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ABSTRACT

Facilities and methods for the high-throughput crystal structure
analysis of human proteins are described as recently established
in the Protein Structure Factory, a Berlin-area structural genomics
project. Genes encoding human proteins are expressed in either
recombinant Escherichia coli or yeast (Saccharomyces cerevisiae or
Pichia pastoris). To facilitate and standardize protein purification,
the target proteins are produced with various tags for affinity
chromatography. For high-throughput crystallization, a robotic
station is being set up that has the capacity to handle 960 000
experiments simultaneously. The resulting protein crystals will be
subjected to X-ray diffraction experiments at the third-generation
synchrotron storage ring BESSY where protein crystallography
beamlines are currently under construction. The Protein Structure
Factory’s strategy for high-throughput production and structure
analysis of human proteins is evaluated based on first results.

Structural Genomics and the Protein Structure
Factory

The Protein Structure Factory (www.proteinstrukturfab-
rik.de) is part of the international structural genomics
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initiative! that aims at determining the three-dimensional
structures of all proteins encoded by the genomes of key
organisms. A specific aim of this common endeavor is to
achieve a coverage of “protein sequence space” with
crystal or NMR structures such that for every protein there
will be a template protein of known 3D structure sharing
at least 30% of identical residues, on which a homology
modeling could be based. It has been estimated? that this
goal requires to determine ~16 000 new protein structures
that have been selected to evenly cover protein space and
serve as modeling templates. If other criteria for the
selection of target proteins are also applied, the number
of experimental structures to be solved will increase.?
Considering these numbers it seems obvious that struc-
tural genomics will fail without the development and
implementation of high-throughput protein production
and analysis methods and facilities.® The Protein Structure
Factory is committed to establishing high-throughput
techniques* for the NMR and crystal structure analysis of
proteins from human origin.

The Protein Structure Factory comprises a complete
structural genomics pipeline starting from expression
cloning and protein production and extending to protein
structure analysis and ligand identification (Figure 1). The
consortium focuses on human proteins which hold prom-
ise to deepen our understanding of health and disease.
These proteins pose certain technical challenges, since
they often have a multidomain structure or are of little
stability, making their preparation and structure analysis
difficult. To exclude the most problematic molecules, the
Protein Structure Factory selects small, water-soluble,
monomeric or homo-oligomeric proteins for structure
analysis. The size limit for crystal structure analysis is
currently set to 500 amino acid residues per protein chain,
since larger polypeptides are more likely to cause difficul-
ties in recombinant production, especially in a high-
throughput regime. Small proteins are alternatively stud-
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FIGURE 1. Workflow within the Protein Structure Factory. Material
and information flows from top to bottom. Bifurcations permit the
choice of either E. coli or yeast for expression cloning and protein
production and either NMR spectroscopy or X-ray crystallography
for structure analysis. This Account focuses on the parts of the
project highlighted by bold-face print, following the path indicated
by the black line.

ied by NMR structure analysis. Proteins containing
predicted transmembrane regions, coiled-coil structures,
or extended low-complexity sequences (often with runs
of like amino acid residues) are likely to be insoluble in
aqueous buffers or unstructured. These proteins are not
considered for structure analysis within the Protein Struc-
ture Factory.

The genes encoding the selected proteins are expressed
in recombinant bacterial or yeast cells and the gene
products purified by affinity chromatography. Their purity
and chemical integrity is examined by SDS—PAGE, and
for each protein a biophysical fingerprint is generated.
Here, circular dichroism and FT-infrared spectra provide
information regarding the protein’s secondary structure,
spectroscopically or calorimetrically monitored unfolding
curves, or calorimetrically characterize its conformational
stability, and dynamic light scattering examines the
particle distribution in the protein solution. These studies
permit to predict whether a protein lends itself to 3D
structure analysis and thus to plan the structure solving
process. Proteins proving amenable to structure analysis
in initial experiments are then produced either with C
and/or N isotope labels for NMR analysis or with
selenomethionine to permit anomalous-diffraction phas-
ing® in crystal structure analysis. In addition to structure
determination, NMR techniques® are also employed to
characterize the binding of small ligands to a subset of
the studied proteins. Proteins to by analyzed by X-ray
diffraction methods are crystallized in a high-throughput
robotic station.” Diffraction experiments are performed at
the BESSY Il synchrotron storage ring in Berlin. The NMR
and X-ray structures, along with all other relevant data,
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are stored in the project database, before they are released
to the Protein Data Bank.®

Space does not permit an in-depth discussion of all
work done at the Protein Structure Factory. Below, we
shall thus concentrate on concepts and facilities employed
in the high-throughput crystal structure analysis of pro-
teins (see Figure 1), leaving aside other aspects of the
Protein Structure Factory.

