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Summary
The production of sufficient amounts of human proteins has always been a major
bottleneck in structural and functional studies and often leads to an early cessation of
many biomedically important research projects, such as the structure determination at
atomic resolution of proteins involved in diseases. Based on the information of the
molecular shape of a protein, conclusions on the function of the protein can be deduced
which will help us to better understand the molecular basis of both diseases and life in
general. An efficient method for the production of functional human proteins would
therefore provide new perspectives.
In the main part of this thesis, I have investigated the potential of an E. coli-based cell-free
expression system for producing milligram quantities of soluble, active human proteins. In
this context I generated an E. coli BL21 (DE3) RIPL-Star strain for the preparation of a cell
extract optimized for cell-free expression of eukaryotic proteins. This strain contains an
inactive RNase E and additional genes encoding rare-codon tRNAs, thereby combining
beneficial features from two different E. coli strains. This strain was then used in an
optimized protocol for the preparation of S30 extract, which allowed the production of 15
mL quantities of highly active extract within 24 h. To further enhance cell-free protein
production, a high-yield cell-free expression vector including an N-terminal GB1-solubility
domain was constructed, which increased the yields of soluble human proteins at least
two-fold, in particular also for target proteins where the expression level was not limited
by protein solubility. An estimate of the expense per mg protein by either batch mode or
continuous-exchange mode cell-free synthesis indicated that batch mode expression is
about two-fold more economical, and I therefore carried out the cell-free expression in
batch mode.
Ten human target proteins with molecular masses between 15 and 25 kDa were selected
for production in this cell-free system. I was able to express all ten proteins in soluble form
in batch-mode reactions, with yields between 0.18 to 0.86 mg of purified protein per mL
reaction mixture. This result is documented with 2D [15N,1H]-HSQC spectra of nine of the
targets.
Based on this cell-free platform, an approach for mg-production of soluble, active proteins
containing disulfide-bonds was then developed, based on redox potential adjustment and
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supplementation of the reaction mixture with disulfide bond isomerases. This approach
does not require any other modification of the extract, and its redox potential closely
resembles the conditions existing in the endoplasmatic reticulum, the cellular
compartment where disulfide bonds are formed in eukaryotes. The system was
systematically optimized by maximizing the soluble yields of the three “test proteins”
human doppel, mouse doppel and mouse interleukin-22 containing disulfide bonds,
resulting in the production of up to 0.33 milligram of purified protein per milliliter reaction
mixture. 2D [15N,1H]-HSQC spectra of these proteins confirmed the formation of correctly
folded globular domains. These optimized conditions for disulfide bond formation were
then applied for soluble expression of a selection of ten human proteins containing up to
eight disulfide bonds.
Overall, in this part of the thesis I have generated an E. coli cell-free expression protocol for
the production of milligram amounts of soluble, active human proteins, including disulfide
bond formation under optimized conditions.

In a second part of the thesis, which was pursued during a first phase of my graduate
studies in collaboration with Dr. Fred Damberger in the Wüthrich group, I studied the
Bombyx mori pheromone-binding protein (BmorPBP), which is a carrier protein in silk
moths that delivers the hydrophobic pheromone bombykol across the sensillary lymph to
the membrane-standing receptor. BmorPBP undergoes a conformational transition from a
form containing a cavity suitable for pheromone uptake at neutral pH to a form where the
cavity is occupied by a C-terminal α-helix formed by the protein at pH 4.5. This transition
suggests that the ligand is ejected to the receptor upon exposure to the reduced pH value
near the membrane. We determined the solution structure at pH 6.5 and characterized the
pH-dependent conformational changes of a truncated variant, BmorPBP(1−128), which is
devoid of the C-terminal helix-forming tetradecapeptide. The structure contains seven
well-defined helices 2−12 (α1a), 16−23 (α1b), 28−35 (α2), 46−58 (α3), 70−80 (α4), 84−100
(α5) and 107−124 (α6) surrounding a large cavity, which provides a rationale for the
observation that BmorPBP(1−128) can bind bombykol at neutral pH. Moreover, 2D [15N,1H]HSQC and 3D 15N-resolved [1H,1H]-NOESY spectra indicated that the cavity is also present at
pH 4.5, although the residues 8, 11−17, 57−59, 68−70, 72, and 80−82 exhibit
conformational exchange. Most of these residues surround a cluster of four histidine
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residues (His69, His70, His80, His95), suggesting that protonation of one or more of these
residues results in a local destabilization of the polypeptide segment comprised of
residues 68−82. In the wild-type protein, this segment undergoes a large conformational
change when the pH is reduced to 4.5, so that it can accommodate the C-terminal helix.
This suggests that destabilization caused by protonation of histidine residues is the
triggering step in the conformational change, which is then followed by formation and
insertion of the C-terminal helix.
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Zusammenfassung
Die Herstellung ausreichender Mengen an humanen Proteinen hat schon immer einen
grossen Engpass in strukturellen und funktionellen Studien dargestellt, welcher oft zu
einem frühen Abbruch vieler biomedizinisch wichtiger Forschungsprojekte führt, unter
anderem Untersuchungen zur Bestimmung der räumlichen Struktur von Proteinen die mit
Krankheiten in Zusammenhang gebracht werden. Anhand der Information über die
räumliche Struktur eines Proteins können Rückschlüsse auf dessen Funktion gezogen
werden und dieses Wissen wird uns dabei helfen, die molekularen Grundlagen von
Krankheiten und allgemeine Prinzipien des Lebens besser zu verstehen. Eine effiziente
Methode für die Herstellung ausreichender Mengen an funktionellen menschlichen
Proteinen würde daher neue Perspektiven eröffnen.
In dem Hauptteil dieser Doktorarbeit wurde das Potenzial eines E. coli-basierten zellfreien
Proteinsynthese-Systems für die Produktion von Milligramm-Mengen an löslichen und
aktiven humanen Proteinen untersucht. In diesem Zusammenhang wurde ein E. coli BL21
(DE3) RIPL-Star Stamm für die Herstellung eines Zellextraktes generiert, der für die
Expression eukaryotischer Proteine optimiert ist. Dieser Bakterienstamm enthält eine
inaktive Variante der RNase E und zusätzliche Gene, welche tRNA-Moleküle mit seltenen
Kodons kodieren, und kombiniert somit vorteilhafte Eigenschaften zweier E. coli-Stämme.
Dieser Bakterienstamm wurde dann in einem optimierten Protokol zur Herstellung von
Zellextrakt verwendet, welches die Produktion von 15 Milliliter hochaktivem Extrakt
innerhalb von 24 Stunden ermöglichte. Weiterhin haben wir einen effizienten
Expressionsvektor für zellfreie Proteinsynthese konstruiert, welcher eine N-terminale GB1Löslichkeitsdomöne enthält. Dieses Konstrukt hat die Ausbeuten an löslichem Protein um
mindestens den Faktor 2 erhöht, sogar bei den Proteinen, deren Herstellung nicht durch
eine verminderte Löslichkeit des Proteins selbst eingeschränkt war. Eine Kostenschätzung
für die Herstellung von einem Milligramm Protein entweder im Batch-Betrieb oder im
Dialyse-Betrieb hat angedeutet, dass der Batch-Betrieb ca. zweifach günstiger ist und
daher wurde die zellfreie Proteinsynthese im Batch-Betrieb ausgeführt.
Zehn menschliche Proteine mit einer Molekularmasse zwischen 15 und 25 kDa wurden für
die zellfreie Herstellung ausgewählt. Alle zehn Proteine konnten in löslicher Form mit
Ausbeuten zwischen 0.18 und 0.86 Milligramm aufgereinigtem Protein pro Milliliter
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Reaktionsansatz im Batch-Betrieb herstellt werden. Dieses Ergebnis wurde mit 2D [15N,1H]HSQC Spektren von neun der zehn Proteinen dokumentiert.
Basierend auf diesem zellfreien System wurde dann eine Methode für die MilligrammProduktion von löslichen und aktiven Proteinen mit Disulfidbrücken entwickelt, welche auf
einer Regulierung des Redoxpotenzials und der Zugabe von Disulfidbrücken-Isomerasen
zum Reaktionsansatz beruht. Dieses System erfordert keine weiteren Behandlungen des
Zell-Extraktes und das Redox-Potenzial gleicht nahezu den Bedingungen des
endoplasmatischen Retikulums, dem Ort der Disulfidbrücken-Bildung in Eukaryoten. Das
System wurde durch systematische Maximierung der löslichen Ausbeute der drei
Disulfidbrücken-enthaltenden Proteine Mensch-Doppel, Maus-Doppel und MausInterleukin-22 optimiert, was in der Produktion von bis zu 0.33 Milligramm löslichem
Protein pro Milliliter Reaktionsansatz resultierte. 2D [15N,1H]-HSQC Spektren dieser Proteine
bestätigten die Ausbildung richtig gefalteter globulärer Proteindomänen. Diese
optimierten Bedingungen wurden dann zur löslichen Herstellung von zehn ausgewählten
menschlichen Proteinen mit bis zu acht Disulfidbrücken angewandt.
Zusammenfassend wurde in diesem Teil der Doktorarbeit ein E. coli-basiertes, zellfreies
Proteinsynthese-Protokol für die Produktion von Milligramm-Mengen an löslichen, aktiven
menschlichen Proteinen entwickelt, welches auch die Ausbildung von Disulfidbrücken
unter optimierten Bedingungen ermöglicht.

