systems. Direct cloning into baculovirus vectors has been introduced by inserting a rare cutter
restriction site into the baculovirus genome (43,44). Both insect cells and yeast are capable of
correctly folding eukaryotic proteins and formation of disulphide bonds. They can effect posttranslational modifications, but these often are not identical to those found in proteins
expressed in mammalian cells.
Mammalian proteins expressed in mammalian cell culture can be assumed to be correctly
folded and processed. For protein expression, cell lines are transfected stably or transiently.
Transient transfection of a transformed green monkey kidney cell line (COS-7 cells, ref. 45),
that expresses the SV40 large-T antigen is well established (46). Upon transfection of a
plasmid carrying the SV40 origin, the plasmid becomes amplified, and strong protein
expression continues for about a week. Microgram amounts of protein can be achieved.
Transient expression is difficult to scale up, and for expression in bioreactors, stably
transfected cell lines have to be established (47). Stably transfected cell lines are obtained by
selecting for integration of plasmid DNA into the host chromosome. After transfection of the
target gene linked to a selectable marker gene, high-level expression of the target gene is
obtained by selecting for amplification of the marker gene. This may take several month, after
which milligram amounts of protein can be expressed in bioreactors.
,QYLWUR transcription-translation is an effective alternative to expression in host cells. A PCR
product or a plasmid preparation of a cloned cDNA sequence is used as template for mRNA
synthesis by T7 or SP6 phage RNA polymerases (48), followed by translation in cellular
extracts. ,Q YLWUR transcription-translation in wheat germ extracts (49) or rabbit reticulocyte
lysates (50) has been used to express a multitude of functional proteins. The expressed protein
is labelled by incorporation of radioactive or biotinylated amino acids (51). Extracts from (

FROL have been used for LQ YLWUR translation for a long time (52), and have been turned into
highly efficient systems by introducing membrane-fitted bioreactors for exchange of
nucleotides and amino acids and removal of expression product (53,54). In comparison to

expression in (FROL cells, LQYLWUR expression product can be purified more easily, since no
cell harvesting and cell lysis steps are involved, and less contaminating protein is present.
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Furthermore, proteins toxic to (FROL cells may be expressible LQYLWUR, and modified amino
acids can be introduced into the expression product.

 ([SUHVVLRQOLEUDULHVWRVWXG\SURWHLQLQWHUDFWLRQV
Recombinant expression of a protein of interest can be a prerequisite for the analysis of
interactions with other proteins. For studying protein-protein interactions, a variety of
techniques is available. The yeast two-hybrid system selects for intracellular interaction of a
protein with the expression product of a cloned cDNA fragment (55,56). In coprecipitation or
‘pulldown’ experiments, an immobilised recombinant protein is used to capture interacting
proteins in cell extracts. Expression cloning or interaction cloning involves screening of
cDNA libraries cloned in bacterial expression vectors, to identify clones that express proteins
interacting with the target protein (57,58). Expression libraries cloned in λ phage expression
vectors (59) were developed to identify clones by screening with antibodies (60) and were also
screened for proteins binding to nucleic acids (57,58), other proteins (61,62) or metabolites
(63), and for expression products that are recognised by modifying enzymes (64). As an
alternative to phage vectors, plasmid vectors were used as they offer increased expression
levels (65,66). Random cDNA clones often contain out-of-frame fusions to the vector
encoded translated sequence. To circumvent this problem, runs of adenines or thymines were
introduced before the cDNA insert to effect slippage of the ( FROL RNA polymerase, and
thereby correct out-of-frame fusions (67).
Expression cloning with mammalian cDNA expression libraries involving transient
expression was done in COS-7 cells. This technique has been widely used for the cloning of
receptors or cell surface antigens. Transfected cells that express a cDNA of interest were
selected on antibody coated dishes (68,69). Fluorescence-activated cell sorters (FACS) were
applied to collect cells that express a cDNA of interest (70). Cytokine receptor cDNAs have
been isolated by screening for cytokine binding (71-73).

 $UUD\HG'1$OLEUDULHVDQGKLJKGHQVLW\JULGV
The use of arrayed DNA libraries has become widely established in genome analysis
laboratories (13,74,75). Arraying of DNA libraries was enabled by the development of
automated systems that are able to pick large numbers of clones from spreads on agar plates
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into microtitre plates (76). For the efficient characterisation of the arrayed clones by DNA
hybridisation, high-density gridding of clones or PCR products on DNA-binding membranes
was developed (75). Experimental data generated on high-density grids of arrayed libraries are
directly related to clones permanently stored frozen in microtitre plates. This enables high
throughput characterisation of large DNA libraries by DNA hybridisation. YAC, cosmid and
P1 clone contigs spanning the whole 6FKL]RVDFFKDURP\FHVSRPEH genome were generated by
this technology (15,77). Another important advantage of arrayed libraries is that they can be
replicated without limitation, and copies can be distributed to other laboratories. Thereby the
arrayed clones can be characterised by experimental data generated by different laboratories.
Data is generated by various experimental strategies including DNA sequencing, DNA
hybridisation and LQ VLWX hybridisation. Hybridisation probes may be obtained from single
clones, or as complex mixtures representing tissues or cell lines of interest. They include
oligonucleotides, cDNAs or genomic sequences. DNA probes can identify clones representing
a specific gene, a gene family or genes expressed in a certain tissue, cell line or disease state,
or clones located on a certain genomic region. Oligonucleotide fingerprinting involves
hybridisation with short oligonucleotide probes to profile gene expression patterns of cDNA
libraries (see 1.1). Arrayed library clones may be used as DNA probes to screen DNA
libraries, or for LQVLWX hybridisation to detect expression patterns in developmental, diseased
and normal tissues. To supply different laboratories with arrayed clone libraries, and to collect
and integrate the data that is generated, organisations as the IMAGE consortium (78) or the
Resource Centre of the German Human Genome Project (RZPD, http://www.rzpd.de, ref. 79)
have been established.

 6\VWHPDWLFSURWHLQH[SUHVVLRQ
The arrayed DNA library approach integrates data on arrayed library clones generated by
DNA sequencing and hybridisation techniques. By the development of expression libraries,
techniques for DNA library screening have been extended from DNA-based to protein-based
techniques as antibody screening. The establishment of arrayed expression clone libraries
enables the integration of data generated by DNA-based techniques and protein-based
techniques. Systematic protein expression from arrayed cDNA library clones has been
described for LQYLWUR and mammalian cell expression systems. A panel of cDNA clones were
transfected into mammalian cells, and overexpressed proteins were subjected to 2D-PAGE
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(80). This allowed matching of cDNA clones to 2D-PAGE patterns from human cells.
Another method for characterising the expression products of cDNA clones involved pooling
of clones followed by LQ YLWUR transcription and translation in reticulocyte lysate. The
radioactively labelled expression products were separated by 2D-PAGE. By using overlapping
pools, spots on 2D-gels were assigned to individual cDNA clones (81-83).
These approaches, albeit characterising novel gene products by gel electrophoresis, cannot
provide larger amounts of purified protein necessary for biochemical and biophysical studies.
As aforementioned, larger amounts of protein can be obtained by expression in (FROL, yeast

(e.g. 3LFKLD SDVWRULV), expression in insect cells with the baculovirus system or stably
transfected mammalian cell lines. ,QYLWUR expression in prokaryotic extracts could become a
cost-effective alternative, used in batch reactions for large numbers of transcripts, and with the
option to scale up production in protein bioreactors. While expression in insect or mammalian
cells may be too time-consuming to set up for large numbers of clones, expression in(FROL
and yeast remains under scrutiny. These systems may be well suited to generate expression
products for large numbers of clones in relatively high amounts.
In the approach described here, the aim was to construct arrayed cDNA expression libraries
that are suitable for standard DNA analysis but, in addition, could serve as a source of
recombinant proteins and could be characterised by protein detection screening. For library
generation, cDNA molecules are directly cloned into a vector for the expression of fusion
proteins. This has some inherent consequences. Protein coding sequences randomly fused to
an expression vector are expected to be out of frame in two thirds of cases. cDNA generated
by oligo(dT) priming generally comprises the original stop codon, but may, subject to
transcript length, lack the start. On the other hand, if a full-length cDNA is obtained, no Nterminal fusion protein will be expressed if the 5’-untranslated region contains a stop codon in
the frame of the encoded protein.
Using arrayed expression libraries offers the possibility to screen the whole library at once for
those clones that express recombinant protein. The selective detection of ( FROL clones
expressing His6-tag fusion proteins in the correct reading frame by an antibody directed
against this tag has been described (84). This technique relies on the degradation of misfolded
and short proteins and peptides in the (FROL cytoplasm. Abnormal or misfolded proteins are

cleaved by energy-dependent proteases, and short peptides of 6–15 amino acids are released.
These peptides are subsequently degraded by energy-independent proteases and peptidases
(85). Translation of cDNA inserts in an incorrect reading frame usually leads to the expression
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of short, and therefore unstable peptides because of the high abundance of stop codons in the
alternative reading frames.

 3URWHLQFKDUDFWHULVDWLRQE\PDVVVSHFWURPHWU\
Recombinant protein expression is routinely monitored by SDS-PAGE. By comparison with
molecular weight standards, the molecular mass of the expression product can be estimated.
Because of the low accuracy of the determined molecular mass, it is not possible to detect
single amino acid changes or the absence of small parts of the protein resulting from
proteolytic cleavage or from incomplete transcription or translation.
The development of matrix assisted laser desorption/ionisation (MALDI) mass spectrometry
has led to significant advances to the characterisation of biopolymers such as proteins or
peptide mixtures (86). MALDI mass spectrometry is being used for the identification of
unknown proteins and also for the quality control of recombinant expression products.
Proteases or chemicals are utilised that cleave proteins at predictable sites, e.g., trypsin, lysyl
endopeptidase or cyanogen bromide. The masses of the released peptides are determined by
mass spectrometry and compared to those predicted from the sequence of the protein, if
known. For the identification of unknown proteins, databases have been developed that
contain the predicted peptide masses of all available protein sequences cleaved with a variety
of proteases and cyanogen bromide (87). The unknown protein is cleaved and the masses of
the generated peptides are determined. By matching these masses with those predicted from
protein database sequences, the unknown protein can be identified.

 $QWLERGLHV
Antibodies are indispensable tools for the analysis of proteins. Immunoglobulin G (IgG) is the
main isotype of mammalian antibodies. IgG molecules consist of two identical pairs of
polypeptide chains, the heavy and the light chain, connected by disulphide bonds. Heavy and
light chain comprise constant and variable regions. The variable regions encode loops of
highly diverse structure at the tip of the antibody. The diversity of antibody populations
comprises binding specificities for millions of binding epitopes.
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Antibodies have led to the development of various techniques for protein analysis. These
include immunoblotting, ELISA, immunoprecipitation and affinity purification, immunohistochemistry and flow cytometry.
Immunoblotting is used to detect specific antigens in protein mixtures separated by
electrophoresis. ELISA is a sensitive method to detect and quantify antigens in crude lysates
or other solutions. In immunoprecipitation, antigens are isolated from protein mixtures using
antibodies. Antibodies are immobilised to a matrix support to capture the protein of interest.
Alternatively, complexes of a protein of interest with a specific primary antibody are formed,
which are subsequently immunoprecipitated with secondary antibodies directed against the
constant region of the primary antibody.
Immunohistochemistry reveals the expression pattern of proteins in tissue specimens.
Fluorescence microscopy is used to locate antigens within cells. Flow cytometry involves the
surface staining of cells with fluorescently labelled antibodies. In a fluorescence-activated cell
sorter (FACS), individual cells flow past a fluorescence excitation and detection device, and
are sorted according to the measured fluorescence. A typical application of flow cytometry is
the immunofluorescence staining of an extracellular antigen to count or select cells expressing
this antigen in cell populations, or to quantify its expression.
Antibodies can be generated by a variety of techniques. Antigens injected into the body of
animals trigger an immune response. Immunoglobulins with binding specificity for the
antigen are released into the blood serum. Adjuvant can be injected together with the antigen
to enhance the immune response (88). The serum of immunised animals contains a polyclonal
mixture of antibodies directed against different epitopes of the antigen.
Monoclonal antibodies were made available by fusion of immune B cells from the spleen of
immunised animals with tumour cells to produce hybridomas, followed by selection of clones
that express a desired antibody (89). Monoclonal antibodies are advantageous in many
applications, because they can be reproducibly produced in large amounts and are highly
specific for a single epitope. Monoclonal antibodies that bind to functional domains can be
used to alter protein activities, e.g. monoclonal antibodies that represent specific antagonists
or agonists of ligand-receptor interactions. On the other hand, a large effort is necessary for
the establishment of monoclonal antibodies. Polyclonal antibodies are well suited for many
applications as immunoblots or ELISA, but background problems can arise since they contain
diverse binding specificities. Furthermore, only a limited amount of antiserum can be obtained
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from a single immunised animal, and immunisation of different animals yields antisera of
varying quality.
As an alternative to the immunisation of animals, specific antibody fragments displayed on
bacteriophages can be selected from large repertoires (90,91). Highly diverse repertoires of
antibodies are generated by cloning the variable regions of naturally occurring
immunoglobulins, or by substituting variable regions in immunoglobulin sequences with
synthetic randomised sequences. Libraries of heavy and light chain genes can be generated
independently in ( FROL vectors. By recombination of light chain and heavy chain libraries,

highly diverse repertoires are generated. Antibodies are expressed in ( FROL cells as fusions
with a filamentous phage coat protein and phage presenting antibody fragments fused to the
coat protein are released. Phage presenting antibody fragments against an antigen of interest
are selected by several rounds of binding and elution on immobilised antigen. Antibodies
cloned by this method may be expressed in large quantities in (FROL or other hosts.
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 2EMHFWLYH
Up to now, no technique has been available to go directly from DNA sequence information on
individual clones to protein products and back again at a whole genome level. The objective
of this study is the establishment of arrayed expression libraries for the integration of DNAbased and protein-based experimental data. Libraries should be amenable to DNA-based
techniques as DNA sequencing, oligonucleotide fingerprinting and other DNA hybridisation
strategies, in addition to protein-based techniques as antibody screening. Clonal expression
products should be directly utilised as antigens for the generation of antibodies, and also for
their biological characterisation. Therefore, proteins should be expressed as fusions to peptide
or protein tags for their efficient detection and purification by affinity chromatography. The
choice of the expression system is a trade-off between hosts with different properties, as being
easy to grow and to alter genetically, offering high protein yield or effecting correct folding
and post-translational modifications.
In the approach described here, proteins are clonally expressed from arrayed cDNA libraries.
This makes translated gene products directly amenable to high throughput experimentation
and generates a direct link between protein, expression and sequence data. A bacterial
expression system was chosen that allows expression of large numbers of proteins at relatively
low cost.
The first aim of this work was to establish arrayed cDNA expression libraries that could be
characterised by DNA and protein-based techniques as DNA hybridisation and antibody
screening in parallel. Methods for differentiation between clones expressing recombinant
protein and non-expression clones should be established, leading to arrayed libraries of
expression clones. In addition to screening of the library on high-density grids, methods for
high-throughput protein expression in liquid culture and characterisation in terms of size,
expression strength and solubility should be established. These data will be integrated with
results from DNA and antibody screening, and finally oligonucleotide fingerprinting, to
establish a catalogue of identified and characterised expression clones.