Production of Recombinant Proteins for
Structure Analysis

Structural genomics requires methods for high-throughput
cloning and expression of the genes encoding the target
proteins. The strategy of cloning and expression depends
on the donor organism, the available expression systems,
and the number of targets. If the target proteins originate
from a narrow focus, more optimization effort is applied
to each protein than in a genome-driven approach where
losses of individual polypeptides can be tolerated, because
the structure of a homologous protein will often serve the
same purpose.

Cloning Strategy. Cloning of open reading frames is
straightforward for microorganisms lacking introns, es-
pecially if the complete genome sequence is available. For
higher organisms, the cloning of open reading frames can
be challenging. If suitable cDNA clones are unavailable,
open reading frames have to be cloned from RNA extracts
of the target tissues. Genetic heterogeneity and alternative
splicing have to be taken into account, and the cloned
open reading frames have to be verified carefully on the
sequence level. On the other hand, clone resources are
being generated for man, mice, and other organisms.
These clone resources, available from public and com-
mercial sources, can represent an excellent starting mate-
rial for structural genomics projects, especially if vector
systems are used that allow for easy subcloning into
various expression vectors.®

The expression strategy also depends on the donor
organism. Proteins of bacterial origin, especially the stable
proteins from thermophilic organisms, are often well
suited for production in a bacterial expression system.
Proteins of mammalian origin, on the other hand, are
often difficult to express in bacterial systems. For them,
expression systems such as yeast or cell culture may be
more appropriate.

In the Protein Structure Factory, human open reading
frames are mainly obtained from partially sequenced
clones of the IMAGE consortium,° which are distributed
by the German Resource Center (www.rzpd.de). Sequence
analysis of the IMAGE clones identified a subset of clones
containing complete open reading frames. The available
open reading frames were compared with a list of suitable
target proteins for structural analysis, chosen as explained
above.

Expression Strategy. Subject to the expression system
and the protein sequence, the results of gene expression
and protein purification experiments are highly diverse.
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FIGURE 2. Construction of E. coli expression clones. Open reading frames are amplified by the polymerase chain reaction (PCR) from
IMAGE cDNA clones. PCR products are equipped with overhangs that can be cut with the restriction enzymes BamHI and Notl. Alternative
enzymes are used if open reading frames contain recognition sites of these enzymes (Bglll, Eco31l, Esp3l). PCR products of primers 1 and
2 do not contain a stop codon and are inserted into the plasmid vector pQStrep2. This vector allows for expression of fusion proteins with
N-terminal histidine tag and C-terminal Strepll tag. PCR products of primers 1 and 3 are inserted into vectors pQTEV and pGEX-6pl for
expression of cleavable fusion proteins with N-terminal GST or histidine tag, respectively.

The different protein biosynthesis systems of the expres-
sion host and the nonphysiological expression levels can
lead to a lack of expression of the heterologous protein,
the production of partially misfolded protein, or the
production of incomplete polypeptide chains.

The most widely used and best established expression
systems use the bacterium Escherichia coli. It is especially
well suited to produce the milligram amounts of highly
pure protein needed for structure determination. E. coli
cells are the system of choice for bacterial proteins and
also work with proteins from eukaryotes. However, many
human proteins, which are the targets of the Protein
Structure Factory, fail to be expressed in a suitable form.
Alternatives to E. coli are baculovirus-infected insect cells!!
or recombinant yeasts such as Saccharomyces cerevisiae
or Pichia pastoris, which are used in the Protein Structure
Factory to complement the E. coli system (see below).

Since only a fraction of human proteins can be
expressed in E. coli and because the structure of only a
small fraction of the human proteins has been deter-
mined, we used a screening approach to identify human
proteins which can be produced through an E. coli
expression system. A human expression cDNA library
enriched for expression clones®? (hex clones) was screened
by small-scale expression and purification for clones
producing human proteins in soluble form. These clones
were subsequently assigned to human proteins by se-
quencing their insert. Clones expressing proteins of
unknown structure are now being used to produce these
proteins for experimental structure determination.