In einem zweiten Teil, welcher am Anfang der Doktorarbeit in Zusammenarbeit mit Dr.
Fred Damberger aus der Arbeitsgruppe Wüthrich durchgeführt wurde, habe ich das
Pheromon-bindende Protein des Seidenspinners Bombyx mori (BmorPBP) untersucht, ein
Transportprotein, welches ganz gezielt das hydrophobe Pheromon Bombykol durch die
Antennenlymphe zum Rezeptorprotein in der Membran befördert. BmorPBP durchläuft
eine konformationelle Veränderung von einer Form bei neutralem pH welche einen
Hohlraum für die Aufnahme des Pheromons enthält, zu einer Form bei pH 4.5 in welcher
dieser Hohlraum von einer C-terminalen α-Helix ausgefüllt ist. Dieser Übergang legt nahe,
dass das Pheromon in Gegenwart des reduzierten pH-Wertes in der Nähe der Membran
zum Rezeptor herausgestossen wird. Wir haben die Struktur einer Variante von BmorPBP
ohne C-terminale α-Helix, BmorPBP(1−128), in Lösung bei pH 6.5 bestimmt und die pHabhängigen konformationellen Veränderungen charakterisiert. Die Struktur enthält sieben
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gut definierte Helices 2−12 (α1a), 16−23 (α1b), 28−35 (α2), 46−58 (α3), 70−80 (α4), 84−100
(α5) und 107−124 (α6), welche einen grossen Hohlraum umgeben, was in Einklang mit der
Beobachtung steht, dass BmorPBP(1−128) Bombykol bei neutralem pH aufnehmen kann.
2D [15N,1H]-HSQC und 3D 15N-aufgelöste [1H,1H]-NOESY Spektren weisen darauf hin, dass
der Hohlraum auch bei pH 4.5 ausgebildet ist, obwohl die Aminosäuren 8, 11−17, 57−59,
68−70, 72 und 80−82 konformationellen Austausch aufweisen. Die meisten dieser
Aminosäuren umgeben eine Ansammlung von vier Histidinen (His69, His70, His80, His95),
was nahe legt, dass die Protonierung von einem oder mehreren Histidinen eine lokale
Destabilisierung des Polypeptid-Segmentes bestehend aus Aminosäuren 68−82 hervorruft.
Im Wildtyp-Protein durchläuft dieses Segment bei pH 4.5 eine grosse konformationelle
Veränderung um die C-terminale α-Helix aufnehmen zu können. Dies deutet darauf hin,
dass die Destabilisierung durch Protonierung der Histidine den auslösenden Schritt der
konformationellen Veränderung darstellt, dem sich die Bildung und das Einfügen der Cterminalen α-Helix anschliessen.
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Abbreviations
2D, 2-dimensional
3D, 3-dimensional
2-ME, 2-mercaptoethanol
BMCF, batch mode cell-free
BmorPBP, bombyx mori pheromone-binding protein
BmorPBPA, bombyx mori pheromone-binding protein conformation at pH 4.5
BmorPBPB, bombyx mori pheromone-binding protein conformation observed at pH > 8.0
BmorPBP(1−128), bombyx mori pheromone-binding protein devoid of residues 129−142
bp, bair pairs
CECF, continuous-exchange cell-free
kDa, kilodalton
DEPC, diethylpyrocarbonate
DsbA, thiol:disulfide interchange protein dsbA from E. coli
DsbC, thiol:disulfide interchange protein dsbC from E. coli
DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid)
DTT, dithiothreitol
EDTA, ethylenediaminetetraacetic acid
FKBP, human peptidyl-prolyl cis-trans isomerase FKBP1A
GB1, B1 domain of protein G from Streptococcus sp.
GSH, reduced glutathione
GSSG, oxidized glutathione
hDpl, human prion-like protein doppel
HSQC, heteronuclear single quantum coherence
IPTG, isopropyl-β-D-thiogalactopyranoside
LB, Luria Bertani
NMR, nuclear magnetic resonance
NOE, nuclear Overhauser enhancement
mDpl, mouse prion-like protein doppel
mIL-22, mouse interleukin-22
MWCO, molecular weight cut-off
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OAc, acetate
OmpX, outer membrane protein X from Escherichia coli
PBS, phosphate-buffered saline
PCR, polymerase chain reaction
PDI, protein disulfide isomerase
PMSF, phenylmethylsulfonylfluoride
ppm, parts per million
rmsd, root-mean-square deviation
SDS-PAGE, sodium dodecyl-sulfate polyacrylamide gel electrophoresis
T7 RNAP, RNA polymerase from bacteriophage T7
TBS, Tris-buffered saline
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1. Introduction
1.1 Cell-Free Protein Expression of Eukaryotic Proteins
Structural and functional studies on human proteins are often limited by the lack of
suitable methodology for the production of sufficient amounts of soluble, active protein,
since mg amounts of highly pure protein may be required to conduct certain experiments
(1). Eukaryotic in vivo expression hosts such as yeast, insect or mammalian cells are in
routine use to produce soluble, active proteins, but they often lack sufficient expression
yields which render these systems economically unfavorable for production of mg
quantities. Heterologous in vivo production of eukaryotic proteins in prokaryotic systems
such as Escherichia coli provides an alternative, but often results in very low expression
levels, low solubility due to protein misfolding or aggregation, or protein degradation by
bacterial proteases. An interesting alternative is the production of polypeptides using total
chemical synthesis (2). However, these systems are usually limited by low yields and, more
importantly, as synthesis takes place under harsh conditions, they may result in unfolded
polypeptides, so that refolding conditions need to be established to obtain the natively
folded protein (reviewed in (3)). Therefore, alternative expression systems for efficient and
robust large scale production of folded and active eukaryotic proteins had to be
considered. In the last few years, cell-free expression technology has finally emerged from
being merely a tool for the study of mechanisms involved in transcription and translation
to becoming a popular alternative for the production of eukaryotic proteins for functional
and structural studies (4,5). The advantages of this expression system are numerous, and
include features such as expression of toxic proteins (6), supplementation of additives that
can stabilize the protein being synthesized (7), fast screening on a μL-scale to find optimal
expression conditions including fast purification and easy scale-up (4), incorporation of
isotopically labeled amino acids without metabolic scrambling (8), and many more (9,10).

Historical development of cell-free protein expression
Historically, cell-free protein synthesis has already been investigated in the late 1940s,
when reports on enzymatic incorporation of radioactively labeled amino acids into tissue
proteins using rat tissue homogenates were published (11,12). In the following years, the
system was further developed as a tool to investigate the molecular requirements for
11