Materials

 0DWHULDOV
 /DERUDWRU\HTXLSPHQW
• Blotting device, semi-dry, for
protein gels
• Cell electroporator
•

•
•

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Hoefer TE 70, Amersham Pharmacia Biotech
Europe GmbH, Freiburg
Gene Pulser II, Bio-Rad Laboratories GmbH,
München
Centrifuges
Super T21, RC-2B, Sorvall GmbH, Bad
Homburg
1-13, Sigma Laborzentrifugen GmbH, Osterode
am Harz
Densitometer scanner for
Personal Densitometer, Molecular Dynamics
Coomassie-stained protein gels GmbH, Krefeld
Fluorescence video
PXL CCD video camera, Photometrix, Tucson,
documentation for high-density Arizona USA
filters
IQLab software, Scientific Analytics, Vienna,
Virginia USA
Freezer, -80ºC
Forma, ThermoQuest Analytische Systeme
GmbH, Egelsbach
Gel electrophoresis equipment Hoefer SE 200, Amersham Pharmacia Biotech
Europe GmbH, Freiburg
Gel-documentation for
Herolab GmbH, Wiesloch
ethidiumbromide-stained
agarose gels
Incubator
Heraeus Instruments GmbH, Hanau
Incubator shaker
New Brunswick Scientific GmbH, Nürtingen
Mass spectrometer
Reflex II MALDI-TOF, Bruker Franzen
Analytik GmbH, Bremen
Microtitre plate filling machine Genetix, Christchurch, Dorset, UK
Multiple Gel Caster for SDSHoefer SE 215, Amersham Pharmacia Biotech
polyacrylamide gels
Europe GmbH, Freiburg
Packing machines for microtitre Lady Pack (shrink wrap), Pactur, Bologna, Italy
plate blocks
Tippy Pack (binding machine), Spot, Manfred
Pütz GmbH, Kerpen
PCR-machine
PTC100, MJ Research, Inc., Watertown, USA
Pipettes, adjustable
Abimed Analysen Technik GmbH, Langenfeld
Pipettes, adjustable, 8-channel Eppendorf, Köln
PhosphorImager SI
Molecular Dynamics GmbH, Krefeld
Power supply
Bio-Rad Laboratories GmbH, München
Robot for colony picking and
Genetix, Christchurch, Dorset, UK
spotting
Shaker for filters
Rocky, Fröbel Labortechnik, Wasserburg
Spectrophotometer
Shimadzu Deutschland GmbH, Duisburg
Ultrasonic homogeniser
Branson Ultrasonic, Danbury, CT, USA
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• Vortex

Vortex Genie 2-Mixer, Bender und Hobein AG,
Zürich, Switzerland

 &KHPLFDOVQXFOHRWLGHVDQWLERGLHVDQGHQ]\PHV
• 29% acrylamide, 0.8% bisacrylamide
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Rotiphorese Gel 30, Carl Roth
GmbH, Karlsruhe
ammonium persulfate
BIO-RAD Laboratories GmbH,
München
ampicillin
Sigma, Deisenhofen
anti-Hsp90, Transduction
anti-human HSP90α antibody, mouse
Laboratories, Lexington,
monoclonal
Kentucky, USA
anti-mouse IgG, AP conjugated
Pierce, KMF Laborchemie
Handels GmbH, St. Augustin
anti-mouse IgG, AP conjugated
Boehringer Mannheim GmbH
ATP
Boehringer Mannheim GmbH
attophos
JBL Scientific, San Luis Obispo,
USA
betaine
Sigma, Deisenhofen
L-cysteine
Sigma, Deisenhofen
dATP, dCTP, dGTP, dTTP, lithium salts
Boehringer Mannheim GmbH
Amersham Pharmacia Biotech
[α-32P]dCTP
Europe GmbH, Freiburg
DEPC
Sigma, Deisenhofen
DNA Polymerase I ((FROL), Large (Klenow) New England Biolabs GmbH,
Schwalbach/Taunus
Fragment
DTT
Serva, Heidelberg
EDTA
Merck, Darmstadt
ethidium bromide, 1% solution
Fluka
D-+-glucose monohydrate
Merck, Darmstadt
glycerate 3-phosphate, tricycloammonium
Sigma, Deisenhofen
salt
glycerol
Merck, Darmstadt
glycogen from mussels
Boehringer Mannheim GmbH
guanidine hydrochloride
Sigma, Deisenhofen
iodoacetamid
Aldrich
IPTG
Sigma, Deisenhofen
imidazole
Sigma, Deisenhofen
kanamycin
Sigma, Deisenhofen
lysozyme
Boehringer Mannheim GmbH
myokinase, 2,000 units/mg, rabbit muscle
Sigma, Deisenhofen
Sigma, Deisenhofen
β-NADH, disodium salt
O-9882, Sigma
n-octyl β-D-glucopyranoside
oligonucleotides
MWG-Biotech, Ebersberg
phosphoenolpyruvate
Sigma, Deisenhofen
3-phosphoglycerate kinase
Boehringer Mannheim GmbH
pronase
Boehringer Mannheim GmbH
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• pyruvate kinase/L-lactate dehydrogenase
• RGS·His antibody, mouse monoclonal
• TCEP-HCl
• sarkosyl (sodium N-lauroylsarcosine)
• Shrimp alkaline phosphatase
• sodium pyrophosphate
• TEMED
• Triton X-100
• TRIzol
• trypsin, sequencing grade, modified
• Tryptone, Bacto
•
•
•
•

Tween 20
urea
4-vinylpyridine
yeast extract

• 2×YT Broth Agar
• 2×YT Broth

Sigma, Deisenhofen
Qiagen GmbH, Hilden
Pierce, KMF Laborchemie
Handels GmbH, St. Augustin
Sigma, Deisenhofen
Amersham Pharmacia Biotech
Europe GmbH, Freiburg
Sigma, Deisenhofen
Life Technologies GmbH,
Karlsruhe
Sigma, Deisenhofen
Life Technologies GmbH,
Karlsruhe
V511A, Promega
Difco Laboratories, Detroit,
USA
Sigma, Deisenhofen
Merck, Darmstadt
Aldrich
Difco Laboratories, Detroit,
USA
BIO 101,Vista, CA, USA
BIO 101,Vista, CA, USA

Anorganic salts, acids and bases and alcohols were SUR DQDO\VL quality from Merck,
Darmstadt. Restriction enzymes and T4-DNA-Ligase were from New England Biolabs
GmbH, Schwalbach/Taunus. A preparation of Taq DNA polymerase was a gift of Uwe
Radelof, MPIMG Berlin.

 2OLJRQXFOHRWLGHV
2OLJR
QXFOHRWLGH
pQE65
pQE276
SPORT 3/86
SPORT 5/86
M13-Forward
M13-Reverse
NotI primeradapter
SalI adapter
top strand
SalI adapter
bottom strand

6HTXHQFH ¶WR¶

$QQHDOLQJ
7HPSHUDWXUH
TGA GCG GAT AAC AAT TTC ACA CAG
65ºC
GGC AAC CGA GCG TTC TGA AC
65ºC
CCG GTC CGG AAT TCC CGG GT
65ºC
GCA CGC GTA CGT AAG CTT GGA TCC TCT AGA
65ºC
GAC GTT GTA AAA CGA CGG CCA G
55ºC
CAC AGG AAA CAG CTA TGA CC
55ºC
p-GAC TAG TTC TAG ATC GCG AGC GGC CGC CC (T)15
TCG ACC CAC GCG TCC G
p-CGG ACG CGT GGG
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 .LWV
• cDNA cloning kit
• mRNA isolation kit

Superscript Plasmid System, Life
Technologies GmbH, Karlsruhe
PolyATract mRNA isolation system
III, Promega GmbH, Mannheim

 2WKHUPDWHULDOV
• 3MM Blotting paper
• Agar plates
• Chroma Spin columns
• Filter plates, 96-well
•
•
•
•
•

Glass microfibre filters, 2.5 cm
Microtitre plates, 384-well
Ni-NTA agarose
Ni-NTA silica magnetic beads
Nylon filters, 222 × 222 mm2

• Protein size standard
• PVDF filters, 222 × 222 mm2

• QIAquick columns
• Replicators, 384-pin
• Size standard, DNA
• Size standard, protein

Whatman GmbH, Göttingen
Bio Assay Dish, Nunc GmbH & Co.
KG, Wiesbaden
Clonetech Laboratories, Palo Alto,
CA, USA
MADV N 65, Millipore GmbH,
Eschborn
GF/C, Whatman GmbH, Göttingen
Genetix, Christchurch, Dorset, UK
Qiagen GmbH, Hilden
Qiagen GmbH, Hilden
Hybond-N+, Amersham Pharmacia
Biotech Europe GmbH, Freiburg
Boehringer Mannheim GmbH
Immobilon P, Millipore GmbH,
Eschborn
Hybond-PVDF, Amersham Pharmacia
Biotech Europe GmbH, Freiburg
Qiagen GmbH, Hilden
Genetix, Christchurch, Dorset, UK
1 kb-ladder, Life Technologies GmbH,
Karlsruhe
low rage, Boeringer Mannheim GmbH

 %XIIHUVDQGPHGLD
$3EXIIHU
1 mM MgCl2
100 mM Tris-HCl, pH 9.5
$WWRSKRVVWRFNVROXWLRQ
2.4 M diethanolamine
5 mM attophos
0.23 mM MgCl2
set pH to 9.2 with HCl
sterilised by filtration through a 0.2 µm pore size filter.
%XIIHU$
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6 M guanidine hydrochloride
0.1 M NaH2PO4
0.01 M Tris
set pH to 8.0 with HCl
%XIIHU%
8 M urea
0.1 M NaH2PO4
0.01 M Tris
set pH to 8.0 with HCl
%XIIHU&
as Buffer B, pH 6.3
&KXUFKEXIIHU PRGLILHG
5% SDS
0.25 M Na2HPO4, pH 7.2
1 mM EDTA
&RRPDVVLHEOXHVWDLQLQJVROXWLRQ
1.25 g Coomassie Brillant Blue G 250 (Serva) are dissolved in 225 ml technical grade ethanol.
225 ml destilled water and 50 ml acetic acid were added. The mixture was stirred for 2 h and
filtered through a folded filter (No. 595, Schleicher & Schuell, Dassel).
'HQDWXULQJVROXWLRQ
0.5 M NaOH
1.5 M NaCl
[)UHH]LQJ0L[
4 mM MgSO4
15 mM Na3-citrate
68 mM (NH4)2SO4
36% glycerol
0.13 M KH2PO4
0.27 M K2HPO4
(pH 7.0), autoclaved
 ZY JOXFRVH
400 g D-+-glucose monohydrate were dissolved in destilled water to 1 litre and sterilised by
filtration through a 0.2 µm pore size filter.
/\VLV%XIIHU
50 mM Tris-HCl, pH 8.0
0.3 M NaCl
0.1 mM EDTA
0DWUL[6ROXWLRQ
1% (w/v) HCCA (α-cyano-4-hydroxycinnamic acid)
50% acetonitrile
0.1% TFA
1HXWUDOLVLQJVROXWLRQ
1 M Tris-HCl, pH 7.4
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1.5 M NaCl
[3&5%XIIHU
0,5 M KCl
1% Tween 20
15 mM MgCl2
0.5 M Tris-HCl, pH 8.8
sterilised by filtration through 0.2 µm pore size filter
3URQDVHVROXWLRQ
50 mM Tris-HCl, pH 8.5
50 mM EDTA
100 mM NaCl
1% sarkosyl
50 mg/ml Pronase
6%
12 g/l Bacto-tryptone
24 g/l yeast extract
0.4% (v/v) glycerol
17 mM KH2PO4
72 mM K2HPO4
A 20× potassium phosphate solution and a 20/19× solution of the remaining ingredients are
autoclaved separately, and then mixed in a 1:19 ratio.
[6'6ORDGLQJEXIIHU
0.2 M Tris-HCl pH 6.8
8% SDS
40% (w/v) glycerol
0.004% bromophenol blue
0.1 M DTT was added separately to protein samples.
62%
20 g/l tryptone
5 g/l yeast extract
10 mM NaCl
10 mM KCl
autoclaved
62&
20 g/l tryptone
5 g/l yeast extract
10 mM NaCl
10 mM KCl
10 mM MgCl2
10 mM MgSO4
20 mM glucose
autoclave without glucose, add 40% glucose sterilised by filtration
[66&
3 M NaCl
0.3 M Na3-citrate
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pH 7.0
7$(EXIIHU
40 mM Tris-acetate, pH 8.0
1 mM EDTA
7%(EXIIHU
90 mM Tris-borate, pH 8.0
1 mM EDTA
7%6
10 mM Tris-HCl, pH 7.5
150 mM NaCl
7%677
20 mM Tris-HCl pH 7.5
0.5 M NaCl
0.1% (v/v) Tween 20
0.5% (v/v) Triton X-100
7(EXIIHU
10 mM Tris-HCl, pH 8.0
1 mM EDTA
autoclaved
7(1EXIIHU
10 mM Tris-HCl, pH 8.0
1 mM EDTA
25 mM NaCl
autoclaved
×<7$JDU
46 g premixed 2×YT-Broth Agar (16 g tryptone, 10 g yeast extract, 5 g NaCl, 15 g agar) were
dissolved in destilled water to 1 litre and sterilised by autoclaving at 120ºC for 20 min.
×<7%URWK
31 g premixed 2×YT-Broth (16 g tryptone, 10 g yeast extract, 5 g NaCl) were dissolved in
destilled water to litre and sterilised by autoclaving at 120ºC for 20 min.

 6WUDLQV
(FROL6&6
(Stratagene)
KVGR17(rK– mK+) UHF$ HQG$ J\U$WKLUHO$VXS(

Methods

20

 0HWKRGV
 3ODVPLGFRQVWUXFWV
pQE-30 (Qiagen) is a pBR322-based expression vector that carries a phage T5 promoter and
two ODF operators for IPTG-inducible recombinant protein expression. pQE30NST was
constructed from pQE-30 as follows. In the first step, pQE-30N was generated by inserting a
synthetic oligonucleotide carrying a %JOII and a 1RWI site into the unique 3VWI site of pQE-30.
In subsequent steps, an oligonucleotide carrying an SP6 promoter was inserted between the
%DPHI and the 6DOI site of pQE-30N, followed by insertion of a second oligonucleotide
carrying a T7 promoter between the +LQdIII and the 1RWI site. The resulting vector,
pQE30NST, can be used for cloning of cDNAs with 6DOI and 1RWI overhangs. The insert can

be transcribed LQ YLWUR in sense direction using SP6 RNA polymerase and in antisense
direction using T7 RNA polymerase. Figure 1 shows a map of pQE30NST (GenBank
accession number AF074376).
The helper plasmid pSE111 was obtained from Eberhard Scherzinger (unpublished results).
pSE111 was constructed in two steps from pSBETc, a pACYC177-based expression vector
that carries the DUJ8 gene, a kanamycin resistance gene and a T7 RNA polymerase promoter
site for recombinant protein expression (92). (i) An ;PQI-(FRRV fragment, nucleotide

position 2,041–2,521, was excised from pSBETc to remove the T7 promoter region. (ii) A 1.2
kbp (FRRI fragment containing the ODF,4 gene was excised from plasmid pVH1 (93) and

inserted into the unique (FRRI site of the plasmid resulting from step (i). Plasmids of 5.1 kbp
with ODF,4 inserts in both possible orientations were obtained; in pSE111 transcription of the
ODF,4 gene was clockwise in the published pSBETc map (92).

 3&5DQG'1$VHTXHQFLQJ
The polymerase chain reaction (PCR) can generate a large number of copies from even the
smallest amounts of DNA (94). This was enabled by the isolation of a thermostable DNA
polymerase from 7KHUPXVDTXDWLFXV. During the PCR, DNA is denatured at high temperature,
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specific oligonucleotide primers are annealed and elongated at lower temperatures in a cyclic
manner.
A typical PCR contained 0.25 µM of each primer, 65 µM of each dNTP, 1×PCR-Buffer, 1 ng
plasmid template, 7.4 U/µl Taq DNA polymerase. For PCR amplification of cDNA clones in
the vector pQE30NST, the primers pQE65 and pQE276 were used. In the PCR reaction, a
2 min denaturation step at 94ºC was followed by 30 cycles of
10 sec. at 94ºC
10 sec. at 65ºC
5 min at 72ºC.
PCR products were analysed by 1.4% agarose gel electrophoresis, purified using QIAquick
PCR purification spin columns and quantified photometrically.
Cycle sequencing (95) is a combination of the Sanger sequencing method (96) with PCR. The
sequencing template is regenerated by cycling denaturation, therefore less template is needed.
As an alternative to radioactivity, fluorescent dyes are used to label primers (97) or
dideoxynucleotide chain-terminators (98). By using four different fluorescent dyes with
different emission wave-lengths, reactions for the four bases can be combined in one lane of a
sequencing gel. PCR products were sequenced by dye-terminator cycle sequencing using the
pQE65 primer and automated ABI sequencers (Perkin Elmer) by the service department of our
institute.

 $QWLERG\DIILQLW\SXULILFDWLRQ
Rabbit anti-GAPDH serum was obtained from Eberhard Scherzinger and was affinity purified
according to Gu et al. (99). His6-GAPDH fusion protein was expressed in (FROL in a 400 ml
culture and cells were lysed in 10 ml Buffer A. His6-GAPDH was bound to 1.2 ml Ni-NTA
agarose (Qiagen) by shaking for 1 h at room temperature. Using a column, the agarose beads
were washed with Buffer C until the A280 of the flow-through was below 0.02. Chaotropic
salts were removed by washing with 150 mM NaCl, 50 mM Tris, pH 7.4. 1 ml anti-GAPDH
serum was added to the beads. The suspension was shaken for 1 h in the column. The column
was washed with 5 ml of (50 mM Tris-HCl, pH 7.4, 150 mM NaCl) and 5 ml of (2 M NaCl,
50 mM Tris-HCl, pH 7.4). 0.6 ml elution buffer (4 M MgCl2, 10 mM Tris-HCl, pH 6.0) was
added and incubated 15 min. Antibodies were eluted in 0.5 ml fractions. The first 5 fractions
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were pooled and dialysed against PBS overnight at 4ºC. The purified antibody detected
GAPDH in an ELISA, and a maximum signal was observed at a dilution of 1:500.

 F'1$OLEUDU\FRQVWUXFWLRQDQGDUUD\LQJ
 7RWDO51$SUHSDUDWLRQ
Total RNA from adult kidney liver and human fetal brain was isolated according to
Chomczynski and Sacchi (100). With this method, cell homogenates are directly added to a
monophasic acidic phenol guanidine isothiocyanate solution. Upon adding chloroform, the
RNA remains in the aqueous phase, while – because of the low pH – proteins and DNA enter
the organic and the interphase. Total RNA is recovered by isopropanol precipitation.
To avoid RNase contamination, disposable plastic ware was used whenever possible.
Glassware was baked at 200ºC before use. RNase-free water was prepared by stirring two
times destilled water with 0.01% (v/v) DEPC overnight, followed by autoclaving twice to
remove the DEPC.
Tissues were homogenised by grinding under liquid nitrogen and directly transferred to 10 ml
per gram tissue of TRIzol, a monophasic phenol guanidine isothiocyanate solution, in a
Dounce homogeniser. The mixture was homogenised and passed once through a 23 gauge
needle to shear genomic DNA. 0.2 ml chloroform per ml of TRIzol were added. The mixture
was shaken vigorously, incubated at room temperature for 5 min, and centrifuged for 30 min
at 6,000 rpm in an SS34 rotor in 30 ml Corex glass centrifugation tubes to separate the
aqueous and inorganic phases. The aqueous, upper phase was recovered, and total RNA was
precipitated with one volume of isopropanol. The mixture was incubated on ice for 10 min,
and centrifuged for 10 min at 15,000 rpm in an SS34 rotor in plastic tubes, that had been
treated with 5 N NaOH overnight to inactivate RNases. The large, white pellet was washed
once with 70% ethanol, centrifuged again for 5 min, and dissolved in 200 µl DEPC-treated
water. Total RNA was stored at -80ºC.