In the Protein Structure Factory, an expression vector
is used that equips the target proteins with short affinity
peptide tags on C- and N-terminus (pQStrep2 and
pQStrep4, Figure 2). These affinity tags allow for purifica-
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Table 1. Numbers of Target Proteins in Different Experimental Steps from Template cDNA Clone to Expression
of Soluble Protein in E. coli?

expression target proteins target proteins total target
experimental step vector (IMAGE clones) (hex1 clones) proteins
IMAGE/hex1 clones corresponding to target proteins n.a. 566 33 599
PCR amplification of open reading frames from IMAGE clones n.a. 397 29 426
E. coli expression constructs any 332 27 359
E. coli expression constructs yielding soluble protein any 139 24 163
pQStrep 81 17 98
pGEX-6p1 68 11 81
pQTEV 30 10 40
other vector 29 11 40
soluble protein with high yield any 92 21 113

a Hex1 clones were preselected for expression as described in the text.
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FIGURE 3. Characterization of E. coli expression clones by small-
scale protein expression and purification, 15% SDS-polyacrylamide
gel electrophoresis, Coomassie-stained. Six clones expressing
soluble protein are shown. Each clone is characterized by three
lanes on the gel (from left to right): whole cellular protein, soluble
cellular protein, and protein purified by affinity chromatography.

tion of proteins via two consecutive steps of affinity
purification. Six consecutive histidines fused to a target
protein (histidine tag) allow for purification by metal-
chelate affinity chromatography. The Strepll tag consists
of eight amino acids which bind to streptavidin and permit
affinity chromatography with immobilized variants of this
protein.t?

Protein preparations resulting from these two affinity
chromatography purifications are homogeneous and de-
void of incomplete polypeptide chains (Figure 3). Affinity
chromatography does not require optimization such as
ion-exchange chromatography, and the purification of
different proteins can be performed under essentially
identical conditions.

While affinity tags can streamline the protein purifica-
tion, there are concerns that they might lead to problems
during structure determination. Affinity tags will add
complexity to NMR spectra of proteins. For crystallization,
their effects depend on the target protein. While affinity
tags might be beneficial to the crystallization of some
proteins, they are generally believed to be either neutral
or detrimental to the success of crystallization experi-
ments.’* We could recently show that a small protein
domain could be subjected to both NMR and crystal
structure analysis in the presence of fused histidine and
Strepll tags comprising more than 25% of the total protein
mass (Mueller et al., in preparation). Thus, peptide tags
are in principle compatible with protein structure analysis
even in extreme cases. However, protein crystallization
remains an empirical procedure. If a protein carrying an
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Table 2. Number of Different Proteins Obtained in
Soluble Form from Different Host Systems

E. coli (only/total) 115/163
S. cerevisiae (only/total) 39/56
P. pastoris (only/total) 39/70
E. coli/S. cerevisiae 17

E. coli/P. pastoris 31
large-scale purification 43

affinity tag fails to yield crystals, the experiment should
be repeated with a protein variant devoid of tags.

Alternatives to the crystallization of proteins carrying
tags is to purify native proteins, or to use specific proteases
to remove tags. Both options will increase the effort of
protein purification. In the Protein Structure Factory, the
vectors pGEX-6pl and pQTEV are currently used to
produce tag-free proteins (see Figure 2). With pGEX-6p1
and pQTEYV, fusion proteins of glutathione S-transferase
(GST)® or a histidine tag are produced. The vectors
encode recognition sequences for specific proteases, the
protease 3C from a picornavirus (“PreScission”)! and a
protease from tobacco etch virus (TEV),' that allow for
removal of affinity tags from the synthesized proteins. The
use of additional expression strategies significantly in-
creases the yield of soluble protein from E. coli compared
to the exclusive use of the pQStrep vector (Table 1).
However, of the 359 expression constructs generated, less
than half produce soluble protein suitable for structure
analysis, and less than one-third give a high yield of
soluble protein that will allow easy purification. We are
uncertain at present why the remaining proteins are
insoluble in aqueous buffers although the bioinformatics
analysis of their sequences predicted soluble and globular
products. One obvious problem may be that some of these
chains are subunits of hetero-oligomeric proteins or
depend in other ways on the presence of tightly bound
partner molecules for their solubility.

As an alternative host to E. coli, we have chosen yeast
over the baculovirus/Sf9 system?!' because of easy han-
dling, inexpensive media, short incubation times, and high
protein yields, in particular from high-density Pichia
strains. Gene expression in eukaryotic cells indeed allows
to purify a subset of proteins that could not be produced
in E. coli. Table 2 summarizes the success achieved so far
in the production of soluble human proteins using the
different host systems. Out of 241 different proteins so
far obtained in soluble form, roughly one-third are from
S. cerevisiae or P. pastoris. Milligram amounts of 43
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different, pure proteins have been passed on to protein
crystallization.