protein biosynthesis in higher eukaryotes (13,14). It soon became apparent that
supplementation of the cell lysate with creatine phosphate, phosphoenolpyruvate, or 3phosphoglycerate can significantly prolong protein synthesis. A first ATP regeneration
system was subsequently implemented by Zamecnik based on creatine kinase and
creatine phosphate (15). Zamecnik and coworkers pioneered early cell-free synthesis
development and successfully applied the system to the investigation of fundamental
mechanisms involved in protein biosynthesis (16). In the late 1950s, the first cell-free
protein expression systems based on E. coli lysates were reported, which provided
significantly enhanced amino acid incorporation into soluble proteins when compared to
rat tissue homogenates (17,18). The E. coli cell-free system was subsequently characterized
in detail and was optimized for protein biosynthesis (19). Before he conducted his
breakthrough work on deciphering the genetic code, Nirenberg was the first to deplete
ribosomes from endogenous mRNA by incubating the system at 35 °C for 40 min in
presence of amino acids, ATP, PEP and PEP kinase (20). This crucial preparation step paved
the way for efficient exogenous template-driven cell-free synthesis of proteins. The
coliphage f2 coat protein was the first protein synthesized from purified exogenous mRNA
in the E. coli cell-free system and was purified and characterized after translation (21).
Zubay and coworkers then carried out cell-free protein biosynthesis based on mRNA
transcription from externally added template DNA using endogenous E. coli RNA
polymerase, thereby setting up the first coupled transcription-translation system based on
an exogenous template DNA (22). They also developed the first enzymatic assays for
quantification of cell-free protein synthesis based on detection of cell-free produced βgalactosidase activity (23). The next technological advance came with the introduction of
phage T7 promoter-regulated template DNA transcription by the corresponding phage T7
RNA polymerase (24). These systems significantly improved transcript specificity and
yields, leading to high transcript copy numbers of only the gene of interest (25). Until the
late 1980s, discontinuous batch mode cell-free synthesis was the only generally applied
method which had the drawback of maintaining protein synthesis only for up to a few
hours due to the accumulation of inhibitory by-products and the consumption of
substrates. With his breakthrough work on continuous-flow cell-free (CFCF) synthesis,
Spirin provided a system that prolonged protein synthesis up to several tens of hours. The
main idea was to continuously supply the protein-synthesizing high-molecular weight
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components trapped in an ultrafiltration membrane with a solution of low-molecular
weight substrates and removing by-products at the same time (26,27). Following this idea,
a modified system requiring less preparative effort was proposed, where a dialysis
membrane containing the protein biosynthesis machinery is surrounded by a feeding
solution containing substrate molecules, enabling nearly constant reaction conditions by
dialysis-mediated exchange of substrates and by-products between the two
compartments (28). This so-called continuous-exchange cell-free (CECF) mode is nowadays
the most commonly applied variant in preparative-scale cell-free synthesis, enabling
production of target protein in the range of mg per mL of reaction mixture (29). Another
very interesting cell-free expression system is based on total reconstitution of the
complete protein biosynthesis machinery from purified components (see Figure 1.1 for an
overview on the required components for protein biosynthesis). This so-called PURE
system proposed by Ueda and coworkers provides great potential for in-depth
biochemical research on transcription/translation, protein folding, signal transduction, and
many other fields which can profit from defined experimental conditions (30). However, up

Figure 1.1: Schematic illustration of transcription and translation reactions taking place in cellfree synthesis of polypeptides. Red font indicates the requirement of high-energy substrates.
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to now the protein yields obtained from the PURE system are too low and the required
preparative effort is too high to make it an economic alternative system for preparative
protein synthesis.

Application of cell-free protein production in NMR
The open nature of the cell-free system and the low remaining metabolic activity of the cell
extract allow very efficient incorporation of isotopically labeled amino acids into proteins
without significant scrambling of specific label between amino acids. This feature
contributed significantly to the recent success of cell-free synthesis in NMR. In addition, the
effective yield of isotopically labeled protein per mg of consumed amino acid was
significantly improved with cell-free protein expression systems, thus providing economic
advantages. However, common cell-free protocols typically included the use of ca. 200 mM
L-glutamate in the reaction solution, which interfered with selective amino acid labeling

envisaged for NMR studies. Furthermore, endogenous unlabeled amino acids had to be
removed exhaustively prior to protein synthesis. Therefore, the protocols had to be
adjusted to meet the specific needs of the NMR community (31).
First applications of cell-free expression in NMR studies included the production of
proteins containing one selective [u-15N]-labeled amino acid type, which subsequently
enabled amino acid type assignments based on identification of obtained signals in a 2D
[15N,1H]-HSQC spectra. This was first shown by specifically assigning Ser and Asp residues in
the protein Ras (32). Originally introduced as an in-vivo labeling technique, a method
based on [u-13C]-labeling of a preceding amino acid type and [u-15N]-labeling of the
succeeding amino acid type allowed site-specific identification of unique amino acid pairs
in a 2D [15N,1H]-HNCO spectrum (33). This approach benefited enormously from the
combination with cell-free synthesis since the low scrambling of isotopic labels allowed a
broader range of practicability (34,35). In the following, combinatorial labeling approaches
were presented where several amino acid types were rationally chosen for either selective
[u-15N]- or [u-13C, u-15N]-isotopic labeling of a target protein. After NMR analysis of several
protein samples prepared in this way, both partial sequence assignments and amino acid
type assignments could be obtained (9,36). This approach could recently also be
successfully extended to the analysis of cell-free produced integral membrane proteins
(37,38). A very powerful application of cell-free expression is stereo-array isotope labeling
14

(SAIL), which includes the use chemically and enzymatically synthesized amino acids
containing stereospecific and regiospecific isotope labeling patterns optimized for NMR
(39). It provides spectral simplification and significantly sharper spectral signals as was
successfully shown for both a 17 kDa and a 41 kDa protein; however, these specifically
labeled amino acids are very expensive at the moment which currently excludes this
application from being used as a standard NMR technique. Recently, a cell-free protocol for
the preparation of deuterated proteins was proposed, providing an economical alternative
for the preparation of large proteins for NMR studies (29). A lot of exciting progress can be
expected from cell-free based applications in NMR studies in the near future.
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Aim of the project
E. coli-based cell-free systems are characterized through simple preparation protocols,
good protein expression levels, and a high tolerance towards additives. Despite the
obvious advantages, the bacterial system also has significant intrinsic weaknesses,
including the inability for correct folding of many eukaryotic proteins, lack of correct
disulfide bond formation and of other posttranslational modifications of eukaryotic
proteins. Cell-free expression systems based on eukaryotic cell extracts on the other hand
provide a more suitable molecular environment for the correct folding of cell-free
synthesized eukaryotic proteins. These advantages have recently led to increased
popularity of eukaryotic cell-free systems in protein production. In particular, the wheat
germ system has gained a lot of attraction in structural genomics projects (10). Despite
recent improvements, eukaryotic cell-free systems are still more tedious to prepare and
produce less protein per reaction volume than the E. coli system, and require reaction
times up to several days, which may lead to deterioration of the produced target protein.
We therefore aimed at investigating the potential of E. coli-based cell-free systems for
soluble production of active human proteins for structural and functional studies.
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1.2 Bombyx mori Pheromone-Binding Protein (BmPBP)
Two distinct classes of odorant-binding proteins (OBPs) have been characterized in
Lepidoptera: pheromone-binding proteins (PBPs) involved in recognition of sex
pheromones and general odorant binding proteins (GOBPs) which participate in detection
of other odorants (40). Amino acid sequences within lepidopteran PBPs are highly
conserved, however, their homology to GOBPs and OBPs originating from other insects is
rather moderate. Despite this, they all display certain highly conserved sequence motifs
such as six cysteine residues (41). The PBP of Bombyx mori (BmorPBP) consists of 142
residues with a molecular mass of 15.9 kDa and contains three disulfide bonds made up by
Cys19-Cys54, Cys50-Cys108, and Cys97-Cys117, providing overall rigidity to the threedimensional structure of the protein (42). Recombinantly produced BmorPBP was shown
to bind radioactively labeled bombykol and migrated as a single observable band in both
native and denaturing polyacrylamide gel electrophoresis. However, purification by anionexchange chromatography identified several protein species and circular dichroism and
fluorescence spectroscopy indicated pH-mediated changes in the tertiary structure
between pH 5.0 and 6.0. These structural transitions could also be induced by addition of
negatively charged dimyristoylphosphatidyglycerol (DMPG) vesicles at neutral pH (43).
This observation was explained by a membrane potential-induced decrease in local pH
near the membrane surface as compared to the bulk solution (44). Experimental
differences of 1.6 pH units have been measured between membrane surface and bulk
solution, while theoretical values were calculated to be as large as 2.7 units (45).
It was believed that the pheromone is in a dynamic equilibrium with the pheromonebinding protein, a pheromone-degrading enzyme, and the membrane-standing receptor.
However, this model had to be rejected since it could not provide an explanation for the
fact that the pheromone is not degraded by the highly active degrading enzyme during its
passage through the sensillary lymph (46). With the observation of a pH-dependent
conformational transition, Wojtasek et al. proposed that the pheromone remains bound to
BmorPBP on its passage through the sensillary lymph and is being released by unfolding of
BmorPBP upon interaction with the membrane or the membrane-bound receptor, making
it accessible for the receptor and the degrading enzyme (43). This proposed mechanism
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was also supported by earlier reports of single-molecule sensitivity of the pheromone
detection system (47).
Amino acid alignments of nine PBPs indicated sequence conservation of one arginine, all
five histidines, three lysines, and nine acidic amino acids (43). Soon after the disulfide bond
connectivities had been reported, the group of Sandler determined the 1.8 Å X-ray
diffraction structure of BmorPBP bound to bombykol at pH 8.2. The overall structure with
approximate dimensions of 40 × 35 × 30 Å is formed by a roughly conical arrangement of
six α-helices. The crystal packing results in a symmetric PBP-PBP interaction at a
crystallographic twofold axis involving only a salt bridge (Lys38 and Asp 132) and a
hydrogen bond (Ser130 and Lys6) (48). Earlier, dimerization of BmorPBP has been observed
in solution (49), however, the search for potential dimerization interactions in the crystal
resulted in small interfaces with a modest surface area. The largest detected interface
involved Pro64 from one monomer and Met131, Val133, and Lys38 from another
monomer, which in the best case would lead to aggregation and not dimerization.
Bombykol is bound in a large bottle-shaped cavity made up of helices α1, α2, α5, and α6
and shows a planar hook-shaped conformation. The hydroxyl group of bombykol forms a
hydrogen bond with the hydroxyl group of Ser56 and is covered by a loop composed of
residues 60−69. The system of conjugated double bonds is stabilized by interaction with
the aromatic rings of Phe12 and Phe118. Several of the residues making contact to
bombykol are strictly conserved among lepidopteran PBPs and include Met5, Leu8, Ser9,
Phe12, Phe36, Trp37, Ile52, Ser56, Phe76, Leu90, Val94, Glu98, Thr111, Ala115, and Phe118.
Due to their spatial vicinity to the end of the pheromone and their variability among
different PBPs, residues Met61, Leu62, Ile91, and Val 114 were proposed to determine
ligand specificity. The close proximity of His69, His70, and His95 suggested that
protonation of these residues leads to a charge repulsion which might trigger the
conformational transition to the conformer present at a pH below 5 (48).
The pH-dependent transition of PBP was subsequently monitored using 2D [15N,1H]
correlation spectroscopy and provided evidence that the basic conformer of PBP (B-form),
present above pH 6.0, changes its conformation into a folded acidic form (A-form), present
below pH 4.9 and that both conformations are populated at a pH between 5.0 and 6.0 (50).
The midpoint of the transition was determined by integration of 40 well-resolved signals
from each inter-converting species in a set of 2D [15N,1H]-HSQC spectra recorded at various
18