 6HOHFWLRQRISRO\DGHQ\ODWHG SRO\ $



51$

poly(A)+ RNA was separated from the remainder of total RNA, which is largely rRNA and
tRNA. Total RNA was denatured by heating to expose the poly(A) (polyadenylated) tails, and
annealed to biotinylated oligo(dT) probes. The annealed nucleic acids were bound to
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streptavidin conjugated paramagnetic particles, which were restrained by a magnet during
buffer changes. The particles were washed with a moderate ionic strength buffer, and poly(A)+
RNA was eluted with water.
The FastATrackIII kit (Promega) contains RNase free water, biotinylated oligo(dT) Probe,
20×SSC and streptavidin paramagnetic particles (SA-PMP). 0.7 mg (mouse kidney) or 0.4 mg
(human fetal brain) of total RNA in 0.5 ml RNase free water was heated to 65ºC for 10 min.
3 µl of the biotinylated oligo(dT) Probe and 13 µl of 20×SSC was added and the mixture was
cooled to room temperature. One tube with SA-PMP particles was placed in a magnetic stand
(a tube holder with a magnet), and the liquid phase was removed. The particles were washed
four times with 0.3 ml 0.5×SSC by gently flicking the bottom of the tube until all of the
particles were resuspended. After the final wash, as much of the aqueous phase as possible
was removed without disturbing the SA-PMP particles. To elute poly(A)+ RNA, the particles
were resuspended in 250 µl RNase-free water. The SA-PMP particles were magnetically
captured, the eluted poly(A)+ RNA was recovered and precipitated by adding 0.15 volume of
3 M sodium acetate and 3 volumes of ethanol. The mixture was incubated on ice for 10 min
and centrifuged for 20 min at top speed in a cooled microcentrifuge. The pellet was washed
once with 70% ethanol, centrifuged again, and dissolved in 10 µl water. RNA concentrations
in the washing fractions and the eluate were determined by UV absorbance measurement at
260 nm in a 5 µl microcuvette.

 F'1$V\QWKHVLV
cDNA libraries were prepared by oligo(dT) priming (101) using a Superscript Plasmid System
kit. mRNA was reverse transcribed by Superscript II RT, an enzyme engineered from
Moloney Murine Leukemia Virus RT (102), using a primer with a 1RWI restriction site
followed by (T)15. RNA in RNA-DNA duplexes was partially digested with RNase H to prime
second strand cDNA synthesis by ( FROL DNA polymerase I. DNA ligase was used to fuse
different second strand molecules created on the same template. Double stranded cDNA was
made blunt end with T4 DNA polymerase, followed by ligation of 6DOI adapters. By digestion

with 1RWI, cDNA with 5'-6DOI and 3'-1RWI overhangs was created. This allowed directional

cloning between vector 6DOI and 1RWI sites. 1RWI recognises an 8-bp sequence, therefore only
very few recognition sites are present in random DNA sequences. cDNA was size fractionated
by gel filtration, and ligated with the vector pQE30NST, followed by transformation of (FROL
cells.
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The cDNA construction kit contained the following reagents:
• 1RWI primer-adapter (0.5 µg/µl)
5'- pGACTAGTTCTAGATCGCGAGCGGCCGCCC(T)15 -3'
1RWI
• 5× first strand buffer (250 mM Tris-HCl (pH 8.3), 375 mM KCl, 15 mM MgCl2)
• 0.1 M DTT
• 10 mM dNTP mix (10 mM each dATP, dCTP, dGTP, dTTP)
• Superscript II RT (200 units/µl)
• 5× second strand buffer [100 mM Tris-HCl (pH 6.9), 450 mM KCl, 23 mM MgCl2,
0.75 mM ß-NAD+, 50 mM (NH4)2SO4]
• (FROL DNA ligase (10 units/µl)
• (FROL DNA polymerase I (10 units/µl)
• (FROL RNase H (2 units/µl)
• T4 DNA polymerase (5 units/µl)
• 5× T4 DNA ligase buffer (250 mM Tris-HCl, pH 7.6, 50 mM MgCl2, 5 mM ATP, 5 mM
DTT, 25% (w/v) PEG 8000)
• 6DOI adapters (1 µg/µl)
5'- TCGACCCACGCGTCCG -3'
||||||||||||
3'GGGTGCGCAGGCp -5'
• T4 DNA ligase (1 unit/µl)
• 10× React 3 buffer (0.5 M Tris-HCl, pH 8.0, 0.1 M MgCl2, 1 M NaCl)
• 1RWI (15 units/µl)
• DEPC-treated water
• Plasmid pSPORT 1, 1RWI-6DOI-cut (50 ng/µl)
• control RNA (0.5 µg/µl)
• yeast tRNA (1 µg/µl)
)LUVWVWUDQGV\QWKHVLV
First strand cDNA was synthesised by mixing 4 µl 5× first strand buffer, 2 µl 0.1 M DTT, 1 µl
10 mM dNTP mix and 1 µl [α-32P]dCTP (1µCi/µl) with 1–5 µg mRNA and water, incubation
at 37ºC for 5 min. 1 µl Superscript II RT per µg of mRNA was added to a final volume of
20 µl and the mixture was incubated at 37ºC for 1 h.
The tube was placed on ice, and a 2 µl aliquot was removed to calculate first strand yield.
Second strand synthesis was initiated (see 4.4.3), and 43 µl 20 mM EDTA (pH 8.0) and 5 µl
yeast tRNA was added to the 2 µl aliquot. 10 µl aliquots of this mixture, corresponding to
1/50 of the first strand reaction, were spotted on two 2.5 cm GF/C glass microfibre filters
(Whatman GmbH, Göttingen). One of the filters was dried at room temperature. This filter
was used to determine the total [α-32P]dCTP activity in the reaction. The other filter was
washed three times, for 5 min each time, in a beaker containing 50 ml of fresh, ice-cold 10%
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(w/v) TCA, 1% (w/v) sodium pyrophosphate, followed by washing for 2 min in 50 ml of 95%
ethanol at room temperature, and drying at room temperature. This filter carried only the
incorporated radioactivity and was used to determine the yield of first strand cDNA. First
strand yield was calculated from the amount of nucleotides in the reaction (40 nmole) the
amount of nucleotides in 1 µg of single stranded DNA (3.03 nmole) and the ratio of the
measured activities in counts per minute (cpm), as measured in a scintillation counter.

yield =

incorporated activity
40 nmole
incorporated activity
13.2 µg
−1 =
total activity
total activity
3.03 nmole µg

The specific activity of double stranded cDNA was calculated by dividing the whole activity
incorporated (= 50 · incorporated activity measured on second filter) by twice the single strand
yield.
In X days, the specific activity decays by 2 − ; /14.3 , because the half life of 32P is 14.3 days.
The remaining 30 µl of the first strand aliquot were ethanol precipitated and analysed by gel
electrophoresis (see 4.4.4).
6HFRQGVWUDQGV\QWKHVLVJHQHUDWLRQRI6DO,1RW,RYHUKDQJV
Second cDNA strands were synthesised by adding the following to the remaining 18 µl first
strand reaction:
• 93 µl DEPC-treated water
• 30 µl 5× second strand buffer
• 3 µl 10 mM dNTP mix
• 1 µl (FROL DNA ligase

• 4 µl (FROL DNA polymerase I
• 1 µl (FROL RNase H

The mixture was incubated for 2 h at 16ºC. To generate blunt ends, 2 µl of T4 DNA
polymerase was added and incubated for 5 min at 16ºC. The reaction was placed on ice and
extracted once with 150 µl phenol:chloroform:isoamylalcohol (25:24:1). cDNA was
precipitated by adding 0.5 volume of 7.5 M ammonium acetate, followed by 2.4 volumes of
ethanol (-20ºC) and centrifugation at room temperature at top speed for 20 min in a
microcentrifuge. The pellet was washed once in 75% ethanol (-20ºC), centrifuged again for
5 min and was dissolved in 25 µl DEPC-treated water. 6DOI adapters were ligated to the cDNA
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by adding 10 µl 5× T4 DNA ligase buffer, 10 µl 6DOI adapters, 5µl T4 DNA ligase and
incubation for 16 h at 16ºC, followed by phenol:chloroform:isoamylalcohol extraction and
ethanol precipitation as described above. In the next step cDNA was digested with 1RWI. The

DNA pellet was dissolved in 41 µl DEPC-treated water, 5 µl React 3 buffer and 4 µl 1RWI
were added and incubated for 2 h at 37ºC, followed by phenol:chloroform:isoamylalcohol
extraction and ethanol precipitation as described above.
6L]HIUDFWLRQDWLRQ
Size fractionation of cDNA is important for several reasons. Residual adapters are present in
large molar excess and can impede vector ligation to cDNA by ligating to the 6DOI termini of

the pre-digested vector. Additionally, the fragments released from the cDNA by 1RWI digestion

have 6DOI termini at one end and 1RWI termini at the other, and can contaminate the library
with apparently “empty“ clones. Size fractionation also reduces the tendency of smaller (<500
bp) inserts to predominate the library. These smaller cDNAs can arise for several reasons:
If the mRNA preparation is not size-selected, partially degraded mRNAs are selected on the
oligo(dT) cellulose columns along with longer mRNAs. These will be reverse transcribed into
small cDNAs.
If extreme care is not taken to prevent RNase contamination during first strand synthesis,
degradation can occur when the mRNA is manipulated. Some mRNAs contain regions that
are not readily reverse transcribed, and the reverse transcriptase is not able to synthesise
complete first strands. Column chromatography is a simple method of producing sizefractionated cDNA, free of adapters and other low molecular weight DNAs. The Superscript
Plasmid System contains prepacked, disposable 1 ml Sephacryl S-500 HR columns that
remove cDNAs <500 bp and size-fractionate cDNAs >500 bp, thus facilitating construction of
libraries from fractions enriched for larger cDNA. Individual size fractions contain cDNA
ranging from 500 bp to several kilobasepair size. The average cDNA size gradually decreases
with increasing fraction number.
The cDNA pellet was dissolved in 100 µl TEN. Excess liquid (20% ethanol) was allowed to
drain from the column, followed by washing with 3.2 ml TEN. 100 µl cDNA was added to the
column and fraction 1 was collected. cDNA was eluted with TEN. A 100 µl fraction, followed
by single-drop fractions (~35 µl) were collected. Radioactivity was measured by scintillation
counting.
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 *HOHOHFWURSKRUHVLVRIILUVWVWUDQGF'1$
First strand cDNA was analysed by denaturing agarose gel electrophoresis. 1 µg size standard
(1 kb -ladder) was labelled for 10 min at room temperature in a 20 µl reaction containing
50 µM each of dATP, dTTP, dGTP, 5 µCi [α-32P]dCTP, 5 units (FROL DNA Polymerase I,
Large (Klenow) Fragment with 3'È5' exonuclease activity, 10 mM Tris-HCl pH 7.5, 5 mM
MgCl2, 7.5 mM DTT, followed by heat inactivation at 75ºC for 20 min and ethanol
precipitation. 0.5 µl of the labelled size standard and the ethanol-precipitated first strand
sample were dissolved in 10 µl 1× alkaline agarose gel sample buffer [30 mM NaOH, 1 mM
EDTA, 10% (v/v) glycerol, 0.01% bromophenol blue]. The agarose gel [1.4% (w/v)] was cast
in 30 mM NaCl, 2 mM EDTA and was equilibrated for 2 to 3 h in alkaline electrophoresis
buffer (30 mM NaOH, 2 mM EDTA) before loading the samples. Electrophoresis was for
16 h at 15 V. The gel was dehydrated under vacuum, exposed to a phosphor imager screen for
2 h and an image was generated on a phosphor imager.

 9HFWRUGLJHVWLRQ
pQE30NST DNA was digested with 6DOI and 1RWI, followed by %JOII to reduce background
from re-circulised vector molecules. 20 µg pQE30NST were digested in 100 µl with 80 units
6DOI, 0.2 mg/ml BSA, 1× NEB 2 buffer (New England Biolabs) for 3 hours at 37ºC. 40 units
1RWI and 20 units 6DOI were added, and digestion proceeded overnight. 10 units %JOII and 20

units 1RWI were added, and the incubation was continued for 5 h. 10 µl of the reaction was
diluted to 90 µl in TE buffer and purified with a Chroma Spin 1000 TE column to remove
protein, buffer salts and short DNA fragments released during digestion.

 /LJDWLRQ
10 ng cDNA was ligated to 50 ng 6DOI, 1RWI cut pQE30NST in 20 µl containing 1× T4 ligase
buffer and 1 unit T4 DNA ligase for 3 h at room temperature, followed by ethanol
precipitation with 1 µl of 20 µg/µl glycogen from mussels, 11 µl 7.5 M ammonium acetate
and 80 µl ethanol (-20ºC). The pellet was washed in 75% ethanol and resuspended in 5 µl
water.
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 3UHSDULQJ(FROLFHOOVIRUHOHFWURSRUDWLRQ
Electroporation is applied to introduce DNA into eukaryotic and bacterial cells. The process
of transforming (FROL by electroporation involves exposing a dense suspension of cells and
DNA to a brief (3 to 6 ms), high voltage electrical pulse (103,104).
Cells of ( FROL SCS1 carrying the helper plasmid pSE111 were made competent for
transformation by electroporation by growth in low-salt media and washing in 10% glycerol.
1 litre SOB with 15 µg/ml kanamycin was inoculated with 10 ml of an overnight culture of
SCS1/pSE111 and grown to an OD600 of 0.6–0.8 at 37ºC. The cells were harvested by
centrifugation at 5,000 rpm (2,600 g) in a GS3 rotor at 4ºC for 10 min, resuspended in 1 litre
ice-cold, autoclaved 10% (v/v) glycerol, and centrifuged and resuspended again in the same
manner. After a third centrifugation, the cells were resuspended in a minimal volume of 10%
glycerol and aliquots were frozen in liquid nitrogen and stored at -80ºC.

 7UDQVIRUPDWLRQ
Cells were thawed on ice, and 40 µl were mixed with 2 µl of ligated cDNA. The cells were
electroporated in electroporation cuvettes of 0.1 cm gap size according to the manufacturer of
the electroporation apparatus. 1 ml of SOC was added to the cells immediately after
apllication of the pulse, and the suspension was shaken at 37ºC for 1 h. Freezing mix was
added and the mixture was frozen in liquid nitrogen and stored at -80ºC.

 &RORQ\3LFNLQJ
Transformed cells were plated at a density of 3,000 clones/plate onto square 23×23 cm2 2×YT
agar plates containing 100 µg/ml ampicillin, 15 µg/ml kanamycin and 2% glucose and were
grown at 37ºC overnight. Using a picking robot (105), colonies were picked into 384-well
microtitre plates filled with 2×YT medium containing 100 µg/ml ampicillin, 15 µg/ml
kanamycin, 2% glucose and Freezing Mix. Bacteria were grown in the microtitre wells at
37ºC overnight and replicated into new microtitre plates using 384-pin replicating tools. All
copies were stored frozen at -80ºC.
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 +LJKGHQVLW\ILOWHUVIRUSURWHLQDQG'1$GHWHFWLRQ
High-density filters were prepared by robot spotting, as described (76,105), at a density of
27,648 clones per filter in a duplicate pattern surrounding ink guide dots. Bacterial colonies
were gridded onto Nylon membrane filters for DNA analysis and polyvinylidene difluoride
(PVDF) membrane filters for protein analysis (filter format 222 mm × 222 mm). Filters were
placed onto square 2×YT agar plates containing 100 µg/ml ampicillin, 15 µg/ml kanamycin
and 2% glucose.

 '1$ILOWHUV
DNA filters were processed as described by Hoheisel et al. (106). Colonies were grown to a
size of approximately 1.5 mm diameter. Blotting paper (23×23 cm2) was soaked in Denaturing
Solution and nylon filters were placed on top for 4 min. The filters were transferred to a fresh
blotting paper soaked in Denaturing Solution. The sandwich was placed on a glass plate
sitting above water level in a 95ºC water bath. Filters were exposed to steam for 4 min,
followed by neutralisation on blotting paper soaked in Neutralising Solution for at least 4 min.
Filters were submerged in 600 ml Pronase solution (37ºC) and were incubated for 30–40 min.
Pronase solution was replaced after using five times. Filters were dried for two days at room
temperature, and stored between blotting paper sheets at room temperature.

 3URWHLQILOWHUV
Colonies on filters for protein analysis were grown overnight at 30ºC to a size of
approximately 1 mm diameter, and were then transferred to agar plates supplemented with
1 mM IPTG to induce protein expression for 3 h at 37ºC. Colonies were lysed by transfer of
the filters on blotting paper soaked in Denaturing Solution for 10 min, twice for 5 min on
Neutralising Solution and finally on 2×SSC for 15 min. Filters were air-dried and stored at
room temperature.