Laboratory Information Management System. Han-
dling of large numbers of expression constructs for a list
of target proteins requires an electronic Laboratory In-
formation Management System (LIMS). Storage of labora-
tory data in electronic form is most often done by spread-
sheet applications or desktop database programs. These
programs are convenient for users lacking programming
knowledge but have limitations when it comes to sharing
data between different laboratories. Web-based informa-
tion retrieval is most suitable for this purpose. The data
of interest can be retrieved from any computer with a web
browser, without the need of installing a specific software
or exchanging files. Web-based information retrieval
requires a central database and customized software for
data entry and display. The implementation of such a
system will therefore usually require a dedicated software
developer.

Here, a LIMS has been designed to hold a characteristic
set of data for each expression clone and protein prepara-
tion that is in the production pipeline. This enables, for
example, a crystallographer to retrieve the sequence of a
clone that was used to make the protein he is currently
studying. The local LIMS, organizing data concerning the
expression cloning, is linked to the general database of
the Protein Structure Factory.

High-Throughput Protein Crystallization

The Protein Structure Factory has set up a robotic station
for protein crystallization that handles screen mixing,
protein drop and precipitant setting, plate storage, and
database evaluation.” To speed up protein crystallization,
conditions are screened in 96-well microtiter plates
developed in collaboration with Greiner BioOne (Frick-
enhausen, Germany). Both sitting-drop and hanging-drop
vapor-diffusion experiments are performed in a semi-
automated manner.

The crystallization of a new protein usually starts with
a multifactorial buffer and precipitant screening, where
the protein solution is brought to supersaturation in a
controlled way and crystals form under favorable condi-
tions. The mixing the screening solutions, one of the most
time-consuming steps in a crystallization experiment, has
been delegated to a modified pipetting robot (Zinsser
Analytic, Frankfurt/M., Germany). The protocol for the
crystallization screen is obtained from a remote database
after recognizing the microtiter plate’s unique barcode.
The following step includes the dispensing of 96 different
screening solutions in parallel onto the screening plate
using a 96-syringe robot and adding the appropriate
volume of protein solution to the precipitant by a non-
contact droplet dispenser based on micro-solenoid-valve
technology. The preparation of a complete microtiter plate
takes less than 5 min. Thus, close to 100 plates can be
prepared over an 8 h working day and stored in the robotic
station. Solutions of 1 4L can be handled in the broadest
range of viscosities, the dispensation of smaller volumes

down to 400 nL protein plus 400 nL of precipitant solution
is under development and testing. The plates are stored
at 20 °C in an automated storage system with a capacity
of over 10 000 plates and an attached microscope equipped
with CCD camera and computer interface. During the
following 100 days, the screening plate is being checked
according to a pre-defined protocol for crystals and other
features appearing in the droplet. When small crystals are
observed, the crystallization conditions are improved by
subsequent fine screens. Optimized crystals are harvested,
shock-frozen and sent on liquid N, to the synchrotron
beamline for diffraction experiments. At present, the
throughput and storage capacity of the robotic station
exceeds our capabilities of producing homogeneous pro-
tein samples for crystallization considerably. The facility
is therefore offered to interested laboratories for external
crystallization trials.

All steps are recorded by database clients developed
by the Protein Structure Factory which are linked to an
Oracle database. This archive stores all relevant informa-
tion about the protein from earlier studies such as
isoelectric focusing or dynamic light scattering experi-
ments and all information related to the crystallization
experiment itself. This includes all positive and negative
experimental results so that the operator is able to trace
back any experiment even to vendors and distributors of
the chemicals used. We believe the in-house developed
LIMS system to give a higher flexibility than commercial
alternatives.

High-Throughput X-Ray Diffraction Techniques
and Facilities

High-throughput crystal structure analysis of proteins is
inconceivable without unrestricted access to synchrotron
radiation. In contrast to laboratory sources, the synchro-
tron X-ray beam may be tuned to energies at or around
the absorption edge of specific atoms in the crystal. It thus
permits to make optimal use of anomalous diffraction for
phasing through the MAD or SAD approaches® and elimi-
nates the need to collect datasets from different, isomor-
phous crystals (native and derivative). The single, neces-
sary heavy-atom marker may be introduced into a protein
systematically, e.g. as selenomethionine, in a process that
can be standardized and automated. For these reasons,
the use of synchrotron radiation must be an integral part
of every high-throughput structural genomics effort.

To prevent crystal decay caused by the brilliant syn-
chrotron X-ray beam at room temperature, diffraction
experiments must be carried out under cryogenic cool-
ing.'® Using data measured at a suitable synchrotron
beamline on a cryo-cooled crystal and applying modern
crystallographic software®® may reduce the time from the
diffraction experiment to the fully refined structure to a
few days under favorable circumstances.