pH increments. From the cooperative change of integral with varying pH, the transition
midpoint was determined to be at pH 5.4 (50).
In 2001, the structure of the A-form of PBP (BmorPBPA) was determined at pH 4.5,
indicating the presence of seven tightly packed α-helices made up of residues 12−22 (α1),
28−35 (α2), 46−55 (α3a), 74−79 (α4), 84−100 (α5), 107−122 (α6), and 131−141 (α7).
Interestingly, the C-terminal helix α7 occupied the hydrophobic cavity responsible for
ligand binding, which was supported by a network of more than 100 long-range NOEs
between residues from helix α7 and the internal surface of the cavity (51). Residues Ser9,
Phe12, Ile52, Ser56, Leu62, Val94, and Thr111, which were found to make contact with the
pheromone in the crystal structure (48), were also involved in contacts to helix α7 in the
solution structure. In the crystal structure, the N-terminal helix comprising residues 1−13
formed an edge for the ligand in the binding pocket whereas the first seven N-terminal
residues are flexibly disordered in the solution structure. Interestingly, residues His69,
His70, and His95 are more distant from each other in BmorPBPA than they are in the crystal
structure. These observations led to the proposal of a hypothesis on the ligand ejection
mechanism: upon protonation of His69, His70, and His95 at the slightly acidic local pH near
the membrane surface, the charge repulsion destabilizes BmorPBPB in favor of BmorPBPA
as was initially proposed by Sandler (48), resulting in ejection of bombykol via insertion of
the C-terminal helix into the binding cavity. Furthermore, the ligand was proposed to enter
the binding cavity from the same site as the C-terminal helix in the solution structure at pH
4.5 (51).
The solution structure of BmorPBPB at pH 6.5 was published in 2002, indicating the
presence of seven helices comprising residues 3−8 (α1a), 16−22 (α1b), 29−32 (α2), 46−59
(α3), 70−79 (α4), 84−100 (α5), and 107−124 (α6). 15N{1H}-NOE data indicated that the loop
comprised of residues 33−45 shows increased sub-nanosecond motion and that the Cterminal residues 129−142 are flexibly disordered (52). A comparison to the crystal
structure indicated a nearly identical fold, which was explained by the rigid framework
provided by the disulfide bond-stabilized helices α1b, α3, α5, and α6 seen in all published
BmorPBP structures (48,51,52). In contrast to the solution structure at pH 4.5, the Nterminus is helical in the solution structure at pH 6.5 as observed in the crystal structure.
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Aim of the project
The aim of this project was to investigate the role of the C-terminal helix α7 in the
pheromone release mechanism by determining the solution structure of a truncated form
of the pheromone-binding protein devoid of the C-terminal residues 129−142 at pH 6.5.
Based on the obtained structure, further studies involving pH-dependent ligand binding
and release and structural investigations on the protein at pH 4.5 were envisaged.
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2. Cell-Free Expression of Human Proteins for Structural and
Functional Studies
2.1 An Improved E. coli-based Cell-Free Synthesis Platform for High-Yield
Expression of Soluble, Functional Human Proteins
The development of a robust cell-free protein synthesis system for simple and efficient
soluble expression of milligram quantities of active human protein could provide a
solution to many functional and structural studies which are limited by the preparation of
sufficient functional protein. Even though expression systems based on cell extracts
obtained from eukaryotic origins are available for production of active proteins (53), they
usually provide only a few micrograms of synthesized protein per mL reaction mixture
(54,55) or require laborious efforts to prepare the cell extract (56,57). The E. coli-based cellfree system combines the advantages of being very productive and requiring relatively
simple preparative demands. This section describes the establishment of an E. coli-based
cell-free system for production of milligram amounts of soluble human protein.
Selection of human target proteins
The ten human target proteins chosen as test proteins for the development of the cell-free
expression system (Table 2.1) have a molecular mass below 25 kDa and most have

Table 2.1: Selection of ten human target proteins for in vitro expression.
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Table 2.2: Expenses for consumables associated with the production of 15 mL S30 extract (A)
and with setting up a 10 mL cell-free protein synthesis reaction in either batch mode or
continuous-exchange cell-free (CECF) mode (B).

previously been shown to be monomeric in solution. In addition, structural studies on four
of these human target proteins had already been reported (58-61), using material from in
vivo expression.

Comparison of batch and continuous-exchange cell-free expression modes
A calculation of the expenses involved for carrying out either a continuous-exchange or a
batch mode cell-free expression with 10 mL reaction volume was performed based on
expenses incurring due to the consumption of chemicals and materials, excluding costs
related to labor. Strikingly, the analysis clearly points out that the CECF mode is at least 7fold more expensive than BMCF when unlabeled amino acids are utilized, and that CECF
can become even more than nine-fold more expensive if [u-13C,u-15N]-labeled amino acids
are employed (Table 2.2). To relate the expenses of consumables required in both systems
to their respective protein productivity, we have performed both CECF and BMCF
expression using the test protein FKBP, which is produced exclusively in soluble form (data
not shown), and compared the yields of FKBP after purification from one mL reaction
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Table 2.3: Expense for chemicals used for the production of three differently isotope-labeled
proteins. Comparison of batch mode and continuous-exchange mode cell-free synthesis.

mixture (Table 2.3). Using the CECF mode, 1.99 mg protein was obtained per mL reaction
mixture, whereas BMCF yielded 0.44 mg protein per mL reaction mixture. Taking into
account both productivity and consumable expenses of each respective reaction mode, a
total cost of 13.46 CHF per mg unlabeled protein in CECF and 8.73 CHF per mg unlabeled
protein in BMCF is obtained, making CECF more than 1.5-fold more expensive than BMCF
(Table 2.3). When [u-13C,u-15N]-labeled amino acids are employed in the synthesis reaction,
the discrepancy becomes even more pronounced with CECF being ca. 2-fold more
expensive as BMCF, resulting in costs of 83.28 CHF per mg of FKBP in the CECF mode (Table
2.3). Due to this clear outcome, all further cell-free protein production was exclusively
performed in BMCF.
Generation of an E. coli BL21 (DE3) RIPL-Star strain for S30 extract preparation
An E. coli BL21 (DE3) RIPL-Star strain was generated by extraction of two plasmids
encoding rare codon tRNAs from E. coli BL21 (DE3) CodonPlus cells, followed by
purification and co-transformation of the plasmids into competent E. coli BL21 Star cells
(Figure 2.1). The resulting E. coli BL21 (DE3) RIPL-Star strain provides increased
concentrations of tRNAs that are rare in E. coli and which are more frequently used in
genes of higher eukaryotes. In addition, the strain contains an inactive variant of RNase E
which reduces nucleolytic degradation of mRNA during cell-free synthesis. Due to these
advantages, E. coli BL21 (DE3) RIPL-Star was used for subsequent preparations of S30
extract intended for cell-free synthesis of eukaryotic proteins.

S30 cell extract preparation
The standard protocol for preparation of S30 extract proposed by Chen and Zubay (62)
was adjusted and optimized to allow the production of 15 mL highly active S30 cell extract
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Figure 2.1: Procedure for the generation of the E. coli BL21 (DE3) RIPL-Star strain

within 24 hours starting from an overnight pre-culture (Figure 2.2). The main time saving
was achieved by omitting the overnight storage of the harvested cell pellet at -80 °C.