 '1$K\EULGLVDWLRQVFUHHQLQJRIKLJKGHQVLW\ILOWHUV
DNA hybridisations using digoxigenin-labelled PCR probes and Attophos alkaline
phosphatase substrate (JBL Scientific, San Luis Obispo) were performed as described (107).
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Dephosphorylation of Attophos yields a fluorescent product. Digoxigenin-labelled
hybridisation probes were prepared by PCR-amplification.
30 µl PCR reaction were set up containing:
• 1×PCR buffer
• 60 µM of each dNTP
• 0.25 µM of each primer
• 3 µM DIG-11-dUTP
• 7.5 U/µl Taq DNA polymerase
Template was added to the reaction by transfer of bacteria containing the template plasmid
with a tooth-pick from liquid cultures. Alternatively, 1 ng plasmid DNA was used as template.
The PCR program was a 1 min denaturation step at 94ºC, followed by 30 cycles of 10 sec.
94ºC, 10 sec. 65ºC (primers SPORT 3/86 and SPORT 5/86) or 55ºC (primers M13-Forward
and M13-Reverse) and 3 min 72ºC.
Filters were pre-hybridised in Church buffer at 65ºC for 1 h. The DIG-labelled PCR product
was denatured by adding 10 µl 0.5 M NaOH and immediately transferred to 30 ml Church
buffer (65ºC). The probe was added to the filter in a plastic bag. The bag was sealed while
avoiding to trap any air, and placed in a plastic dish on a rocking shaker inside an incubator at
65ºC overnight. A large plastic bag filled half with water was placed on top of the
hybridisation bag. The next morning, filters were washed in 1 litre 2×SSC, 0.1% SDS at room
temperature for 1 h, followed by 1 litre 0.1×SSC, 0.1% SDS at 65ºC for 1 h. Upon blocking in
500 ml 5% low fat milk powder in PBS, the filters were exposed to AP-conjugated anti-DIG
Fab fragments, diluted 1:5,000 in 5% low fat milk powder in PBS for 1 h. Filters were washed
twice for 20 min in 500 ml PBS, followed by two washes for 10 min in AP Buffer. Filters
were incubated in 1 mM Attophos in AP buffer for 4 h. The fluorescent Attophos
dephosphorylation product was detected on the filters by illumination with long-wave UV
light. Images were taken by a CCD camera (PXL CCD video camera, Photometrix) controlled
by the program IQLab (Scientific Analytics). Positive clones were scored using either of the
programs Xdigitse (written by Huw Griffith) or WinClone (written by Markus Kietzmann).
Both programs display images of high-density filters. Positive signals are scored by the user
and a list of positive clones is generated.
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 $QWLERG\VFUHHQLQJRIKLJKGHQVLW\ILOWHUV
Dry protein filters were soaked in ethanol and bacterial debris was wiped off with paper
towels in TBST-T. The filters were washed twice for 10 min in TBST-T, followed by two
brief washes in TBS and a 10 min wash in TBS. The filters were blocked for 1 h in blocking
buffer (3% non-fat, dry milk powder in TBS) and incubated overnight with 50 ng/ml antiHSP90α antibody or the anti-GAPDH antibody, diluted 1:5,000. The filters were washed
twice for 10 min in TBST-T, followed by two brief washes in TBS and a 10 min wash in TBS.
They were then incubated with alkaline phosphatase-conjugated secondary antibody (antimouse IgG-AP or anti-rabbit IgG-AP) for 1 h. Having washed three times for 10 min in
TBST-T, once in TBS and once in alkaline AP buffer, the filters were incubated in 0.25 mM
Attophos in AP buffer for 5 min. Images were taken as described under 4.6.

 3URWHLQH[SUHVVLRQLQ(FROL
Protein expression in bacteria containing cDNA inserts in the pQE30NST vector was
performed as followed. 10 ml of an overnight culture was added to 900 ml SB medium
containing 100 µg/ml ampicillin and 15 µg/ml kanamycin. The culture was shaken at 37ºC
until an OD600 of 0.8 was reached. IPTG was added to a final concentration of 1 mM. The
culture was shaken for 3.5 h at 37ºC and cooled to 4ºC on ice. Cells were harvested by
centrifugation at 2,100 g for 10 min, resuspended in 100 ml (50 mM NaH2PO4, pH 8.0, 0.3 M
NaCl) and centrifuged again. The cell pellet was used directly or stored frozen at -80ºC.

 6'63$*(
SDS-PAGE and protein staining was performed according to Laemmli (108). SDSpolyacrylamide gels were prepared in batches of 12 in a multiple gel caster. Separation and
stacking gel were prepared as follows:
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6HSDUDWLRQJHO

6WDFNLQJJHO

0.1% SDS

0.1% SDS

14.5% acrylamide

3.8% acrylamide

0.4% bisacrylamide

0.11% bisacrylamide

0.38 M Tris-HCl, pH 8.8

0.125 M Tris-HCl, pH 6.8

0.1% APS

0.1% APS

polymerisation is started by adding

polymerisation is started by adding

0.03% (v/v) TEMED

0.1% (v/v) TEMED

Electrophoresis was run at 80 V until the bromophenol blue in the SDS-loading buffer entered
the separation gel, then the voltage was increased to 180 V. The run was stopped when the
bromophenol blue reached the bottom of the gel. The gel was shaken in Coomassie Blue
Staining Solution for 30 min and destained in 20% methanol, 10% acetic acid.
For SDS-PAGE of whole cellular proteins, 11 µl 4 × SDS loading buffer and 3 µl 1 M DTT
were added to 30 µl of an (FROL cell suspension of 10 OD600. The mixture was incubated for
5 min at 50ºC and 2 min at 100ºC, and centrifuged for 5 min at top speed in a microcentrifuge.
8 µl of the supernatant was loaded on the gel.

 0HWDOFKHODWHDIILQLW\SXULILFDWLRQ
 3XULILFDWLRQXQGHUGHQDWXULQJFRQGLWLRQV
Proteins were denatured before purification if formation of inclusion bodies was observed.
Cells were resuspended in 5 ml per gram wet weight of Buffer A containing 6 M guanidine
hydrochloride and lysed by stirring for 15 min. The lysate was cleared by centrifugation at
10,000 g for 30 min. Ni-NTA agarose was added according to the expression strength
(binding capacity 5–10 mg/ml resin) and mixed by shaking for 1 h. The mixture was poured
into a column, washed with Buffer B and then Buffer C, until the A280 of the flow-through
was below 0.01. Proteins were eluted with a 4:1 mixture of Buffer C and 0.5 M EDTA.

 3XULILFDWLRQXQGHUQDWLYHFRQGLWLRQV
For purification of soluble proteins, cells were lysed in 3 ml per gram wet weight of Lysis
Buffer containing 0.25 mg/ml lysozyme on ice for 30 min. If the protein remained insoluble,
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Lysis Buffer containing 1.5% sarkosyl was used, according to Frangioni and Neel (109). This
often lead to solubilisation, but the protein was not always eluted from the Ni-NTA column
after removal of detergents. DNA was sheared with an ultrasonic homogeniser for 3×1 min at
50% power on ice. The lysate was cleared by centrifugation at 10,000 g for 30 min. Because
ionic detergents may interfere with Ni-NTA binding, 3% (v/v) Triton X-100 was added to
lysates containing sarkosyl. This non-ionic detergent is capable of sequestering sarkosyl (109)
and does not interfere with Ni-NTA binding. Ni-NTA agarose was added according to
expression strength, and mixed by shaking at 4ºC for 1 h. The mixture was transferred to a
column which was washed with ten bed volumes of Lysis Buffer containing 20 mM
imidazole. Protein was eluted in Lysis Buffer containing 250 mM imidazole and was dialysed
against TBS at 4ºC overnight.

 7U\SWLFGLJHVW
After induction of protein expression, bacterial cells were pelleted and lysed in 10 ml
Buffer A per gram wet cell weight.
200 µl lysate were incubated with 25 µl of a 50% Ni-NTA magnetic agarose bead suspension
(Qiagen) for 1 h at room temperature. The beads were washed three times with Buffer C.
Disulphide bonds were reduced in 100 µl 0.1 M tris(2-carboxyethyl)-phosphine hydrochloride
(TCEP-HCl) in Buffer A for 1 h at room temperature plus 1 h at 50ºC. The beads were
washed once in Buffer A and thiol groups were alkylated with either 0.1 M iodacetamid or
0.1 M 4-vinylpyridine in Buffer A at room temperature. The beads were washed four times
with 50 mM NH4HCO3, followed by adding 11 µl of 40 ng/µl trypsin, 1% n-octyl-β-Dglucopyranoside in 50 mM NH4HCO3 and incubation over night at room temperature. After
removal of the beads, 0.5 µl were mixed with 0.5 µl of matrix solution on a steel target and
measured on a Bruker Reflex 2 MALDI-TOF instrument with delayed extraction.
Alternatively, peptides were eluted by adding 150 µl 1% TFA to the beads. The eluate was
dried under vacuum and the peptides were resuspended in 5 µl of 50% acetonitrile, 1%
trifluoroactetic acid (TFA).
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 3URWHLQH[SUHVVLRQDQGSXULILFDWLRQLQPLFURWLWUHSODWHV
 3URWHLQH[SUHVVLRQ
96-well microtitre plates with 2 ml cavities (StoreBlock, Zinsser, No. 3219009) were filled
with 100 µl SB medium supplemented with 100 µg/ml ampicillin and 15 µg/ml kanamycin.
Cultures were inoculated with bacteria from 384-well plates that had been stored at -80ºC. For
inoculation, replicating devices carrying 96 steel pins, length 6 cm, were used. After overnight
growth at 37ºC with vigorous shaking, 900 µl of medium SB prewarmed to 37ºC were added
to the cultures, and incubation was continued for 1 h. For induction of protein expression,
IPTG was added to a final concentration of 1 mM, and incubation continued for 4 h. The
OD600 of eight cultures was measured. Cells were harvested by centrifugation at 1,900 g
(3,400 rpm) for 10 min, washed by resuspension in Lysis Buffer, centrifuged for 5 min and
were either used immediately or stored at -80ºC.

 6'63$*(RIZKROHFHOOXODUSURWHLQV
For electrophoresis of whole cellular proteins, bacteria were resuspended in 100 µl of SDS
loading buffer (2% SDS, 10% glycerol, 0.001% bromophenol blue, 0.05 M Tris-HCl pH 6.8,
0.1 M DTT) and incubated at 100ºC for 2 min. Lysates were centrifuged for 20 min at 1,900 g,
and 8 µl were loaded immediately on 15% SDS-polyacrylamide gels.

 0HWDOFKHODWHDIILQLW\SXULILFDWLRQ
For metal affinity purification of His6-tag proteins, cells were lysed by resuspension in 150 µl
Buffer A. 15 µl of a 50% glass powder suspension (Glasmehl 280, Kurt Merker GmbH,
Kelheim) were added to the lysates to help formation of a compact pellet with the bacterial
debris in the subsequent centrifugation at 1,900 rpm for 15 min. Supernatants were filtered
through a 96-well filter plate with a non-protein binding 0.65 µm pore size PVDF membrane
(Durapore MADV N 65, Millipore) on a vacuum filtration manifold (Multiscreen, Millipore).
Filtrates were collected in a fresh filter plate, and 25 µl 50% Ni-NTA agarose was added. The
plate was sealed with tape, and proteins were bound by shaking for 3 h at 300 rpm. The
agarose beads were washed three times by resuspending in Buffer C, shaking for 5 min, and
removing of liquid on the vacuum filtration manifold. Finally, proteins were eluted by shaking
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for 10 min in 25 µl of Buffer C containing 0.1 M EDTA. Eluates were filtered and collected
into a new microtitre plate, and 5 µl were analysed by 15% SDS-PAGE.

 6ROXELOLW\RIH[SUHVVLRQSURGXFWV
Cells were resuspended in 100 µl Lysis Buffer and lysed by addition of 30 µl 2.2 mg/ml
lysozyme and incubation for 1 h on ice. 20 µl of 50% glass powder was added, and lysates
were centrifuged for 15 min at 1,900 g. The pellets were removed with toothpicks, and lysates
were filtered through a MADV N 65 filter plate (Millipore). 8 µl were analysed by 15% SDSPAGE.

 (Q]\PHDVVD\V
 *$3'+DVVD\
This assay was described by Heinz and Freimüller (110).
5HDJHQWV
• 50 mM triethanolamine pH 7.5
• 14 mM β-NADH (10 mg/ml)
• 0.5 M MgSO4
• 0.2 M ATP in 25 mM HEPES pH 7.5
• 93 mM glycerate 3-phosphate, tricycloammonium salt
• 114 mM L-cysteine (20 mg/ml, prepared daily)
• 3-phosphoglycerate kinase from yeast (10 mg/ml, 450 units/mg), crystalline suspension in
3.2 M ammonium sulphate (Boehringer Mannheim)
The following reagents were added to a cuvette of 10 mm light path: 500 µl triethanolamine,
172 µl destilled water, 12.5 µl β-NADH, 10 µl MgSO4, 4 µl ATP, 25 µl glycerate 3phosphate, 25 µl

L-cysteine,

1.5 µl 3-phosphoglycerate kinase. GAPDH was added in a

volume of 1.5–3 µl and the change of absorbance at 340 nm per minute was measured with a
spectrophotometer. Activity was calculated using the absorbance coefficient of NADH at 340
nm of 6.22 mM-1cm-1. Specific activity was based on GAPDH concentration determination by
calculation of the absorbance coefficient from the protein sequence and measurement of light
absorption at 280 nm.
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 &DOPRGXOLQDVVD\
The assay of Chock and Huang (111) for calmodulin is based on the activation of 3’,5’-cyclic
nucleotide phosphodiesterase, and involves the following reactions:

3’,5’-cyclic nucleotide phosphodiesterase:

cAMP + H2O = AMP

myokinase:

AMP + ATP = 2 ADP

pyruvate kinase:

2 ADP + 2 phosphoenolpyruvate = 2 ATP + 2 pyruvate

L-lactate

dehydrogenase:

2 pyruvate + 2 NADH = 2 lactate + 2 NAD+

5HDJHQWV
• reaction buffer
0.1 M HEPES pH 8.0
20 mM MgCl2
1 mM CaCl2
0.1 M KCl
• 0.1 M phosphoenolpyruvate (PEP)
• 0.2 M ATP
• 14 mM β-NADH (10 mg/ml)
• 0.1 M cAMP
• The nucleotides and PEP were dissolved in 25 mM HEPES, pH 7.5.
• Pyruvate kinase/L-lactate dehydrogenase (PK/LDH) PK 740 units/ml, LDH 1,030 units/ml
(Sigma)
• Myokinase 2,000 units/mg, 1.6 mg/ml (Sigma)
• 3’,5’-cyclic nucleotide phosphodiesterase (PDE), activator deficient, from procine brain, 0.5
units/ml (Sigma)
• Working assay mix
4 ml H2O
5 ml reaction buffer
0.3 ml PEP
25 µl ATP
200 µl NADH
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The working assay mix has to be protected from light and may be stored frozen at -20ºC for
several weeks.

To 700 µl working assay mix in a cuvette 7 µl myokinase, 7 µl PK/LDH, 20 µl PDE and 2 µl
calmodulin, 0.016–1.6 mg/ml was added. Basal PDE activity was measured without
calmodulin. The mixture is incubated for 20 min to allow the formation of the PDEcalmodulin complex. The reaction was started by addition of 20 µl cAMP and the decrease of
absorption at 340 nm per minute was measured in a spectrophotometer.
To demonstrate Ca2+ dependence of the reaction, 7.5 µl 0.5 M EGTA was added to sequester
Ca2+. 7.5 µl 1 M CaCl2 was added to reverse this effect.
In this assay, 2 mole NADH are oxidised to NAD+ for 1 mole cAMP hydrolysed to AMP (see
reaction schema in 5.3.2). Therefore, the extinction coefficient of NADH is multiplied by a
factor of 2. One unit PDE hydrolyses 1 µmole cAMP to AMP per minute.
activity = ∆c Vassay = ∆A (ε⋅d) -1 Vassay
ε = 2 ε(NADH, 340 nm) = 12.44 mM -1 cm -1
Vassay = 756 µl, d = 1 cm ⇒ activity = 61 ∆A µmole

Calmodulin concentrations were determined according to Bradford (112). Lysozyme was used
as the standard.
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 5HVXOWV
Two cDNA libraries, from mouse kidney and human fetal brain tissues, were prepared in an
( FROL expression vector. Since human fetal brain tissue was more difficult to obtain, the
mouse library was prepared first to test the expression system and the detection of expression
clones. A vector was chosen for expression of His6-tagged fusion proteins in (FROL to enable
purification by metal affinity chromatography and immunological detection of expression
products. Using robot technology, library clones were picked into microtitre plates and
arrayed on filters for screening by DNA hybridisation and with antibodies. Bacteria were
arrayed on the filters, grown and subsequently lysed at a density of 9,216 or 27,648 clones per
filter. Protein expression was induced by transfer of filters onto agar plates supplemented with
IPTG.
Using a monoclonal antibody against the N-terminal Arg-Gly-Ser-His6 (RGSH6) tag sequence
of the expression products (RGS·His antibody), clones expressing stable recombinant
polypeptides were selectively recognised on protein filters. A technique was established to go
directly from a cDNA probe to an expression clone. High-density DNA filters of the human
fetal brain cDNA library were screened with a set of cDNA probes of human genes. Positive
clones, that had also been detected by the RGS·His antibody, were regarded as putative
expression clones of the genes in question. Protein expression by these clones was confirmed
by protein-specific antibodies and SDS-PAGE.
Subsets of library clones in microtitre plates can be rearrayed into new microtitre plates by
using a robot that transfers bacteria between microtitre plates. With this technique, putative
expression clones, detected by the RGS·His antibody, were combined in a new library. This
library is highly enriched in clones expressing their inserts in the correct reading frame.
For the characterisation of putative expression clones arrayed in microtitre plates, standard
techniques were adapted to the 96-well microtitre plate format. Growth of bacteria, protein
expression and purification by nickel affinity chromatography was performed in 96-well
microtitre plates to analyse the expression products of 96 clones from the rearrayed human
fetal brain library.
A technique was established to verify the predicted sequence of an expression product by
mass spectrometry. Proteins were bound to nickel immobilised on magnetic beads, washed
and digested with trypsin. The masses of the tryptic peptides were measured by MALDI mass
spectrometry and compared to the masses predicted from the sequence.
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 $UUD\HGF'1$H[SUHVVLRQOLEUDULHV
 ([SUHVVLRQYHFWRUS4(167
pQE-30 (Qiagen) is a pBR322-based expression vector that carries a phage T5 promoter and
two ODF operators for IPTG-inducible recombinant protein expression. pQE30NST was

constructed from pQE-30 by introducing a 1RWI site and T7 and SP6 phage promoters into the

multi cloning site (Figure 1, GenBank AF074376). Inserts in pQE30NST can be transcribed LQ

YLWUR in sense direction using SP6 RNA polymerase and in antisense direction using T7 RNA
polymerase.