Following the above considerations, the Protein Struc-
ture Factory is currently engaged in setting up protein
crystallography facilities at the 1.7 GeV third-generation
electron synchrotron source BESSY (www.bessy.de) in
Berlin. This facility comprises three independently operat-
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BESSY-storage ring

FIGURE 4. Protein crystallography facilities of the Protein Structure
Factory in the experimental hall of the synchrotron storage ring
BESSY in Berlin. Individual parts of the setup are explained in the
text.

ing beamlines and experimental end stations. It will be
open to external users.

The synchrotron radiation is produced by a supercon-
ducting 7 T wavelength shifter?® with a critical energy of
E.sit = 13.5 keV manufactured at the Budker Institut
(Novosibirsk, Russia), which is inserted into a straight
section of the BESSY ring. Beamline components outside
the BESSY beam tunnel are shown in Figure 4. Optical
beamline components (ACCEL Instruments, Bergisch-
Gladbach, Germany) include two double-crystal mono-
chromators permitting energy tuning (A). A third beamline
(B) will operate at a constant wavelength near Eg;;. First
experimental results from the commissioning of the
beamlines indicate a high brilliance at the central, tunable-
energy station where 7.3 x 10'° photons per s impinge
on the sample through 200 x 200 um slits at 100 mA beam
current, an energy of 13 keV (wavelength of 0.95 A), and
an energy resolution (AA/4) of 1.5 x 1074, This is compa-
rable with the performance of a bending-magnet beamline
at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). The beamline is tunable from 4.5 to
17.5 keV (2.75—0.71 A). The other two beamlines, which
are currently being commissioned, are desgined to meet
similar specifications. Experimental end stations are
equipped with a variety of position-sensitive detectors (C).
Optical beamline elements and end stations are shown
inside their lead enclosures (D) that protect the user from
radiation and allow the independent use of the experi-
mental end stations. Access to the experimental stations
is through the operator room (E), a noise-reduced and
climatized area. Within this room, users will control their
experiments and the beamlines from PC terminals. User-
friendly interfaces are under development to allow crystal-
lographers with various degrees of experience the use of
the station and protect the systems against operator errors.

During an experiment which may run for approxi-
mately 2—5 h, it is necessary to have access to the
collected data, using fast experimental data processing and
highly available raw data storages. A high-performance
computing system using an 8-CPU high-performance
computer with an attached SAN storage array (fiber-
channel-based storage array network) of 3 TB net capacity
(F) will serve this purpose. These CPU and storage
resources are designed to accept up to 100 GB of raw data
per day per experiment. The data will be automatically
saved on a daily basis and archived after evaluation using
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a managed enterprise backup solution which is a member
of the SAN.

Since simple notebook tracking of the experiments is
not possible with a planned throughput of up to four
diffraction experiments per beamline per day, a mySQL
(www.mysql.com) based database, together with a specific
web-form frontend is under development that will store
all relevant experimental data (Manjasetty et al., in
preparation). This local database is also interfaced with
the general database of the Protein Structure Factory to
exchange relevant information in both directions on
demand via a secure shell tunnel. A sample preparation
laboratory (G) completes the outstation of the Protein
Structure Factory at BESSY. There, crystals are prepared
for data collection and stored for further use.

Conclusions and Outlook

The Protein Structure Factory has completed the major
part of its first project phase dedicated to establishing a
technical infrastructure for the high-throughput structure
analysis of human proteins. In this phase, a central
laboratory for expression cloning, protein purification and
characterization, and crystallization has been set up in
parallel to two outstations for NMR spectroscopy and
X-ray crystallography, respectively. The facilities now
available have to be further upgraded, especially regarding
the automation of NMR structure analysis and synchrotron-
based X-ray diffraction, as well as the development of
pattern-recognition software for crystal detection in the
robotic station. At the same time, the high-throughput
protein structure analysis is beginning to take shape. A
substantial number of human proteins have been pro-
duced in soluble form or purified for NMR or crystal
structure analysis. Because of the emphasis on infrastruc-
ture development early in the project, less than 10 proteins
have been crystallized so far, and only a few structures
were solved. In part, the small humber of completed
structure analyses is also due to the choice of human
proteins that are harder to deal with than the bacterial
proteins targeted by many other structural genomics
consortia. However, the structure analysis pipeline is now
filled with expression clones and purified soluble proteins
awaiting crystallization. It is planned to complete work
on the currently targeted set of small to medium-sized,
monomeric or homooligomeric soluble human proteins
before addressing problems regarding longer protein
chains, hetero-oligomers or membrane-associated pro-
teins.
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