Preparation of cell-free expression vectors containing a GB1-solubility domain
Two cell-free expression vectors containing a 55 amino acid N-terminal GB1-solubility
domain were prepared based on the scaffold of the commercially available pIVEX2.4
vector. The new vector provides a multiple cloning site (MCS) allowing insertion of target
genes using common restriction enzymes such as NdeI, NcoI, SalI, XhoI,SacI, PstI, XmaI, and
BamHI (Figure 2.3), and depending on the choice of construct, the produced fusion protein
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Figure 2.2: Flowchart showing the protocol for preparation of S30 extract derived from E. coli
BL21 (DE3) RIPL Star cells. The bar on the left corresponds to the time after pre-culture
inoculation at which a given step of the protocol is performed.

will contain an N-terminal segment comprising either both a (His)6-tag and a GB1 domain
(pCFX1) or solely the GB1-domain (pCFX2). The (His)6-tag can be separately removed by
cleavage with the protease Factor Xa, whereas the GB1-domain is connected to the target
protein via a flexible linker containing a thrombin-cleavage site (Figure 2.6). This provides
the opportunity to remove either the (His)6-tag alone or both (His)6-tag and GB1-domain
together (Figure 2.3).

Analytical-scale cell-free expression of human target proteins
All ten human target proteins were cloned into both pIVEX2.4 and pCFX1 vectors and 100
μL small-scale test expressions were carried out for 2.5 h at 30 °C. The reaction mixture for
synthesis of dihydrofolate reductase was supplemented with 440 μM of the inhibitor
methotrexate to stabilize the produced protein. After the reaction, the obtained
supernatant was analyzed by performing a Western Blot which indicated that the soluble
25

Figure 2.3: Schematic of the important elements of the two prepared GB1-solubility domain
cell-free expression vectors pCFX1 and pCFX2 and the amino acid sequence of the resulting Nterminal attachment to the target protein. Both constructs contain a multiple cloning site (MCS)
for insertion of the target gene which is preceded by the GB1 solubility domain. A thrombin
cleavage site inserted into a flexible linker allows proteolytic removal of the solubilty tag. In
addition to the GB1-solubility domain, the construct pCFX1 shown in (A) bears a hexahistidine
tag followed by a flexible linker containing a Factor Xa cleavage site for tag removal. The
construct pCFX2 shown in (B) is devoid of the hexahistidine purification tag. T7 RNAP: T7 RNA
polymerase; RBS: ribosomal binding site; ATG: start codon for translation.

protein yields are significantly increased when the target is expressed in pCFX1 as
compared to expression in pIVEX2.4 (Figure 2.4 A, B). Interestingly, an analysis of the
insoluble fraction of the reaction mixtures indicated that the enhanced soluble yields
observed with the GB1-construct did not significantly correlate with a reduction of
insolubly produced target protein (Figure 2.4 C, D). This suggests that the construct
containing the N-terminal GB1-solubility domain increases synthesis of soluble protein by
a mechanism other than increasing target protein solubility.
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Figure 2.4: Western blot analysis of the soluble protein fraction (A and B) and SDS-PAGE
visualization of the insoluble protein fraction (C and D) obtained from batch-mode cell-free
synthesis of the human target proteins. The targets were either expressed without the Nterminal GB1-domain in the vector pIVEX2.4 (A and C) or as a fusion to the N-terminal GB1domain in the vector pCFX1 (B and D). The reactions were carried for 2 h at 30°C with gentle
agitation. The synthesis mixture for production of dihydrofolate reductase (lane 10) was supplied
with 440 μM methotrexate prior to reaction initiation. The applied sample volume on each lane
corresponds to 2.5 μL reaction mixture in case of soluble protein shown in A and B and to 5 μL
reaction mixture for the insoluble fractions shown in C and D. Arrows indicate bands
corresponding to target proteins. With the exception of complexin-1 (lane 9), the quantity of
insolubly produced target protein does not differ significantly between C and D. M: Protein
molecular weight marker; N: negative control; 1: MARCKS-related protein (macrophage
myristoylated alanine-rich C kinase substrate); 2: purkinje cell protein 2 homolog; 3: methenylTHF synthetase (5-formyltetrahydrofolate cyclo-ligase); 4: γ-interferon-inducible lysosomal thiol
reductase; 5: mitochondrial methylmalonyl-CoA epimerase; 6: uncharacterized human protein
C19orf10 (stromal cell-derived growth factor SF20); 7: adipocyte fatty acid binding protein 4 ; 8:
peptidyl-prolyl cis-trans isomerase B; 9: complexin-1; 10: dihydrofolate reductase.

To determine the activity and the effect of the S30 extract prepared from the E. coli BL21
(DE3) RIPL-Star strain on production of target proteins, two sets of 100 μL analytical-scale
cell-free reactions of the ten target proteins were conducted with S30 extract prepared
from either E. coli BL21 (DE3) RIPL-Star or BL21 (DE3) Star cells. The obtained supernatant
was analyzed by SDS-PAGE which indicated that the new S30 extract has at least equal or
even slightly higher activity than the conventional extract prepared from E. coli BL21 Star
cells (data not shown).
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Figure 2.5: Column plot representing the soluble protein yields obtained by expressing the target
proteins either without the N-terminal GB1-domain in the vector pIVEX2.4 (light grey boxes) or as
a fusion protein with the N-terminal GB1-domain in the vector pCFX1 (dark grey boxes). The
indicated concentrations correspond to the final protein in 500 μL NMR buffer purified from a 10
mL batch mode cell-free reaction.

Quantification of the effect of the GB1-domain construct on synthesis yields
To be able to precisely quantify the difference in yield obtained from both constructs, 10
mL BMCF reactions of the proteins peptidyl-prolyl cis-trans isomerase B (ppiB), adipocyte
fatty acid-binding protein 4 (FABP), stromal cell-derived growth factor SF20 (SF20), and
methenyl-THF synthetase (MTHFS) were carried out. The obtained soluble protein was
purified by Ni-NTA affinity chromatography, dialyzed against NMR buffer, concentrated to
500 μL volume by ultrafiltration, and was quantified by measuring the UV absorption at
280 nm. As illustrated in Figure 2.5, in all four cases the resulting protein concentration in
the final 500 μL solution increased by at least two-fold when the targets were expressed in
pCFX1.

GB1-domain removal by thrombin digestion
The peptidyl-prolyl cis-trans isomerase B fusion protein was digested with 10 units
thrombin protease per mg fusion protein and the N-terminal GB1-domain with the (His)6tag was separated from the target protein by passing the digestion mixture over a Ni-NTA
column (Figure 2.6 B). A 2D [15N,1H]-HSQC spectrum was recorded both before and after
tag-removal and a direct comparison of the processed spectra indicated that the pattern of
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Figure 2.6: SDS-PAGE analysis of the progression of thrombin digestion at 23 °C of (A) GB1-mDpl
with 10 units thrombin per mg fusion protein and (B) GB1-ppiB incubated with 5 units thrombin
per mg fusion protein. 10 μL was taken out of the digestion reaction after the times indicated on
top of the gel and the reaction was quenched by addition of 1 mM PMSF. Each lane on the gel
was loaded with the equivalent of 5 μL reaction solution. S: preparative scale digestion of ca. 5
mg GB1-ppiB with 25 units thrombin stopped after 14 hours incubation at 23 °C; M: protein
molecular weight marker.

signals originating from peptidyl-prolyl cis-trans isomerase B are the same, suggesting that
the globular fold of the protein does not change after removal of the GB1-domain (Figure

Figure 2.7: 2D [15N,1H]-HSQC spectra of ca. 360 μM [u-15N]-peptidyl-prolyl cis-trans isomerase B
before (A) and after (B) removal of the N-terminal GB1-domain by thrombin cleavage. Both
spectra were recorded at 293.1 K on a Bruker DRX-750 spectrometer. The NMR sample buffer
contained 20 mM sodium phosphate at pH 6.8, 100 mM sodium chloride, 100 μM EDTA, 10 μM
NaN3, and 5% D2O.
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2.7). This implies that the N-terminal GB1-domain from the fusion protein construct
produced with the pCFX1 vector is easily removed by a simple digestion with thrombin
and that the GB1-domain does not interfere with the integrity of the target protein.