 &RQVWUXFWLRQRIF'1$OLEUDULHV
cDNA libraries from adult mouse kidney (mKd1) and human fetal brain (hEx1) tissues were
constructed in the pQE30NST vector as a resource for expression clones of mouse and human
genes, and to generate arrayed expression libraries for facilitated antibody screening.
RNA was isolated from 1.3 g mouse adult kidney and from two human fetal brains (0.57 g) of
menstrual age 14.8 and 15.8 weeks, determined by foot length. The yield was 0.4 mg RNA
from 0.57 g human fetal brain (A260/A280 = 1.8) and 1.8 mg RNA from 1.3 g mouse adult
kidney (A260/A280 = 2.0). Poly(A)+ RNA was selected by hybridisation to biotinylated
oligo(dT) and immobilisation on streptavidin magnetic beads (Table 1).
cDNA was synthesised by oligo(dT) priming according to Gubler and Hoffman (101). Mouse
kidney and human fetal brain poly(A)+ RNA was reverse transcribed to generate first strand
cDNA (Table 2, Figure 2). A primer with a 1RWI restriction site followed by (T)15 was used,
and cDNA was radioactively labelled by incorporation of [α-32P]dCTP. Second strand cDNA
was synthesised and 6DOI and 1RWI overhangs were generated at the 5’ and 3’-ends of the
7DEOH51$DPRXQWVLQJGXULQJSRO\ $ VHOHFWLRQ
tissue

total

wash wash wash eluate before

eluate after

RNA

1

2

3

precipitation

precipitation

5.5

2.2

0.5

8.3

5.0

7.8

0.3

0.1

3.3

1.8

mouse adult 700
kidney
human fetal
brain

400
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reverse transcribed mRNA sequences. cDNA was size-fractionated on gel filtration columns
(Table 3).
A helper plasmid (pSE111) for over-expression of the LacI repressor was used to maximise
repression via the lac operators of the pQE30NST vector. pSE111 additionally contains the
DUJ8 gene of a rare arginine tRNA which was shown to improve the expression of genes with
multiple AGG or AGA arginine codons (92).
Individual size fractions were ligated with the pQE30NST vector, followed by transformation
of bacteria carrying the pSE111 helper plasmid. Using a robot, 27,600 clones and 193,500
clones of the mouse kidney (mKd1) and the human fetal brain (hEx1) library, respectively,
were picked into 384-well microtitre plates filled with medium (see 4.4.9).
The average size of the cDNA inserts was 1.7 kbp for mKd1 and 1.5 kbp for hEx1, as
determined by PCR.

XhoI
|

< -35>

< -10>

CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATTATAATAGATTCA
1 ---------+---------+---------+---------+---------+---------+ 60
EcoRI
|

< RBS >

ATTGTGAGCGGATAACAATTTCACACAGAATTCATTAAAGAGGAGAAATTAACTATGAGA
---------+---------+---------+---------+---------+---------+ 120
M
BamHI

SalI

|

--- SP6 promoter ----->|

R

-

GGATCGCATCACCATCACCATCACGGATCCtatttaggtgacactatagaatcgtcgacc
121 ---------+---------+---------+---------+---------+---------+ 180
G

S

H

H

H

H

H

H

G

S

Y

L

G

D

T

I

E

S

S

T

-

EagI
BglII

NotI

HindIII

|

|

<---- T7 promoter---|

tgcaagatctgcggccgctccctatagtgagtcgtattAAGCTTAATTAGCTGAGCTTGG
181 ---------+---------+---------+---------+---------+---------+ 240
C

K

I

C

G

R

S

L

*

)LJXUH0DSRIS4(167Unique restriction sites are shown.
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)LJXUH  *HO HOHFWURSKRUHVLV RI ILUVW VWUDQG F'1$ (A) Mouse kidney, (B) human fetal
brain. Lane 1: size marker; Lane 2: cDNA. Radioactively labelled first strand cDNA was
separated by denaturing alkaline agarose gel electrophoresis. Autoradiograms were taken with
a phosphor imager (Molecular Dynamics).

7DEOH)LUVWVWUDQGF'1$\LHOGDQGVSHFLILFDFWLYLW\RIGRXEOHVWUDQGF'1$
poly(A)+

yield first strand specific activity

RNA

cDNA

double stranded

[µg ssDNA]

cDNA [cpm / ng
dsDNA]

mouse kidney

2.5 µg

2.0

47.5

human fetal brain

1.6 µg

0.83

66.4
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7DEOHF'1$VL]HIUDFWLRQVYield of fractions after size fractionation by gel filtration.
)UDFWLRQ

0RXVHNLGQH\
F'1$>QJ@

+XPDQIHWDO

EUDLQF'1$>QJ@

1

<1.0

<1.0

2

<1.0

<1.0

3

<1.0

<1.0

4

<1.0

<1.0

5

<1.0

1.1

6

<1.0

14

7

3.3

44

8

28

90

9

94

116

10

134

121

11

116

115

12

102

96

 3UHSDUDWLRQRIKLJKGHQVLW\ILOWHUV
DNA and protein filters representing clones of the mKd1 and hEx1 libraries at high density
were prepared for screening of the libraries by DNA hybridisation or by detection of protein
products. Clones were spotted in duplicate at a density of 9,216 or 27,648 per 22.2×22.2 cm2.
The preparation of DNA filters followed an established procedure (106). For the preparation
of protein filters, protein binding PVDF membranes were used, which are more robust and
have a higher binding capacity than standard nitro-cellulose filters. Bacterial cultures of
arrayed clones were spotted onto the filters by a robot. Following overnight growth of the
colonies, the filters were transferred onto agar plates containing IPTG to induce protein
expression. Finally bacteria were lysed and proteins were fixed on the filter under denaturing
conditions (see 4.5.2).
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 6FUHHQLQJIRUUHFRPELQDQWSURWHLQH[SUHVVLRQ
To detect clones expressing their inserts as fusion proteins, the RGS·His antibody directed
against the N-terminal sequence RGSH6 of these proteins was used. This antibody can be used
to discriminate clones that express relatively large fusion proteins from those that express
short, and therefore unstable peptides in a colony blot. If a cDNA insert is translated in an
incorrect reading frame, the product will usually be short because stop codons are frequent.
Therefore, the RGS⋅His antibody can be used to discriminate between clones that express their
cDNA insert in the correct reading frame yielding stable products and clones that express their
inserts in incorrect reading frames or that express proteins that are unstable in bacterial cells.
This was tested by screening a protein filter representing 9,216 clones of the mKd1 library
with the RGS⋅His antibody. About 20% of clones showed a signal, varying in intensity (Figure
3). Each clone was spotted in duplicate on the protein filters, thus each clone was represented
by a pair of spots. Duplicate spotting is a means of controlling screening results, as only
duplicate signals corresponding to the same clone are regarded as true positives. When
screening with the RGS⋅His antibody, pairs of spots corresponding to the same clone generally
had similar signal intensities, as expected.
The signals on the protein filter were grouped into intensity levels one (weak) to three
(strong). The expression products of twelve clones of each intensity level were analysed by
western blotting (Figure 4). Clones expressing proteins of at least 15 kd size were assumed to
contain inserts in the correct reading frame, because of the frequency of stop codons of 3 in 64
in non-coding reading frames (see 6.2.2). The percentage of clones expressing proteins of at
least 15 kd size was ranging from 83% for intensity level three to 42% for level one.
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1 cm

1 4 3
2
2
1 3 4

)LJXUH5*6Â+LVDQWLERG\GHWHFWLRQRQDKLJKGHQVLW\ILOWHU A high-density protein filter
of the hEx1 library was screened with the RGS·His antibody. Positive clones are represented
by duplicate white spots. (3×3 spotting pattern surrounding ink guide dots as shown in lower
right corner).
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)LJXUH  ([SUHVVLRQ SURGXFWV RI FORQHV GHWHFWHG ZLWK GLIIHUHQW LQWHQVLWLHV E\ WKH
5*6Â+LV DQWLERG\ RQ D KLJKGHQVLW\ SURWHLQ ILOWHU The expression products of twelve
clones from the mouse kidney cDNA library mKd1 detected with intensity 3, 2 and 1 were
analysed by western blotting with the RGS·His antibody. 0: marker. (): clones expressing
proteins of at least 15 kd size. A band at 45 kd size in lanes 4–12 of the western blot of
intensity 1 clones is presumably due to an ( FROL protein cross-reacting with the RGS·His
antibody.
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 5HDUUD\LQJRISRWHQWLDOH[SUHVVLRQFORQHVLQWKHK([OLEUDU\
Potential expression clones detected on high-density protein filters of the hEx1 library were
rearrayed into a new library, which is highly enriched in clones expressing their insert in the
correct reading frame. When cDNA clones are identified in this sub-library by DNA
hybridisation techniques, the protein product could be directly generated. 37,830 of 193,536
clones (384-well microtitre plates 1–504) of the hEx1 library, detected by the RGS·His
antibody, were rearrayed by a robot into new microtitre plates, which were labelled as plates
505–604 of hEx1.
High-density protein filters of the original library were prepared in 3×3 (plates 1–210) and
5×5 (plates 1–504) pattern. His6-tag fusion proteins were detected with the RGS·His antibody.
Image analysis software was used that can score positives automatically (see 4.6). Since not
all positives were found by this software, positives were also scored manually. Lists of
positive clones were generated and used to control a robot which automatically picked the
specified clones from the original ‘mother’ microtitre plates to inoculate cultures in fresh
‘daughter’ plates. A copy of the rearrayed library was given to RZPD to generate and
distribute high-density DNA and protein filters.

 ([SUHVVLRQDQGSXULILFDWLRQLQPLFURWLWUHSODWHV
The rearrayed hEx1 sub-library contains 37,830 clones, of which the RGS·His antibody
detected one third of clones with low and two thirds with medium or high signal intensity. The
expression products of 96 randomly selected clones of the rearrayed sub-library, detected as
medium or high intensity signals, were analysed. Bacteria were grown and protein expression
was induced in microtitre plates. The expression products were analysed by SDS-PAGE of
whole cellular proteins (Figure 6). Furthermore, His6-tagged proteins were purified in
microtitre plates by using Ni-NTA agarose beads and filter plates, and eluted proteins were
analysed by SDS-PAGE (Figure 7).
63 (66%) of the 96 clones expressed proteins of at least 15 kd size visible in SDS-PAGE of
whole cellular proteins (Table 4, Table 5). 10% showed expression products of less than
15 kd, and for the remaining 27% of clones, no expression products could be observed.
Expression products of 96 clones were subjected to Ni-NTA affinity purification, and protein
products larger than 15 kd of 66 clones were nickel affinity purified under denaturing
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conditions. Six expression products were purified which could not be detected before in whole
cellular protein extracts separated by SDS-PAGE.

 6ROXELOLW\
In order to test the solubility of expressed proteins, cells were lysed with lysozyme and soluble
proteins were separated from the insoluble fraction in microtitre plates by centrifugation,
followed by filtration with 0.65 µm pore size microtitre filter plates. By SDS-PAGE, the
expression products of 15 of the 63 clones previously identified in whole cellular protein
extracts were found to be, at least partially, soluble (Figure 8).

 '1$VHTXHQFHDQDO\VLV
cDNA inserts were amplified by PCR, and an average insert size of 1.5 kbp was determined.
5'-tag sequences of 93 cDNA inserts were obtained and used to search the combined SWISSPROT and TrEMBL protein database (113) with the program BLASTX (114). 58 of 93
sequences matched human proteins in this database (Table 4). 38 of these (66%) were fused to
the His6-sequence in the correct reading frame. In 35 of these clones, expression of His6-tag
fusion proteins was observed. The remaining clones had been detected by the RGS·His
antibody despite the fact that the fusion with the protein coding sequence with the His 6-tag
was out of frame. The expression products of clones with insert in an incorrect reading frame
were generally smaller than of clones with inserts in the correct reading frame, as shown in
Figure 5.
38 (66%) of the 58 known coding sequences matched to the beginning of a human protein
sequence, suggesting that the complete coding region had been cloned (full length clones). As
expected, full-length sequences matched smaller protein sequences in the database (average
35 kd) than sequences lacking the N-terminus (average 61 kd).

The expression products and insert sequences of 96 clones from the rearrayed hEx1 sublibrary were analysed. SDS-PAGE analysis of whole cellular proteins had shown that two
thirds of these clones express proteins of at least 15 kd size. 57 clones had inserts matching
human protein sequences in databases. 66% of these had inserts in the correct reading frame
and nearly all of them were translated as proteins with the predicted size as determined by
SDS-PAGE. 66% of clones with inserts in the correct reading frame contained the complete
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reading frame (full length clones). About 25% of expression products appeared at least
partially soluble.

1XPEHU

9
8
7
correct frame

6

incorrect frame
5
4
3
2
1
0
<15

15-24

25-34

35-44

45-54

55-64

65-74

75-84

85-94

95-104

3URWHLQVL]H>NG@

)LJXUH  6L]H 'LVWULEXWLRQ RI H[SUHVVHG SURWHLQV The distribution of size estimated by
SDS-PAGE of proteins expressed in clones containing inserts in the correct (grey) and
incorrect (black) reading frame.
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)LJXUH:KROHFHOOXODUSURWHLQVThe lanes are labelled with clone names without the
suffix MPMGp800. E.g. the first clone in the first gel is MPMGp800A02582. Controls were
included in the 96-well plate. C1: GAPDH, C2: non-expressing clone, C3: sterility control.
SDS-PAGE followed by Coomassie blue staining.
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)LJXUH1L17$SXULILFDWLRQThe lanes are labelled as in Figure 6. Controls were
included. C1: GAPDH, C2: non-expressing clone. C4: clone expressing part of HSP90α.
SDS-PAGE followed by Coomassie blue staining of Ni-NTA purified proteins.
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)LJXUH6ROXEOHSURWHLQV The lanes are labelled as in Figure 6. (•) Clones expressing
soluble recombinant protein. SDS-PAGE followed by Coomassie blue staining.
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7DEOH3URWHLQH[SUHVVLRQRIFORQHVZLWKRXWSURWHLQVHTXHQFHGDWDEDVHPDWFKEmpty
fields indicate no protein expression.
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 ,GHQWLILFDWLRQRIH[SUHVVLRQFORQHVIRUVSHFLILFJHQHV
 6FUHHQLQJRIWKHK([OLEUDU\ZLWK'1$SUREHV
The hEx1 human fetal brain expression library was screened with DNA probes to obtain
expression clones for specific genes. Three high-density filters of the original hEx1 library
(before rearraying), representing 80,640 clones, were screened with cDNA probes of nine
human genes (Table 6, Table 7). A set of genes was chosen that comprises genes of different
size and expression strength, and includes cytosolic and transmembrane proteins.
7DEOHF'1$K\EULGLVDWLRQSUREHV
JHQH

3UREH

BMP-7

IMAGE (ref. 115) clone 581604 (GenBank W73473, W73527)

calmodulin

clone 102J24 containing calmodulin (GenBank D45887) a

COX4

clone 159A23 containing COX4 (GenBank M34600) a

GAPDH

clone 68H22 containing GAPDH (GenBank M33197) a

hMSH2

IMAGE clone 283409 (GenBank N50630)

HSP90α

IMAGE clone 343722 (GenBank W69361)

HSP90β

clone 200A20 containing HSP90β (GenBank M16660) a

RXRβ

clone containing RXRβ (GenBank X63522) b

VDAC1

clone 39E15 containing VDAC1 (GenBank L06132) a

a

obtained from Sebastian Meier-Ewert

b

obtained from Wilfried Nietfeld

The results of the DNA hybridisations were compared with RGS·His antibody screenings of
protein filters representing the same clones. Clones positive for both the antibody and a DNA
probe were selected for DNA sequencing and analysis of expression products. The results are
summarised in Table 7. For seven out of nine genes, expression clones were obtained by this
strategy. No expression clones were obtained for bone morphogenetic protein 7 (BMP-7) and
voltage-dependent anion channel isoform 1 (VDAC1). For the probe of BMP-7, which
belongs to the TGF-β (transforming growth factor β) supergene family, two clones detected
by DNA hybridisation were positive with the RGS·His antibody. One clone contained only a
part of the 3'-uncoding region of this gene, while the other clone was chimerical and contained
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an unrelated sequence before the BMP-7 cDNA sequence. None of the positives of VDAC1
were detected by the RGS·His antibody.
For seven genes, expression clones were obtained which expressed the whole or part of the
encoded human protein as a His6-tag fusion protein. Protein sizes predicted from DNA
sequences matched sizes estimated from SDS-PAGE. For calmodulin, glyceraldehyde-3phosphate dehydrogenase (GAPDH) and heat shock protein HSP90β, clones expressing
fusions of complete human protein sequences were found. Expression of the HSP90β full
length protein was much weaker than of N-terminal parts of this protein. Expression strength
and solubility of expression products generally decreased with increasing HSP90 insert size in
different clones (data not shown). Expression of retinoic acid X receptor β (RXRβ) was only
observed in one clone, but was weak and could only be detected on a western blot. For all
other clones, relatively strong expression was observed and recombinant proteins were visible
as extra bands of the expected size when separating whole cellular proteins by SDS-PAGE.
Fusion proteins of GAPDH, calmodulin and parts of HSP90α (amino acids 190–732) and
HSP90β (amino acids 475–724) were found in the soluble protein fraction. Inclusion bodies
of a larger HSP90β fusion protein (amino acids 42–724) and a cytochrome c oxidase subunit
IV (COX4, amino acids 6–169) fusion protein were solubilised with sarkosyl (see 4.10.2).
After Ni-NTA purification, HSP90β was soluble without detergents, while the transmembrane
protein COX4 was soluble in 1% TritonX-100. The hMSH2 fusion protein appeared to form
inclusion bodies, and was therefore purified under denaturing conditions (data not shown).
Figure 9 shows HSP90α, HSP90β, CaM, COX4 and GAPDH fusion proteins purified under
native conditions (see 4.10.2). Additional bands in the HSP90 preparations are presumably
due to degradation of these proteins during their expression, as similar bands were observed in
western blots and upon purification under denaturing conditions.

 %LRORJLFDODFWLYLW\RI*$3'+DQGFDOPRGXOLQ
Biological activity of GAPDH and calmodulin fusion proteins was examined by enzyme
assays. This showed that clones expressing functional proteins could be identified in the hEx1
library.
*$3'+
GAPDH catalyses the reaction:
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D-glyceraldehyde

3-phosphate + NAD+ + Pi = 1,3-diphosphoglycerate + NADH

In the assay for GAPDH (110), 1,3-diphosphoglycerate is produced by the ATP-dependent
phosphorylation of D-glycerate 3-phosphate catalysed by phosphoglycerate kinase:
1,3-diphosphateglycerate + ADP = D-Glycerate 3-phosphate + ATP
One unit is defined as the amount of enzyme that catalyses the reduction of 1 µmole to 1,3diphosphateglycerate to D-Glyceraldehyde 3-phosphate per minute.
For the GAPDH fusion protein expressed by clone MPMGp800D215, an activity of
40 units/mg was measured, which is somewhat less than the activity of 67 units/mg reported
by Heinz and Freimüller (110) for GAPDH from human liver.
&DOPRGXOLQ
Calmodulin binds Ca2+ ions and activates a class of 3',5'-cyclic nucleotide phosphodiesterases
(PDE), when Ca2+ is present. The biological activity of the calmodulin fusion protein
expressed by clone MPMGp800B1273 was measured using a calmodulin-dependent 3',5'cyclic nucleotide PDE purchased in the activator deficient form (Sigma). This enzyme had an
activity of 28 units/mg when activated by calmodulin, and 4.8 units/mg without activator
(1 unit hydrolyses 1 µmole cAMP to AMP per minute).
In an assay containing 1.0 mU of PDE without activator, the addition of 3.2 µg of the
calmodulin fusion protein increased the PDE activity to 8.0 mU. The measured 8-fold increase
of activity is higher than the 5.8-fold increase reported by the manufacturer of the PDE
preparation. (The activity of the PDE preparation may change upon storage.)
Ca2+-dependence of activation by calmodulin was demonstrated by addition of EGTA to the
assay, which reduced PDE activity to the same level as observed without calmodulin.
Addition of a surplus of Ca2+ restored the activating effect of the calmodulin fusion protein.
In an assay containing 8 mU PDE, 32 ng of the calmodulin fusion protein resulted in 3.0 units,
which is approximately 30% of the maximal activating effect. The specific activity of PDE
was indicated as 28 units/mg. Mammalian calmodulin dependent PDE have a molecular
weight around 62 kd, therefore the assay contained roughly 4.6 pmole PDE. 32 ng of the
calmodulin fusion protein, which is 21.5 kd, equals 1.5 pmole. This accounts for the
activating effect of approximately 30%, assuming a 1:1-molar complex of calmodulin and
PDE.
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In summary, the hEx1 library was screened with probes of nine human genes. It was shown,
that expression clones are rapidly obtained by this approach. For two genes no expression
clones were obtained. One of these, VDAC-1, a membrane protein, may not be expressible in
( FROL, while the other BMP-7 precursor, represented a rather rare transcript, as only 3
positives were obtained. For RXRβ, only one clone was identified which expressed protein
only weakly. Enzyme assays of GAPDH and calmodulin fusion proteins expressed by clones
in the library demonstrated biological activity.

)LJXUH  3XULILFDWLRQ E\ PHWDO DIILQLW\ FKURPDWRJUDSK\ RI +63α +63β
FDOPRGXOLQ&2;DQG*$3'+SURWHLQ Proteins were separated on 15% SDS-PAGE and
stained with Coomassie blue.

7DEOH6FUHHQLQJIRUSURWHLQH[SUHVVLRQFORQHVDQGDQDO\VLVRIH[SUHVVHGSURWHLQV
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2
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21
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5

P04406

207

56

P43246

3

1

HSP90α

cytochrome c oxidase
subunit IV
glyceraldehyde-3phosphate
dehydrogenase, liver
DNA mismatch repair
protein MSH2
heat shock protein 90-α

P07900

56

14

HSP90β

heat shock protein 90-β

P08238

87

20

GAPDH

hMSH2

3URWHLQ
H[SUHVVLRQ
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0 of 2
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P28702
16
4
RXR-β
VDAC1 voltage-dependent anion P21796
6
0
channel isoform 1
a
Number of positives in DNA hybridisation in 80,640 clones
b
Clones that express human protein with predicted size.
c
e.g. clone MPMGp800B1273 expresses amino acids 1–148 of the Swiss-Prot calmodulin sequence P02593.
d
soluble in 1% TritonX-100
e
inclusion bodies solubilised in sarkosyl
n.d.: not determined
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yes

yes
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n.d.
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 'HWHFWLRQRI*$3'+DQG+63αH[SUHVVLRQFORQHVZLWKDQWLERGLHV
DQG'1$SUREHV

Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Swiss-Prot P04406) and the
human heat shock protein HSP90α (Swiss-Prot P07900) were chosen as examples to
demonstrate the detection of expression clones by the RGS·His antibody. These two proteins
were chosen, because they differ in size and expression strength, and antibodies against both
proteins were available. DNA hybridisation screenings of the hEx1 library with DNA probes
of GAPDH and HSP90α, in combination with the RGS·His antibody screening of the library,
identified a number of putative expression clones (see 5.2). Antibodies against GAPDH and
HSP90α were used to screen high-density protein filters of the library to confirm expression
of these proteins.
A set of three DNA filters representing 80,640 clones was screened with DNA probes of
GAPDH and HSP90α (Figure 10, A, C). 237 (0.29%) clones were positive with a human
GAPDH probe and 56 (0.07%) clones were identified with a human HSP90α probe. A subset
of about 25% of GAPDH and HSP90α clones were also positive with the RGS·His antibody
on protein filters, and were therefore regarded as putative protein expression clones. In order
to confirm the expression of GAPDH or HSP90α proteins by these clones, high-density
protein filters were also screened with antibodies against GAPDH and HSP90α (Figure 10, B,
D; the GAPDH antibody was first used to screen the hEx1 library by D. Cahill). The subsets
of GAPDH and HSP90α clones identified by those protein-specific antibodies and the subsets
detected by the RGS·His antibody were not identical but largely overlapping, as shown in the
Venn diagram in Figure 11. Most of the potential expression clones detected by the RGS·His
antibody were confirmed by the GAPDH and HSP90α antibodies, indicating that the RGS·His
antibody can be used to select expression clones among positives obtained in a DNA
hybridisation screening.
In detail, 61% of the GAPDH and 72% of the HSP90α clones detected by the RGS·His
antibody were also positive with the protein-specific antibodies (category A in Figure 11). It
was shown by sequencing that the remaining clones (category B) had inserts in an incorrect
reading frame, even though they were detected by the RGS·His antibody. Furthermore, two
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clones expressed C-terminal parts of GAPDH, which were detected only poorly by the
GAPDH antibody in a western blot (Figure 12, lane 11, 12).
In turn, 100% of the anti-GAPDH but only 35% of the anti-HSP90α positive clones were
detected by the RGS·His antibody. This indicated HSP90α molecules without a His6-tag.
Sequence analysis showed that all of those RGS·His-negative HSP90α clones had inserts in
incorrect reading frames. They nevertheless expressed proteins that were detected by the
HSP90α antibody in western blots, but not by the RGS·His antibody (Figure 13 E).

The aim of screening the hEx1 library with DNA probes and antibodies for GAPDH and
HSP90α was to differentiate between expression and non-expression clones. Ideally, among
clones detected by GAPDH and HSP90α DNA probes, expression clones would be
recognised by antibodies against GAPDH or HSP90α and the RGS·His antibody, while nonexpression would not be recognised by any antibody. Thus, expression clones would be found
in category A and non-expression clones would be found in category C of the Venn diagram
in Figure 11. In reality, several clones were detected only by the RGS·His antibody (category
B) or only by a protein-specific antibody (category E), and not by both antibodies. Clones
detected by different combinations of DNA probes and antibodies, as represented by the
categories A–E in Figure 11, were analysed by SDS-PAGE, western blotting (Figure 12,
Figure 13) and DNA sequencing (Figure 14).
$&ORQHVLGHQWLILHGE\D'1$SUREHWKH*$3'+RU+63αDQWLERG\DQGWKH5*6Â+LV
DQWLERG\

These clones expressed GADPH or HSP90α fusion proteins, and were detected by a specific
antibody and the RGS·His antibody.
Ten GAPDH clones identified with the DNA probe, the GAPDH and the RGS·His antibody
were sequenced and found to contain GAPDH sequences in the correct reading frame. They
expressed recombinant His6-tagged fusion proteins of the GAPDH coding sequence, part of
the 5'-untranslated region and vector-encoded amino acids (Figure 12 A). Nine clones
comprised the full GAPDH coding sequence.
All ten clones positive with the HSP90α DNA probe, the RGS·His and the HSP90α antibody
contained HSP90α sequences in the correct reading frame. None of them accommodated the
full coding region. The expression products of five clones were analysed by SDS-PAGE and
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western blotting with HSP90α and RGS·His antibody (Figure 13 A). Their estimated
molecular weights corresponded to those predicted from the DNA sequences.
% &ORQHV LGHQWLILHG E\ D '1$ SUREH DQG WKH 5*6Â+LV DQWLERG\ QRW E\ WKH SURWHLQ
VSHFLILFDQWLERGLHV

Most clones in this category contained inserts in an incorrect reading frame and were therefore
not detected by protein-specific antibodies.
Sequences of seven GAPDH clones negative with the specific antibody on filters were shown
to overlap the GAPDH GenBank sequence. Two of these clones had inserts in the correct
reading frame and expressed C-terminal GAPDH fragments (24 kd) poorly recognised by the
GAPDH antibody on western blots (Figure 12 B, lanes 11, 12). GAPDH inserts were in
incorrect reading frames in the other five clones. DNA sequence analysis predicted that these
clones expressed polypeptides of 6.5–16.7 kd size from incorrect reading frames of GAPDH
inserts. Such polypepetides were not or only weakly detected on a RGS·His western blot
(Figure 12 B, lanes 13–17). Signal intensities of these clones were generally low when probed
with RGS·His on high-density filters.
Three of four HSP90α clones had inserts in an incorrect reading frame, expressing short
peptides not reactive with the HSP90α antibody (two clones shown in Figure 13, lanes 6, 8).
The remaining clone carried an insert in the correct reading frame, gave a band of the
calculated size (56.0 kd) on western blots (Figure 13, lane 7) and was detected by the HSP90α
antibody in a second high-density filter screening.
&&ORQHVLGHQWLILHGRQO\E\D'1$SUREH
This category comprises clones with inserts translated in a incorrect reading frame, that did
not express GADPH or HSP90α fusion proteins, and were therefore not detected by proteinspecific antibodies and the RGS·His antibody.
Eleven of twelve randomly selected GAPDH clones contained a GAPDH insert in an incorrect
reading frame, supposedly expressing peptides in the range of 3.4 to 9.1 kd. Clone
MPMGp800A1755 had an insert in the correct reading frame but carried a point mutation at
position -8 in the 5'-untranslated region, leading to a stop codon.
Eleven of twelve HSP90α clones contained inserts in an incorrect reading frame and were
predicted to express peptides of 2.8–5.4 kd calculated molecular mass. Only clone
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MPMGp800I13115 had an insert in the correct reading frame, expressed a protein of 78.7 kd
size (data not shown) and was positive in a second HSP90α antibody screening.
' &ORQHV LGHQWLILHG E\ WKH +63α DQG WKH 5*6Â+LV DQWLERGLHV QRW E\ WKH +63α

'1$SUREH

All four clones in this category expressed polypeptides detected on western blots (Figure
13D). Clone MPMGp800G06207 (lane 12) contained an HSP90a insert with a 46 bp deletion
and was obviously a false negative for the HSP90a DNA probe. Three clones, two of them
were identical, were recognised by the HSP90a antibody but not in a DNA hybridisation with
the HSP90a DNA probe. These clones did not contain HSP90a sequences, suggesting crossreactivity of the HSP90a antibody. Binding of the HSP90a antibody was confirmed in a
western blot (Figure 13, lanes 9–11). The DNA sequences of these three clones comprising
the full translated open reading frames in these clones matched sequences of anonymous
cDNA clones (ESTs) in database searches. No common motifs of significant homology were
found by comparison of the expressed protein sequences and the HSP90a sequence with the
program BESTFIT (Wisconsin Package Version 9.1, Genetics Computer Group, Madison).
( &ORQHV LGHQWLILHG E\ WKH +63α '1$ SUREH DQG DQWLERG\ QRW E\ WKH 5*6Â+LV

DQWLERG\

Clones in this category contained inserts in a incorrect reading frame, but nevertheless
expressed proteins detectable by the HSP90α antibody. Ten clones recognised by the HSP90α
DNA probe and the HSP90α antibody but not by the RGS·His antibody, were found to
contain HSP90α sequences inserted in an incorrect reading frame. His6-tagged polypeptides
expressed from these clones would have calculated masses of 3.2–6.1 kd and were not found
in western blots (Figure 13 E). In contrast, bands were observed with the HSP90α antibody
suggesting translational start sites within the HSP90α inserts.
7DEOH  1XPEHUV RI LGHQWLILHG FORQHV See legend of Figure 11 for explanation of the
categories A–E.
FDWHJRU\
A
B
C
D
E
total

*$3'+
37
23
177
0
0
237

+63α
10
4
24
4
18
60
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A

B

2 6 12 2 3
1 10 4 1112
9 6
7 10
7 8 11 3 5
1 5 9 4 8

C

D

)LJXUH,GHQWLILFDWLRQRI*$3'+DQG+63αH[SUHVVLRQFORQHVLQWKHK([OLEUDU\
(A) Screening of a DNA filter representing 27,648 cDNA clones with a GAPDH-specific
DNA probe. (B) Screening of an identical protein filter with GAPDH antibody. (C) Screening
with a HSP90α DNA probe and (D) a monoclonal HSP90α antibody. Corresponding sections
of filters are shown. Filters were spotted in a 5×5 pattern indicated in (B).
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*$3'+
RGS⋅His antibody
(~16,000)
GAPDH DNA probe
(237)

$
&

(37)

(177)

GAPDH antibody
(37)

%
(23)

+63α
RGS⋅His antibody
(~16,000)

HSP90α DNA probe
(56)

$

(
(18)

&

(10)

'

HSP90α antibody
(32)

(4)

%
(4)

(24)

)LJXUH  &DWHJRULHV RI FORQHV LGHQWLILHG E\ '1$ SUREHV DQG DQWLERGLHV Circles
represent sets of clones detected with individual probes. The large segments of circles
represent all clones that were detected by the RGS·His antibody in the library. Clones in
intersections labelled A,B,D,E were detected by multiple probes. $: detected by RGS·His and
specific antibody, and DNA probe; %: detected by RGS·His antibody and DNA probe, not by
specific antibody; &: detected by DNA probe only; ': detected by RGS·His and specific
antibody; (: detected by specific antibody and DNA probe.
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)LJXUH3URWHLQSURGXFWVRIFORQHVGHWHFWHGE\5*6Â+LVDQGRU*$3'+DQWLERG\
Shading and numbers in boxes across the top indicate signal intensities on high-density filters.
The letters A and B refer to the categories in Figure 11. GAPDH and RGS·His antibody
western blots and Coomassie blue stained SDS-PAGE of whole cellular proteins are shown.
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)LJXUH([SUHVVLRQSURGXFWVRIFORQHVGHWHFWHGE\5*6Â+LVDQGRU+63αDQWLERG\
Shading and numbers in boxes across the top indicate signal intensities on high-density filters.
The letters A–E refer to the categories in Figure 11. HSP90α and RGS·His antibody western
blots and Coomassie blue stained SDS-PAGE of whole cellular proteins are shown.
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GAPDH clones
25)