Large-scale protein sample preparation
As the soluble expression levels of all ten proteins were rather surprisingly high (Figure
2.4), we carried out 10 mL large-scale BMCF reactions for each single target. Proteins were
typically expressed for 2.5 h at 30 °C with shaking and were purified immediately after the
reaction by Ni-NTA affinity chromatography. The obtained fractions containing the
purified target protein were then dialyzed against an NMR buffer adapted to the individual
protein properties. As a general rule, we adjusted the pH of the NMR buffer with 20−50 mM
phosphate buffer to differ at least 0.5−1.0 pH units from the individual protein pI and tried
to settle between pH 6.0 and 7.2. To scavenge possible trace metals and divalent cations
which might support thiol oxidation and protease activation,100 μM EDTA was added to
the samples. Proteins containing free cysteine residues were usually also supplemented
with 0.1−1 mM of DTT or 2-ME. Furthermore, the samples contained 20−100 mM NaCl and
10 μM NaN3 to prevent potential bacterial growth. With the sole exception of γ-interferoninducible lysosomal thiol reductase, samples of all target proteins could be prepared for
NMR measurements under these conditions. In the special case of γ-interferon-inducible

Table 2.4: Final yields of purified target protein produced in 10 mL batch-mode cell-free synthesis
reactions.
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Figure 2.8: 2D [15N,1H]-HSQC spectrum of 325 μM [u-15N]-dihydrofolate reductase in complex
with methotrexate measured at 293.1 K on a Bruker DRX-750 spectrometer. The protein was
produced in a 10 ml batch mode cell-free reaction in the presence of 440 μM methotrexate. The
NMR sample buffer contained 25 mM potassium phosphate at pH 6.5, 50 mM potassium
chloride, 500 μM magnesium chloride, 100 μM EDTA, 10 μM NaN3 and 6% D2O. Black crosses
represent the available near-complete backbone amide resonance assignment of a
dihydrofolate reductase complex with methotrexate (58).

lysosomal thiol reductase, the protein could be purified in high-salt conditions according
to the procedure described in chapter 2.1, but precipitated during dialysis against NMR
buffer (20 mM sodium phosphate, pH 6.2, 50 mM NaCl, 100 μM EDTA, 10 μM NaN3). The
final yields of the other nine purified proteins ranged between 0.18 and 0.86 mg per mL
reaction mixture (Table 2.4).
Structural and functional investigations on the target proteins
NMR samples of nine human target proteins were prepared from 10 mL large-scale BMCF
reactions using [u-15N]-labeled amino acids as described above. In the case of dihydrofolate
reductase, nearly-complete assignments of backbone amide resonances were available
(58) which could be used as a reference in the analysis of the obtained NMR data. A
superposition of the available protein backbone amide resonance assignments of the
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Figure 2.9: 2D [15N,1H]-HSQC spectra of ca. 400 μM [u-15N]-GB1-FABP4 before (A) and after (B)
addition of 1 mM SDS. The spectra were measured at 293.2 K on a Bruker DRX-750 spectrometer
with 8 transients per increment and 256 complex points in the indirect dimension. The protein
was produced in a 10 mL batch mode cell-free reaction. The NMR buffer contained 20 mM
sodium phosphate at pH 6.2, 50 mM sodium chloride, 100 μM EDTA, 10 μM sodium azide, and
5% D2O.

dihydrofolate reductase-methotrexate complex (58) onto a 2D [15N,1H]-HSQC spectrum
recorded with 325 μM [u-15N]-dihydrofolate reductase in complex with its inhibitor
methotrexate clearly revealed that the resonances of the cell-free produced complex are in
accordance with the published data (Figure 2.8). This suggests that the globular fold of the
cell-free produced protein is consistent with the fold of the published structure. In
addition, the ability of the protein to tightly bind to its inhibitor methotrexate provides
further evidence for a natively folded protein.
Adipocyte fatty-acid binding protein (FABP4) has been shown to bind to a variety of fatty
acids such as oleic acid or palmitic acid (63). A 2D [15N,1H]-HSQC spectrum of cell-free
produced FABP4 showed well-dispersed backbone amide signals, suggesting that the
protein is in a folded state. However, some of the signals appear to be rather broad
indicating potential conformational exchange (Figure 2.9 A). Since FABP4 has been shown
to display a tendency to bind hydrophobic molecules, it could be possible that
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Figure 2.10: 2D [15N,1H]-HSQC spectra of 250 μM [u-15N]-GB1-stromal cell-derived growth factor
SF20 measured at 298.1 K shown in (A) and 165 μM [u-15N]-GB1-MTHFS recorded at 310.1 K
shown in (B) on a Bruker DRX-750 spectrometer. Both protein samples were produced in a 10 ml
batch mode cell-free reaction. The sample in (A) contained 20 mM sodium phosphate, pH 7.1,
50 mM sodium chloride, 500 μM EDTA, 2.5 μM NaN3 and 5% D2O while the sample in (B)
contained 20 mM sodium phosphate at pH 7.0, 100 mM sodium chloride, 2 mM magnesium
chloride, 100 μM EDTA, 10 μM NaN3, and 5% D2O.

hydrophobic compounds present in the S30 extract are taken up by FABP4 and remain
bound throughout the purification and sample preparation process. To further investigate
on this, a 2.5-fold excess of the fatty acid analogue SDS was added over FABP4 and a 2D
[15N,1H]-HSQC spectra was recorded before and after the addition (Figure 2.9). Analysis of
the processed spectra revealed that addition of SDS reduced line broadening of signals
(Figure 2.9 B), possibly due to displacement of unspecifically bound hydrophobic
molecules by SDS, resulting in a more homogeneous protein ensemble.
The 2D [15N,1H]-HSQC spectra recorded of MTHFS and SF20 show well-dispersed signals,
indicative of folded proteins (Figure 2.10). As expected from the relatively high molecular
mass of MTHFS, some of the signals observed in the 2D [15N,1H]-HSQC spectrum are rather
weak (Figure 2.10 B), most likely due to enhanced NMR signal relaxation. The structure of a
bacterial homolog with 32% sequence identity to the human MMCE revealed that the
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Figure 2.11: 2D [15N,1H]-HSQC spectra of 150 μM [u-15N]-GB1-methylmalonyl-CoA epimerase
measured at 293.1 K (A) and 310.1 K (B) on a Bruker DRX-750 spectrometer. The protein was
prepared from a 10 ml batch mode cell-free reaction and the final sample buffer contained 20
mM sodium phosphate at pH 6.8, 100 mM sodium chloride, 100 μM EDTA, 10 μM sodium azide,
and 5% D2O.

bacterial protein forms a stable dimer in solution (64). Assuming the possibility that the
human MMCE is also dimeric in solution, the 2D [15N,1H]-HSQC spectrum is expected to
show signals with relatively low intensity, as the increased molecular mass of the complex
will enhance NMR signal relaxation. Indeed, in agreement the anticipated effect that a
complex with an apparent molecular weight of 30.2 kDa would have on NMR signal
relaxation, the spectrum reveals broad signals with low intensity which exhibit a large
temperature dependence (Figure 2.11).
The three target proteins purkinje cell protein 2 homolog, MARCKS-related protein, and
complexin-1 contain a high content of polar and charged amino acids and a low
percentage of large hydrophobic residues (see Appendix 4.1 for protein sequences), which
is a characteristic sequence signature of intrinsically unstructured proteins (65). A
sequence-based disorder and globularity prediction was carried out using the program
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Figure 2.12: 2D [15N,1H]-HSQC spectra of 500 μM [u-15N]-GB1-complexin1 (A), 600 μM [u-15N]GB1-MARCKS-related protein (B), and ca. 200 μM [u-15N]-purkinje cell protein 2 homolog (C)
measured at 293 K on Bruker DRX-500 (A and B) and DRX-600 (C) spectrometers. Each of the
proteins was synthesized in a 10 ml batch cell-free reaction. The NMR sample buffer contained
25 mM potassium phosphate, pH 6.7, 500 μM DTT, 500 μM EDTA, 5 μM sodium azide, and 5%
D2O in (A), 20 mM potassium phosphate, pH 6.5, 20 mM potassium chloride, 500 μM DTT, 100
μM EDTA, 2.5 μM sodium azide, and 5% D2O in (B), and 25 mM potassium phosphate, pH 6.8, 50
mM potassium chloride, 1 mM 2-mercaptoethanol, 100 μM EDTA, 10 μM NaN3, and 5% D2O in
(C).