A

B

C

D
ES

HSP90α clones

A
B

C
D

E

+63αP51$
030*S3
030*S+
030*S'
030*S3
030*S1
030*S$
030*S/
030*S*
030*S0
030*S2
030*S%
030*S,
030*S-
030*S$
030*S,
030*S1
030*S3
030*S,
030*S,
030*S,
030*S%
030*S)
030*S(
030*S.
030*S*
030*S1
030*S)
030*S-
030*S)
030*S&
030*S1
030*S2
030*S)
030*S.
030*S/

25)

ES

)LJXUH6HTXHQFHDOLJQPHQWVRI*$3'+DQG+63αFORQHV Open reading frames of
GAPDH and HSP90α are shown as open boxes. Each line indicates the length of the sequence
expected in the respective clone, with thicker sections showing the fragment actually
sequenced and aligned to the full-length mRNA sequence. The letters A–E refer to categories
in Figure 11. The shaded part of HSP90α represents the peptide that was used to generate the
anti-HSP90α antibody.
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 &KDUDFWHULVDWLRQRIH[SUHVVLRQSURGXFWVE\PDVVVSHFWURPHWU\
With mass spectrometry using matrix assisted laser desorption/ionisation (MALDI-MS) and
time-of-flight (TOF) measurement, the molecular mass of proteins or peptides can be
determined with high accuracy. A procedure for direct measurement of expression products
from bacterial clones by MALDI-MS was established. Bacteria were grown in microtitre
plates and protein expression was induced. After cell lysis, the expression products were
bound to magnetic beads conjugated with Ni-NTA. Binding to the beads and subsequent
washing steps were carried out in protein denaturing buffers, which effectively removed host
cell proteins from the beads. Disulphide bonds were reduced and thiol groups alkylated. The
immobilised proteins were digested with trypsin, followed by MALDI-MS analysis of the
tryptic peptides. Figure 15 and Table 9 shows the mass spectrum of tryptic peptides of a 41 kd
His6-tag GAPDH fusion protein. The protein was alkylated with 4-vinylpyridine after
reduction with tris(2-carboxyethyl)-phosphine hydrochloride (TCEP-HCl). A phosphine was
used instead of thiols in the reduction step, because thiols as dithiothreitol were observed to
react with nickel on the magnetic beads. The N-terminal tryptic peptide with the His6-tag
remained on the beads and is not visible in the spectrum of GAPDH. In other experiments, 1%
TFA was used to elute peptides, including the His6-tag, from the beads. 62% of the sequence
of the fusion protein were confirmed. Many small peptides were not observed because of
signal noise below 600 m/z. All peptides with a molecular mass of more than 1,470 were
visible. In order to confirm the remaining sequence of this protein, other cleaving enzymes or
reagents, like chymotrypsin or cyanogen bromide would have to be used.
The same technique has been used to characterise a 21 kd human calmodulin His6 fusion
protein identified in the hEx1 cDNA library, and a 59 kd human Ikaros 1 (hIk-1, GenBank
U40462, ref. 116) His6 fusion protein. 53% of the sequence of calmodulin was confirmed by
the mass spectrum, and all observed peaks over 800 m/z were related to tryptic peptides of the
calmodulin fusion protein. The spectrum of the tryptic digest of the hIk-1 fusion protein
appeared more complex (data not shown). Many peaks were not assigned to tryptic peptides,
presumably because of the high number of 20 cysteines, which were not completely reduced
and alkylated. Furthermore, because of the large size of the protein and the high number of
tryptic peptides, many small peaks may have been suppressed by large peaks in their vicinity.
With 4-vinylpyridine as the thiol alkylating agent, 38% of the sequence were confirmed in the
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spectrum. Additional 5% of the sequence were confirmed, when 4-vinylpyridine was replaced
by iodacetamide, which showed a higher reactivity under the conditions used.

In summary, by using MALDI-MS to measure the masses of tryptic peptides of recombinant
proteins, the identity of the protein can be verified and furthermore the consistence of the
observed and the predicted tryptic digestion products can be confirmed for large parts of the
protein. For small or medium sized proteins, as calmodulin and GAPDH, more information
was obtained than for the large, cysteine-rich hIk-1 His6 fusion protein. In the calmodulin and
the GAPDH spectrum, all major peaks above 800 m/z were assigned to predicted digestion
products, whereas with hIk-1 unassigned peaks were observed, and many peptides were
missing from the spectrum, presumably because of incomplete tryptic digestion or reduction
and alkylation of cysteines, or because they were suppressed by strong peaks in their vicinity.
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7DEOH0HDVXUHG3HSWLGH0DVVHVIURP)LJXUH *$3'+
aa

calculated

∆M

sequence

residues

Mwa

239–241

474.28

0.04

LWR

61–64

488.32

-0.05

LVTR

42–47

638.28

-0.33

SDTMGK

272–278

795.42

-0.07

LTGMAFR

50–57

805.43

-0.01

VGVNGFGR

279–292

1,473.77

0.06

VPTANVSVVDLTCR

27–41

1,542.73

-0.06

QSAASSFASPAEPHR

279–292

1,578.83

0.03

VPTANVSVVDLT(pyridylethyl-C)R

111–124

1,613.90

0.00

LVINGNPITIFQER

190–206

1,719.88

0.07

IISNASCTTNCLAPLAK

354–367

1,763.80

-0.02

LISWYDNEFGYSNR

111–128

2,041.11

-0.02

LVINGNPITIFQERDPSK c

163–183

2,213.11

-0.04

VIISAPSADAPMFVMGVNHEK

131–151

2,277.04

-0.03

WGDAGAEYVVESTGVFTTMEK

162–183

2,369.21

-0.08

RVIISAPSADAPMFVMGVNHEKc

207–230

2,595.36

0.00

VIHDNFGIVEGLMTTVHAITATQK

72–99

3,308.57

0.19

VDIVAINDPFIDLNYMVYMFQYDSTHGK

316–353

4,036.90

0.31

GILGYTEHQVVSSDFNSDTHSSTFDAGAGIALNDHFVK

(Da)b

a

Smallest monoisomers

b

Calculated minus measured mass from the MALDI spectrum in Figure 15.

c

Incompletely cleaved

Results

73

)LJXUH0$/',06VSHFWUXPRIDWU\SWLFGLJHVWRI*$3'+GAPDH was expressed as
a His6-tag fusion protein and immobilised on Ni-NTA magnetic beads. The protein was
reduced with TCEP and alkylated with 4-vinylpydine (4VP). (PE-C: pyridylethyl-cysteine,
a.i.: arbitrary intensity units.)
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 'LVFXVVLRQ
This study describes arrayed cDNA libraries as a source of clonally expressed recombinant
proteins which can be directly linked to clones characterised and identified by DNA
hybridisation or sequencing. cDNA expression libraries were screened for clonal protein
expression on automatically gridded high-density filters with an antibody directed against the
vector-encoded tag sequence of the expressed proteins. Putative expression clones detected in
the hEx1 library were rearrayed into a sub-library. For the characterisation of expression
products of large numbers of clones, the expression and purification of proteins in microtitre
plates was established. The hEx1 library was screened with cDNA probes of human genes.
Among the positives, putative expression clones detected by antibody screening were selected,
and protein expression was verified. Identified expression clones were directly used to express
and purify recombinant human proteins. Antibodies against human GAPDH and HSP90α
were used to screen the hEx1 library in parallel with DNA probes of these genes. These
experiments demonstrate that DNA-based and protein-based experimental data can be
integrated by using arrayed cDNA expression libraries, creating a direct link between the gene
catalogue and a gene product catalogue. A gene product catalogue containing recombinant
protein of large numbers of genes could facilitate the characterisation of large numbers of
proteins, and furthermore allow the screening of protein libraries for biological activities or
binding characteristics of interest.

 $UUD\HGF'1$H[SUHVVLRQOLEUDULHV
 5RERWWHFKQRORJ\DQGDUUD\HGOLEUDULHV
The application of high-density arrayed clone filters has now been extended to antibody
screening of expression libraries, and potentially to screening for biological functions of the
expression products. The generation of an arrayed expression library may be regarded as an
advance over currently available cDNA expression libraries, which are obtained as mixtures
of clones (60). For isolation of clones from these libraries, usually multiple rounds of
screening, picking and rescreening are necessary. In contrast, positive signals on filters of
gridded libraries are directly related to stored clones and information generated by DNA-based
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techniques. Based on this principle, the hEx1 library was subsequently screened with various
antibodies and DNA probes. Expression clones were detected by both DNA probes and
antibodies.
The expression system and the arraying technology used here offer a direct link from clones to
purified protein. Clones identified by DNA hybridisation or sequencing among the putative
expression clones in the hEx1 or mKd1 libraries can be directly used to express and purify the
encoded protein. This saves the investigator subcloning identified cDNA sequences into an
expression vector, which can become a rate limiting step if large numbers of proteins are to be
analysed.

 F'1$OLEUDU\FRQVWUXFWLRQ
2OLJR G7 DQGUDQGRPSULPHGOLEUDULHV
The mKd1 and hEx1 libraries were generated by oligo(dT) priming according to Gubler and
Hoffman (101). Therefore, cDNA inserts are biased to 3’-ends of genes, and N-terminal parts
of larger proteins may be missing. Random primers could be used in the future instead of
oligo(dT) to synthesise cDNA that contains 3’ and 5’-ends of genes with similar probability.
Random primed libraries should be used in addition to oligo(dT) primed libraries to include a
maximum number of epitopes for antibody screening. A human fetal brain library has been
constructed in the pQE30NST vector using random primers with tails containing restriction
sites for directed cloning (B. Korn, unpublished results). This libarary will be arrayed and
distributed by RZPD in due course to complement the limited representation of N-terminal
parts of large proteins in the hEx1 library.
,QVHUWVL]H
The average insert size of the mouse mKd1 and human hEx1 libraries was determined as 1.7
kbp and 1.5 kbp, respectively. For comparison, 6,642 human mRNA sequences labelled as
‘complete codes’ were retrieved from GenBank, and the average length was determined as 2.4
kbp. This is a rough estimate of the average transcript size in human cells. The actual value
might be larger, because complete sequences of short transcripts are more easily obtained than
of long transcripts, and therefore complete sequences of short transcripts may be overrepresented in the GenBank database. Incomplete cDNA molecules are obtained if mRNA is
degraded during preparation, or if mRNA molecules contain regions which are not readily
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reverse transcribed. Most cDNA clones of long transcripts are therefore expected to be
incomplete. This expectation was confirmed during the analysis of GAPDH and HSP90α
clones and of 96 random putative expression clones in the hEx1 library. The GAPDH
transcript is short (1.2 kbp), and correspondingly many clones were found to contain the full
coding region. For HSP90α, which has a 2.9 kbp transcript, only 2 out of 35 clones contained
the full coding region (Figure 14). The characterisation of 96 clones from the hEx1 library
revealed 58 clones corresponding to protein sequences in the SWISS-PROT and TrEMBL
databases. 38 (66%) of these clones included the start of a protein database sequence, and
were therefore assumed to contain the full protein coding region. cDNA sequences of fulllength clones matched protein database sequences of 35 kd average size – in contrast to clones
containing truncated coding regions, which matched protein sequences of 61 kd average size.
/LEUDU\VL]H
The human genome has been estimated to contain 50,000 to 100,000 genes (117). A typical
mammalian cell expresses approximately 10,000 genes. Estimates for the number of genes
expressed in brain tissue, which is composed of a large number of different cell types, are
similar to estimates for the total number of genes (117,118).
The abundance of transcripts of different genes is highly diverse, and range from several
percent of the mRNA population for genes as α-tubulin or elongation α1-factor in human
infant brain (1) to a few molecules per cell. The number of genes represented in a cDNA
library is smaller than the number of clones, as many genes will be represented by more than
one clone. The probability that a gene is found in a cDNA library depends on the number of
clones in the library and on the abundance of the transcript in the mRNA population. In a nonnormalised library, the abundance of a transcript in an mRNA population is generally related
to the frequency of cDNA clones to this transcript in a library. If a transcript is rare, e.g.
represented only once in 105 mRNA molecules, the chances of finding the corresponding
cDNA in a library of 200,000 clones (approximately the size of the hEx1 library) is
1 − (1 − 10 −5 )

200 , 000

= 86% . The hEx1 library is therefore considered to contain a major part of

transcripts expressed in human fetal brain with an abundance of at least 10-5. However only a
fraction of the library consists of expression clones. The rearrayed sub-library of hEx1
contains 37,830 putative expression clones. Consequently, expression clones corresponding to
transcripts of 10-5 abundance are found with a probability of only 31%.
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To increase the number of genes represented in the rearrayed hEx1 sub-library, the number of
clones might be further increased. Alternatively, cDNA library normalisation could be used to
decrease the average number of clones per gene (115,119). To enable the expression of cDNA
inserts that are fused out of frame to the vector-encoded start codon, a vectors have been used
that contain runs of adenines or thymines before the insert, leading to slippage during
transcription which corrects the frame-shift in a subset of transcripts (67).

 'HWHFWLRQRIH[SUHVVLRQFORQHV
The selective detection of expression clones by the RGS·His antibody is apparently caused by
the instability of short, unfolded polypeptides in ( FROL cells. When a cDNA sequence is
expressed in an incorrect reading frame, the resulting polypeptide will generally be short
because of the high frequency of stop codons in non-coding reading frames, and is therefore
not expected to fold into a stable structure. Such polypeptides are likely to be degraded within
the host cell leaving the clone undetectable by the RGS·His antibody (85). This was confirmed
by the analysis of GAPDH and HSP90α clones. 90% of clones with inserts in an incorrect
reading frame were not detected by the RGS·His antibody, while clones expressing His6tagged fusion proteins were reliably detected.
The mKd1 and hEx1 cDNA libraries were prepared in a bacterial expression vector. At most,
one third of clones were expected to contain inserts expressed in the correct reading frame as
His6-tag fusion proteins. The number of expression clones is further reduced because of
cDNA inserts that comprise 5'-untranslated sequences with stop codons before the open
reading frame or only 3'-untranslated sequences, or encode proteins that are toxic or rapidly
degraded in ( FROL cells. Screening of high-density protein filters of the mKd1 and hEx1
libraries with the RGS·His antibody detected about 20% of clones, with different signal
intensities, grouped into level one (weak) to three (strong). Analysis of twelve mKd1 clones
detected with intensity level one, two or three showed a high proportion of clones expressing
recombinant protein of at least 15 kd size, which were therefore assumed to contain inserts in
the correct reading frame. This proportion was higher (83%) for intensity three than for level
one (42%). It was concluded that the probability of clones expressing recombinant protein is
correlated to the intensity of this RGS·His detection signal.

Discussion

78

 5HDUUD\LQJRIWKHK([OLEUDU\
 ([SUHVVLRQSURGXFWVRIUDQGRPFORQHV
Screening with the RGS·His antibody, in combination with robot technology led to the
generation of an hEx1 sub-library containing 37,830 putative expression clones.
96 randomly selected clones, which were detected with medium or high signal intensity, were
subjected to detailed analysis of their protein products and DNA sequences. For 63 clones
(66%), protein expression of at least 15 kd size was visible in SDS-PAGE of whole cellular
extracts. Metal chelate affinity purification revealed expression in six additional clones. The
solubility of the expression products was tested. 15 (24%) of 63 expression products were
found in the soluble fraction. The remaining expression products were assumed to form
inclusion bodies. Using these proteins for biological assays would require to establish their
denaturation and subsequent refolding. For refolding of proteins a suitable protocol has to be
determined empirically for each protein (120). His6-tag fusion proteins can be purified under
denaturing conditions and used for the generation of antibodies by immunisation of animals,
or by selection from antibody phage display repertoires (see 1.7).

 '1$VHTXHQFHDQDO\VLV
DNA sequences of the 5'-ends of the cDNA inserts were generated and compared to the
combined SWISS-PROT and TrEMBL databases (113). The sequences of 58 clones were
found to match human protein sequences in these databases. Among these clones a percentage
of 66% comprised a complete protein coding region. As expected, full-length sequences
matched smaller protein sequences in the databases (average 35 kd) than sequences lacking
the N-terminus (average 61 kd).
38 (66%) of the 58 known protein coding sequences were fused in frame to the vectorencoded His6-tag. Almost all proteins generated by translation of incorrect reading frames
were shorter than 25 kd, while most inserts in the correct reading frame yielded proteins larger
than 25 kd (Figure 5). Six clones with inserts in an incorrect reading frame expressed proteins
of more than 14 kd size (estimated from SDS-PAGE). This number may be extrapolated to
approximately 2% of clones in the hEx1 library before rearraying, which is a larger percentage
than would be expected by statistical calculus. If a random distribution of amino acids was
assumed for non-coding reading frames, stop codons would occur at a frequency of three in

Discussion

79

64. Consequently, the probability of a random open reading frame to comprise more than 130
codons, corresponding to a protein of more than 14 kd, would be ( 61 / 64)130 = 019%
.
. A
possible explanation for the discrepancy between the calculated and observed values is that a
statistical distribution of stop codons cannot be generally assumed, as regions of reduced
complexity, e.g. repetitive regions, may contain lower (or higher) frequencies of stop codons.