GlobPlot (http://globplot.embl.de/) (66), providing theoretical evidence that these proteins
are disordered (data not shown). In addition to unstructured stretches, the purkinje-cell
protein 2 homolog was predicted to contain two short α-helical GoLoco motifs (67),
whereas complexin-1 was predicted to contain a 40-amino acid α-helical coiled-coil
segment. However, due to the typically low spectral dispersion of backbone amide
resonances originating from residues located in α-helices, the 2D [15N,1H]-HSQC spectra are
expected to show significant signal overlap, which was indeed previously shown to be the
case for complexin-1 by Papst et al. (68). As expected and in agreement with an absence of
globular domains, all three proteins provided 2D [15N,1H]-HSQC spectra with low spectral
dispersion (Figure 2.12).
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Discussion
Within the last few years, continuous-exchange cell-free (CECF) expression (28) has
become one of the most popular types of cell-free reaction modes, especially among
structural biology groups (8,10,31,69,70). The reason for this can be attributed to the
improved productivity of the continuous-exchange cell-free synthesis compared to the
batch mode, providing yields in the range of mg per mL reaction mixture (53,71). However,
as the requirement for expensive compounds such as amino acids, nucleotides, and high
energy substrates increases 10-fold, this reaction mode becomes also more expensive per
mL reaction mixture than conventional batch mode synthesis.
By performing a preparative-scale cell-free expression of the well-behaving test protein
FKBP, we could show that the CECF mode has ca. 4.5-fold higher productivity than the
batch mode reaction, yielding ca. 2 mg of highly purified FKBP per mL reaction mixture
(data not shown). We then determined the individual expenses related to consumables
required in both reaction modes and put it into perspective with the productivity of the
corresponding reaction mode (Table 2.2). Strikingly, the result clearly pointed out that due
to the high costs of amino acids, nucleotides, and high energy phosphates involved, CECF
becomes 1.5 to 2-fold more expensive per mg of produced protein than BMCF, with the
exact cost difference depending on the type of stable isotope labeling employed (Table
2.3). In addition to this economical aspect, CECF is also more demanding in terms of
preparative effort and does not necessarily permit a simple scaling up of reaction volumes.
Besides that, the prolonged reaction duration of up to 24 h (28,53,72) implies that highthroughput synthesis of proteins can be significantly slowed down. CECF mode production
of more delicate proteins such as those from higher eukaryotic organisms can also lead to
increased target protein inactivation and precipitation during the reaction time, as the
target protein is exposed up to 24 h to 30−37 °C in an environment containing high
protein concentrations and residual lipid membranes. In BMCF, this exposure is time wise
minimized and the target protein can be transferred after 2−3 h reaction time into a
molecular environment that supports the integrity and stability of the target protein.
Furthermore, scaling up is very straightforward in BMCF and the preparative demand to
carry out a reaction is simple. Due to all these advantages, it was obvious for us to carry out
our productions exclusively in batch mode.
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It goes without saying that the preparation of highly active S30 extract is the fundamental
requirement for every efficient cell-free protein synthesis system (62) and therefore the
choice of the bacterial strain used for extract preparation has a large influence on
productivity (31). Nowadays, most protocols are based on strains that contain either an
inactive fomr of RNase I or RNase E, such as E. coli strains MRE6000, A19, or BL21 (DE3) Star,
which results in reduced degradation of the transcribed mRNA during the cell-free reaction
and thus provides increased protein synthesis yields (31,73). In addition to an inactivated
RNase E, the E. coli BL21 (DE3) Star strain is deficient in both OmpT and lon proteases,
which reduces proteolytic degradation of produced proteins. An S30 extract prepared
from E. coli BL21 (DE3) Star was shown to exhibit 1.2 to 1.4-fold higher cell-free productivity
compared to an extract prepared from the E. coli A19 strain (31). E. coli BL21 (DE3)
CodonPlus or Rosetta strains containing extra copies of genes coding for tRNAs that are
rare in E. coli have also been used for preparation of S30 extract (74) and this extract was
shown to enhance the production of eukaryotic proteins containing significant numbers of
rare tRNA-encoded amino acids (75).
We have generated an E. coli BL21 (DE3) RIPL-Star strain, which is deficient in both lon and
OmpT proteases, provides extra copies of rare-codon tRNAS and has an inactivated RNase
E (Figure 2.1). Analytical-scale test expressions indicated that the new extract derived from
E. coli BL21 (DE3) RIPL-Star performs at least equally well or for some proteins even slightly
better than extract prepared from E. coli BL21 (DE3) Star (data not shown). However, there
was no dramatic increase in protein yield, most likely because expression of our targets
was not limited by codon usage in the respective genes; however, we expect to see
stronger benefits if target genes containing increased numbers of rare codons are
selected. With this S30 extract, the expression of such target genes containing rare codons
will no longer require lengthy and cumbersome genetic engineering to exchange rare
codons into frequently used ones. We propose that this strain is ideally suited for the
production of S30 extract intended for cell-free expression of human proteins or proteins
from other higher eukaryotes. Indeed, Kigawa and coworkers suggested that a
hypothetical E. coli BL21-derived strain containing an inactivated RNase and extra copies of
rare tRNAs could be one of the best strains for S30 extract preparation (70).
The yield of cell-free synthesized protein depends to a large extend on an efficient
translation reaction (76). Minimization of secondary structure formation in the mRNA37

transcript by optimization of the nucleotide sequence encoding the N-terminal region has
been shown to increase the yields of target protein (77). The idea of construct optimization
has even been commercialized by Roche with their ProteoExpert system, which is based on
introduction of silent mutations into the gene construct to enhance yields of cell-free
synthesized protein. We have prepared vector constructs for cell-free expression of fusion
proteins containing an N-terminal GB1-domain and compared the yields with protein
produced in pIVEX2.4 (Figures 2.3, 2.4 and 2.5). Strikingly, fusion protein expression with
GB1 resulted in up to 3-fold increased protein yields when compared with pIVEX2.4
without significantly reducing the amount of insolubly produced protein (Figure 2.5). This
suggests that the expression with the N-terminal GB1 domain enhances translation
efficiency, despite the fact that both vector constructs contain identical codons encoding
the first 23 amino acids (Figure 2.3). This vector could therefore provide a simple solution
for enhanced protein synthesis yields without having to optimize the target gene
sequence in a lengthy and tedious fashion.
We have shown that the N-terminal GB1-domain can be easily removed from the target
protein in cases where this is desired for subsequent studies with the protein, simply by
carrying out a proteolytic digestion with thrombin (Figures 2.6 and 2.7). Removal of the Nterminal GB1-domain will also lead to a protein sample with a homogeneous N-terminus
because N-terminal heterogeneity observed due to partial removal of the starting
methionine in proteins produced by cell-free will be abolished after tag removal (31). In
addition, the GB1-domain has been proposed to be an ideal solubility tag for poorly
behaving proteins in NMR studies (78) because the tag has a relatively low molecular mass,
significantly increases solubility, and can easily be identified in the NMR spectra by
comparison with the available resonance assignments. We could show that the GB1domain does not influence the fold of the target protein (Figure 2.7) and that the flexible
linker between GB1 and target protein allows independent domain mobility.
By carrying out batch mode cell-free expression of human target proteins with S30 extract
derived from E. coli BL21 (DE3) RIPL-Star cells and a vector providing an N-terminal GB1domain, we were able to solubly produce all ten target proteins and to record 2D [15N,1H]HSQC spectra of nine target proteins (Figures 2.8−2.12). The amounts of soluble protein
obtained from 10 mL batch-mode reactions ranged from 1.8 to 8.6 mg target protein,
emphasizing the fact that these yields refer to the purified protein (Table 2.4). The 2D
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[15N,1H]-HSQC spectra recorded of the nine target proteins was in agreement with the
expected globular fold of each individual protein, suggesting that we have produced
functional and active protein (Figures 2.8−2.12).

Conclusion
We have established an E. coli-based cell-free synthesis platform which allows simple and
efficient high-yield production of human proteins. The success of our system is based on
the following factors: (1) due to economical and preparative reasons all cell-free
expressions are carried out in simple batch mode; (2) the production of a highly active S30
extract containing rare tRNAs and an inactivated RNase E allows efficient cell-free
production of eukaryotic proteins; (3) target proteins are produced as a fusion with a Nterminal GB1-domain which results in at least 2-fold increased protein yields. Combining
these principles, we were able to obtain between 1.8 and 8.6 mg of highly purified
functional human protein from a 10 mL batch-mode cell-free reaction, which easily
allowed us to record NMR spectra. Given the well-known difficulty to express human
proteins, we obtained surprisingly high amounts of folded protein, which implies that our
platform is ideally suited for the milligram production of active and folded human proteins.
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2.2 An E. coli-based Cell-free System for Efficient Production of Soluble
Human Proteins Containing Disulfide Bonds
The preparation of proteins containing disulfide bonds is difficult, as it requires folding of
the protein with simultaneous formation of correct disulfide bond pattern (79). Proteins
with disulfide bonds are therefore often produced into inclusion bodies and are refolded
by transferring the denatured protein into an environment which supports both folding
and formation of disulfide bonds (80-82). However, this method is often lengthy and not
very efficient, especially with proteins from higher eukaryotes. Based on the platform for
cell-free production of human proteins described above, an efficient system for eukaryotic
protein synthesis with concomitant disulfide bond formation was envisaged. Ideally, this
system should provide soluble, active proteins in milligram quantities, as required for
functional and structural studies.