 3URWHLQ VL]HV SUHGLFWHG IURP '1$ VHTXHQFHV DQG HVWLPDWHG IURP
6'63$*(

35 (60%) of the 58 clones with sequences matching SWISS-PROT or TrEMBL database
entries expressed a recombinant protein in the correct reading frame that was visible in SDSPAGE of whole cellular proteins and/or in SDS-PAGE of metal affinity purified protein. The
sizes of the expressed proteins were estimated by SDS-PAGE. For 27 of 35 expression
products, the estimated sizes matched the predicted sizes with at least the reported accuracy
for this method of ±10% (121), while for eight clones, the deviation of the observed protein
size from the predicted size was larger. One clone clearly expressed a truncated protein. The
sizes of four expression products were predicted less than 20 kd, where the resolution of the
gel system was limited which may have led to the observed deviations.
$YDLODELOLW\RIWKHK([OLEUDU\
DNA and protein filters of the rearrayed hEx1 library for screening with DNA or antibody
probes were prepared by the RZPD and are available on request. DNA hybridisation and
antibody screening results were entered into the Primary Database of the RZPD. Sequence
information and data on expression products will be entered in due course.

The rearrayed hEx1 library represents a resource of protein expression clones for a large
portion of the human genes. Approximately 25% of recombinant proteins are expressed in
soluble form, and are therefore directly amenable to biochemical and biophysical
experimentation. Expression products that form inclusion bodies can be used for the
generation of antibodies or refolded. Despite the limitations of the cDNA construction
strategy used, two thirds of clones were found to contain a complete protein coding region.
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 ,GHQWLILFDWLRQRIVSHFLILFH[SUHVVLRQFORQHV
 6FUHHQLQJIRUH[SUHVVLRQFORQHVRIQLQHKXPDQJHQHV
The hEx1 library was screened by DNA hybridisation with probes for nine different genes. By
correlation with the RGS·His antibody screening results, expression clones for seven genes
were identified. For GAPDH and calmodulin, almost all clones identified contained the
complete coding region, and expressed protein in soluble form. The protein products of a
GAPDH and a calmodulin clone were shown to be biologically functional in enzyme assays.
Clones of the larger HSP90α and HSP90β transcripts were mostly incomplete. Expression
strength and solubility of the expression products decreased with increasing HSP90 insert
size. It is possible that larger inserts contained sequences detrimental to expression in (FROL,
which were missing in the shorter inserts.
A cell lysis buffer containing 1.5% of the detergent sarkosyl was used for the solubilisation of
fusion proteins of HSP90β and subunit IV of cytochrome c oxidase (COX4), which were
insoluble under non-denaturing conditions. HSP90β and COX4 were eluted with nondenaturing buffers from metal chelate affinity columns, suggesting that lysis in sarkosyl may
solubilise aggregates of certain proteins without denaturation, which had been described for
glutathione S-transferase fusion proteins before (109).
For the anion channel VDAC1, none of the positives in the hEx1 library were detected by the
RGS·His antibody, possibly because this transmembrane protein cannot be expressed in (

FROL. For RXRβ, four of 16 positives were also detected by the RGS·His antibody, but only
one clone was found to contain an RXRβ insert in the correct reading frame and to weakly
express a protein of the expected size. Toxicity of RXRβ fusion proteins to (FROL cells could
explain the weak expression and the small number of expression clones detected by the
RGS·His antibody. Correspondingly, no increase in the optical density in cultures of the
RXRβ expression clone was observed upon induction of expression, suggesting that cells had
stopped dividing.
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 *$3'+DQG+63αH[SUHVVLRQFORQHV
The detection of expression clones with DNA probes and antibodies was analysed in detail for
two example proteins, GAPDH and HSP90α. Screening for clones expressing these two
proteins produced various categories of clones that allowed an evaluation of the technique.
Table 8 and Figure 11 summarise the yields of clones in the different categories, reflecting
abundance of mRNA messages and efficiency of protein expression. In a non-normalised
cDNA library like hEx1, the frequency of occurrence of gene-specific clones depends on gene
expression levels. The two example genes, GAPDH and HSP90α, are both transcribed at
relatively high levels. GAPDH as a typical house keeping gene, encoding an enzyme central to
the cellular metabolism, was found to be represented by 237 (0.29%) clones, whereas for
HSP90α, 56 (0.07%) clones were found, indicating four times less abundance of mRNA
messages than for GAPDH.
'HWHFWLRQRIH[SUHVVLRQFORQHVE\WKH5*6Â+LVDQWLERG\DQGSURWHLQVSHFLILFDQWLERGLHV
25% of the GAPDH and HSP90α clones were detected by the RGS·His antibody. Antibodies
against GAPDH and HSP90α were independently used to detect expression clones. 61% of
the GAPDH and 72% of the HSP90α clones detected by the RGS·His antibody were also
detected with the protein-specific antibodies. Expression of GAPDH or HSP90α fusion
proteins by clones detected by both the RGS·His antibody and a protein-specific antibody was
verified by SDS-PAGE of whole cellular proteins and western blotting (Figure 12, Figure 13).
Clones detected by the RGS·His antibody but not by the specific antibody were mostly found
to contain inserts in incorrect reading frames. Two clones expressing truncated, C-terminal
parts of GAPDH were also found in this category. These expression products were only
poorly detected in western blot by the GAPDH antibody. It is possible that the GAPDH
antibody mainly recognises epitopes in the N-terminal half of GAPDH. Taking into account
that clones expressing truncated His6-tagged GAPDH fusion proteins are not detected by the
GAPDH antibody, it was estimated that approximately 72% of both GAPDH and HSP90α
clones detected by the RGS·His antibody express His6-tagged fusion proteins in the correct
reading frame. The remaining 28% of RGS·His positive clones may have expressed short
polypeptides which were not completely degraded in the (FROL cells. Five GAPDH and two
HSP90α clones detected by the RGS·His antibody on high-density protein filters containing
inserts in an incorrect reading frame were analysed by western-blotting with the RGS·His
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antibody (Figure 12 lanes 13–17, Figure 13 lanes 6,7). His6-tag fusion proteins were not or
only poorly detected on these blots. It is possible that the degradation of small His6-tag fusion
proteins was more efficient during protein expression in liquid culture than in the course of
the preparation of high-density protein filters. The reliability of the RGS·His antibody for
detecting expression clones was confirmed as only 9% of clones with GAPDH or HSP90α
inserts cloned in an incorrect reading frame were recognised by this antibody. On the other
hand, all GAPDH and HSP90α expression clones detected by the protein-specific antibodies
were reliably detected as expressing His6-tagged fusion protein.
3HUFHQWDJHRIH[SUHVVLRQFORQHV
25% of GAPDH and HSP90α clones were detected by the RGS·His antibody, and estimated
72% of these clones expressed GAPDH or HSP90α fusion proteins. This is less than the 33%
that would, theoretically, be expected to contain inserts in the correct reading frame. The
difference may be caused by small cDNA inserts containing none, or only a small part of an
open reading frame. Moreover, incomplete repression in the non-induced state may have led
to impaired growth of expression clones, and consequently, non-expression clones may have
been preferably obtained when the cDNA library was prepared.
6HFRQGVFUHHQLQJZLWKWKH+63αDQWLERG\
Screening of the hEx1 library with the HSP90α antibody initially did not reveal all clones that
expressed His6-HSP90α fusion proteins. A second screening involved longer substrate
development times for maximal colour intensity, and detected clones missed in the first
screening which were also detected with the HSP90α DNA probe.
([SUHVVLRQRI+63αIURPLQWHUQDOVWDUWVLWHV
A considerable number of clones positive with the HSP90α DNA probe and the HSP90α
antibody were not detected by the RGS·His antibody, indicating the expression of HSP90α
sequences without a His6-tag (Figure 13 E and
Table 8). On western blots, multiple bands representing differently sized expression products
were detected for these clone (Figure 13 E). The sizes of the largest proteins expressed by the
different clones on the anti-HSP90α western blot correlate with the largest possible translation
products of their cDNA inserts (Figure 14). Larger inserts would contain the start sites present
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in smaller inserts plus additional start sites. Correspondingly, proteins expressed by clones
with smaller inserts were also expressed by clones with larger insert.
In a second screening with the HSP90α antibody, even more HSP90α clones negative with
the RGS·His antibody were detected. The sequenced clones were shown to have inserts in an
incorrect reading frame including the C-terminal part of HSP90α which was used as the
antigen to generate the HSP90α antibody. All five clones in category C in Figure 14, which
contained this part of HSP90α, were detected by the HSP90α antibody in the second
screening, while the other six clones were not detected. In summary, this indicates polypeptide
synthesis from translation start sites within the transcribed inserts recognised by ( FROL
ribosomes.
$QWLERG\FURVVUHDFWLYLW\
Screenings with the GAPDH and HSP90α antibodies detected a number of non-GAPDH or
HSP90α clones. These false positives reflect a limited specificity of the antibodies. This is not
surprising as antibody specificity is determined by binding affinity to certain epitopes and is
not usually tested against a whole library of over-expressed proteins. A high number of nonGAPDH clones was recognised by the polyclonal GAPDH antibody but gave relatively weak
signals which were easily distinguished from the strong specific signals. In all screening
experiments with the monoclonal HSP90α antibody, very little background was observed and
essentially all signals could be scored as clear positives. Three non-HSP90α clones were
detected by the HSP90α antibody, two of them were identical, and the cross-reactivity of the
antibody was confirmed in western blots.
This suggests an interesting application of the described technology for screening antibodies
against arrays of potential antigens to detect common epitopes on different proteins. Protein
expression libraries on high-density filters can be used for screening the specificity of
antibodies against large numbers of antigens arrayed on a solid support. For example,
antibodies with no known antigen specificity (e.g. lymphoma proteins) can be screened for
binding to a highly diverse repertoire of protein molecules. As all of these proteins are
expressed from defined clones of a cDNA library, the corresponding cDNA can easily be
sequenced to identify the encoding gene. Such an approach could be applied to homology
studies on protein families, defining binding domains, epitopes and interacting molecular
motifs. The technique is not limited to antigen-antibody screening but could also be used for
other protein-protein interactions or ligand-receptor systems, including non-protein molecules.
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 &KDUDFWHULVDWLRQRIH[SUHVVLRQSURGXFWV
For the generation of a gene product catalogue in the form of a collection of expression
clones, it is necessary to characterise the expression products of large numbers of clones with
regard to of protein size, expression strength, solubility and homogeneity. Different
techniques are available for protein analysis which may be suitable for high-throughput
experimentation. SDS-PAGE was used for the characterisation of clones of the hEx1 library,
which is a well established and robust method that is used to separate protein mixtures or
analyse isolated proteins. On the other hand, SDS-PAGE involves time-consuming manual
steps for preparation of gels, staining and image taking. Capillary electrophoresis (CE)
appears advantageous not only in this respect. Automatic sample loading, analyte detection
and quantification are available for this technique. To allow high-throughput experimentation,
instruments with 96 capillaries have recently been made available by commercial suppliers,
and are also being developed at the MPI-MG in the group of C. Heller. CE can be used with
native proteins, but this usually has to be optimised to meet the requirements of the individual
proteins (122). Isoelectric focusing by CE is a powerful technique (123), but of course no
information on protein size is obtained. Analogous to SDS-PAGE, CE has been used with
SDS-containing buffers to separate SDS-protein complexes (124). This technique, in
combination with a multiple-capillary electrophoresis device, might become a valuable tool
for the characterisation of large numbers of expression clones.
Mass spectrometry of proteins and peptides has become a widely used technique. This was
mainly enabled by the development of new sample ionisation techniques, as matrix assisted
laser desorption/ionisation (MALDI, ref. 86) and electrospray ionisation (125). In this study,
MALDI mass spectrometry was used to characterise His6-tag fusion proteins expressed in (
FROL. The masses of peptides in tryptic digests of denatured proteins were measured. For
sample preparation, His6-tag fusion proteins were immobilised on magnetic beads, which
allowed washing, buffer changes and digestion in a 96-well microtitre plate format. Because
of the considerable accuracy of the method, the identity of the proteins was verified with high
confidence. Consistence of the observed and the predicted tryptic digestion products was
confirmed for large parts of the proteins, but not all of the expected peptides were found in the
spectra. Missing peptides may be due to incomplete digestion or inefficient desorption of
certain peptides in the MALDI process. Since generally it cannot be ruled out that predicted
peptides are missing because the sequence of the expressed protein differs from the DNA
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may be the translational apparatus of bacterial cells. Bacteria have polycistronic transcripts,
and translation initiates at any ribosome binding site that is followed by a start codon.
Eukaryotic cDNA sequences may contain such sites by chance, leading to initiation of
translation of the marker protein within the cDNA insert. In contrast, eukaryotic transcripts are
monocistronic, and translation is exclusively initiated at a start codon in proximity to the 5’end of transcripts. Translation cannot start from internal start codons, which might permit the
establishment of open reading frame vectors in eukaryotic expression hosts like yeast.
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sequence, the use of tryptic digests analysed by MALDI-MS to verify the expression of
predicted protein sequences is limited. The coverage of the whole protein sequence may be
improved by including additional proteases or cyanogen bromide to complement the
information obtained from the tryptic digests. Alternatively, mass spectrometry may be used
to determine the mass of the complete expression product, even though the performance of
MALDI mass spectrometry of whole proteins may be more variable than for peptide mixtures.

 3HUVSHFWLYHV
For the future, further characterisation of the hEx1 library, and the construction of new
expression libraries are envisaged.
&KDUDFWHULVDWLRQRIWKHK([OLEUDU\
By oligonucleotide fingerprinting of the hEx1 library, clones of identical genes could be
grouped into clusters, and the number of different transcripts represented in the library could
be determined. Clones would then be identified by comparison with oligonucleotide
fingerprints of sequenced IMAGE clones (78), that are currently being generated at the MPIMG, or by DNA sequencing of one clone per cluster.
The characterisation of the expression products of significant numbers of clones in the hEx1
library requires high-throughput techniques. Growth of bacteria, protein expression and
purification in microtitre plates has already been established. To analyse the expression
products, different options exist including SDS-PAGE, capillary electrophoresis and mass
spectrometry.
The identification of clones in the hEx1 library and the characterisation of the expression
products of these clones will provide a catalogue of expression products for a large number of
genes. This catalogue should be a valuable tool for the elucidation of the three dimensional
structures of large numbers of proteins which has recently been proposed under the term
structural genomics (126,127). The elucidation of hundreds of human protein structures is the
goal of the ‘Leitprojekt Protein-Strukturfabrik’ (http://userpage.chemie.fu-berlin.de/~ifvsb/), a
collaboration of universities, research institutes and companies in Berlin.
&RQVWUXFWLRQRIQHZOLEUDULHV
For the construction of new expression libraries, alternative expression hosts, cDNA
construction techniques and protein purification tags can be envisaged. Oligo(dT)-primed
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cDNA is biased towards 3’-ends of genes which leads to missing N-terminal parts of larger
proteins. In order to include a maximum number of epitopes for antibody screening,
complementary random-primed cDNA libraries will be constructed.
Suitable peptide tags fused to expression products have to meet two criteria. In the first place,
the tag has to allow protein purification by affinity chromatography. In this regard the His6-tag
is advantageous, because proteins can be purified in their native state or, if inclusion bodies
are formed, under denaturing conditions. The second criterion is the selective (e.g.
immunological) detection of the tag on high-density protein filters. An antibody against the
tag peptide should be available, that does not cross-react with intrinsic antigens of the host.
The tag should be short and therefore unstable when expressed without a protein fused to it.
This would allow the detection of expression clones by screening for tag expression.
A number of binding epitopes of monoclonal antibodies have been introduced as tags. These
tags are around ten amino acids long, and allow highly specific detection of the expression
product in protein mixtures. The use of an epitope tag for purification of fusion proteins is
limited, if elution buffers of high or low pH are used. The nine amino acid StrepII-tag allows
efficient affinity chromatography on a matrix with modified streptavidin (25,26). This tag can
be detected with streptavidin conjugates on blots, but biotinylated host proteins may also be
detected. As an alternative to the His6-tag, the StrepII-tag could be combined with a antibody
epitope tag to combine highly specific detection and affinity purification under mild
conditions.
Only a small part of random clones in expression libraries express recombinant protein,
therefore large numbers of clones have to be picked in order to include expression clones of
rare transcripts. It would therefore be advantageous to selectively grow clones that express
their cDNA inserts in the correct reading frame. Open reading frame vectors that would allow
for such a selection, could be constructed by fusion of a selectable marker to the C-terminus
of the cDNA insert. Expression of the marker should only occur if the cloned insert is
translated. For expression of the marker, the insert has to contain an open reading frame
without stop codons, which is fused in frame to the translation start encoded by the vector and
to the marker sequence. This implies that cDNA generated by random priming has to be used,
as oligo(dT) primed cDNA contains open reading frames terminated by stop codons. The
construction of an open reading frame vector for ( FROL has been attempted (ref. 128, A.
Lüking, K. Büssow, unpublished observations). Howerer, it was observed that marker proteins
were expressed, even if the fusion with the cDNA insert was out of frame. The reason for this
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