Protein selection for optimization of disulfide-bond formation
The three proteins human doppel, mouse doppel (hDpl and mDpl, respectively) and
mouse interleukin-22 (mIL-22), each containing two disulfide bonds (Table 2.5), were
selected as test proteins for screening for optimal conditions which allow disulfide bond
formation during in vitro protein synthesis.

Effect of S30 extract on protein disulfide bond formation during cell-free synthesis
An E. coli BL21 (DE3) RIPL-Star strain was generated by combining beneficial genetic traits
of E. coli BL21 (DE3) Star (Invitrogen) and E. coli BL21 (DE3) CodonPlus (Stratagene) into one

Table 2.5: List of proteins which were employed in the optimization of the cell-free expression
system to allow disulfide bond formation. “Doppel” is a protein that is closely related to the
prion protein.
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Figure 2.13: SDS-PAGE illustrating the influence of different S30 extracts on soluble cell-free
expression of murine interleukin-22 containing two disulfide bonds. The reactions were carried
out at 30°C for 2 hours and the redox potential in the reaction mixture was adjusted by addition
of various ratios of GSH/GSSG either in presence (+) or absence (-) of DsbC. Each lane was loaded
with 3.75 μL reaction mixture supernatant. The arrow indicates the position of the band
corresponding to mouse interleukin-22, observable only in the panel on the right (see text).

strain (Figure 2.1). This strain was employed for the preparation of a S30 extract especially
suited for the cell-free synthesis of eukaryotic proteins as it provides the genes encoding
for rare-coding tRNAs which frequently limit heterologous expression of eukaryotic
proteins in E. coli. In addition, RNase E, one of the major RNases in E. coli is inactivated
which is highly beneficial for the stability of mRNA produced in the transcription reaction.

In addition, we have prepared a S30 extract derived from the E. coli Origami (DE3) strain
(Novagen), which contains mutations in the genes encoding thioredoxin reductase (trxB)
and glutathione reductase (gor). This particular strain was shown to significantly enhance
disulfide bond formation in the bacterial cytoplasm, resulting in up to ten times more
active protein (83). Cell-free expression of mIL-22 was carried out in small-scale test
expressions containing a S30 extract prepared from either E. coli BL21 (DE3) RIPL-Star, E.
coli Origami (DE3), or E. coli BL21 (DE3) Star cells. Furthermore, the reaction mixtures were
supplemented with various ratios of reduced and oxidized glutathione to investigate the
influence of different redox potentials on soluble expression of the protein. Some of the
reactions were additionally supplemented with 5.1 μM of the disulfide bond isomerase C
(DsbC). The reaction supernatant was analyzed by SDS-PAGE, revealing that significant
amounts of soluble mIL-22 were only produced in reactions containing S30 extract derived
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Figure 2.14: Tolerance of the cell-free expression system towards oxidizing redox conditions.
OmpX was expressed at 30°C for 2 h in the presence of the indicated concentrations of GSH and
GSSG and was supplemented with 15 μM DsbC. After the reaction, the insoluble fraction was
loaded onto a SDS-PAGE gel. Each lane corresponds to 3.5 μL reaction mixture. N: negative
control reaction without template DNA.

from E. coli BL21 (DE3) RIPL-Star cells and that the protein yield was greatly increased in a
more highly oxidizing environment in the presence of DsbC (Figure 2.13).

Tolerance of protein synthesis towards oxidizing conditions
To determine the tolerance limits of the cell-free expression system towards an oxidizing
environment, small-scale test expressions of OmpX (devoid of cysteines) in presenece of
various concentrations of GSH and GSSG were conducted (Figure 2.14). In presence of
more than 20 mM GSSG, a substantial amount of the total protein in the reaction mixture
precipitated during mixing of all reaction components. After the reaction, the amount of
produced OmpX was analyzed on a SDS-PAGE, indicating that expression is not
significantly affected at a concentration of up to 10 mM GSSG, even in absence of GSH. At
higher oxidizing redox potentials, proteins from the cell-free system can be observed on
the gel indicating that these proteins are inactivated and precipitate under these
conditions. OmpX is produced at significantly lower yields in presence of 20 mM GSSG and
ceases to be synthesized at 30 mM GSSG, suggesting that the cell-free synthesis machinery
is no longer active (Figure 2.14).

Optimization of disulfide bond formation conditions
To be able to precisely determine the optimum conditions needed for disulfide bond
formation, another set of small-scale reactions was performed using a greater variation in
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Figure 2.15: Cell-free system optimization for soluble production of murine interleukin-22. The
cell-free synthesis reactions were carried out for 2 h at 30°C in presence of the indicated
concentrations of GSH, GSSG, and DsbC. 2.5 μL of the supernatant of each reaction was loaded
per lane on a SDS-PAGE gel. The arrow indicates bands corresponding to interleukin-22. N:
negative control reaction without template DNA.

the redox potential either in presence or absence of DsbC. SDS-PAGE analysis of the
supernatant clearly pointed out that soluble expression of mIL-22 is maximized in presence
of 2 mM GSH and 5−10 mM GSSG and that the addition of DsbC further increased the
soluble production by at least a factor of 2−3 (Figure 2.15). In agreement with our
observations, an examination of the insoluble fractions revealed that the amount of
insolubly produced mIL-22 is minimized under the same conditions were solubility is
maximized (data not shown), resulting in soluble production of more than 80% percent of
totally synthesized mIL-22. We then determined the optimal supplementation
concentrations of DsbC by adding various amounts of DsbC at a fixed ratio of 2 mM GSH
and 10 mM GSSG and identified the reaction which had highest yields of soluble protein
(Figure 2.15). The data indicated that supplementing the reaction with 5−10 μM DsbC
provides maximum yields of mIL-22 and that further addition of DsbC does not
significantly enhance the amount of soluble produced protein.
To analyze whether the conditions for optimal disulfide-bond formation in mIL-22 are also
transferable to obtain soluble expression and disulfide bond formation with other
proteins, a small-scale synthesis reaction with pIVEX2.4-hDpl was carried out analogously.
The screening of various redox potentials and concentrations of DsbC concluded that the
optimum conditions for soluble expression of hDpl require 2 mM GSH, 5−10 mM GSSG,
and 10−20 μM DsbC (Figure 2.16). However, as DsbC is derived from E. coli whereas our
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Figure 2.16: Optimization screens for maximization of soluble cell-free production of human
doppel illustrated by SDS-PAGE and Western blot. Reactions were carried out for 2.5 h at 30°C. In
a first analysis shown on the Western Blot in A, the redox potential was varied stepwise towards
more oxidizing conditions by altering the ratio of GSH to GSSG. 2.5 μL reaction mixture
supernatant was applied per lane. Based on the intensity of the observed bands, the highest
soluble yields are obtained at 2 mM GSH and 5 to 10 mM GSSG. Subsequently, a fixed ratio of 2
mM GSH and 5 mM GSSG was employed in further optimization reactions. To investigate the
influence of disulfide bond isomerases on soluble protein production, DsbC and PDI were
supplemented to the reaction mixture in varying concentrations. Western blot (B) and SDS-PAGE
(D) analysis with 1.75 μL reaction supernatant per lane indicated enhanced soluble yields after
addition of either DsbC or PDI. The positive effect levels off at ca. 10 μM supplemented enzyme.
In a subsequent test, the disulfide bond oxidase DsbA was supplemented at various
concentrations in presence of either 25 μM DsbC or PDI. A SDS-PAGE analysis with 1.75 μL
reaction mixture supernatant per lane presented in (C) suggests that addition of the disulfide
bond oxidase DsbA does not further increase soluble yields of the target protein. N: negative
control reaction without template DNA.

target proteins are of eukaryotic origin, we wanted to investigate whether a human
disulfide bond isomerase is more efficient in human protein disulfide bond formation than
the bacterial analog. We have carried out small-scale reactions with various concentrations
of human PDI at a fixed ratio of 2 mM GSH and 5 mM GSSG, which revealed that both DsbC
and PDI catalyze disulfide bond formation equally well at concentrations of up to 10 μM
enzyme (Figure 2.16 B). Beyond this concentration, only the further addition of DsbC
increased the soluble yields of the target protein, while further addition of PDI did not
significantly improve soluble expression. As both DsbC and PDI are isomerases, we wanted
to investigate the influence of supplementation of the reaction with the disulfide bond
oxidase DsbA and carried out test reactions with various concentrations of DsbA in the
presence of fixed concentrations of 2 mM GSH, 5 mM GSSG, and either 25 μM DsbC or PDI.
However, supplementation with DsbA did not have any significant influence on the yields
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Figure 2.17 Optimization screens for the soluble production of GB1-mouse doppel by cell-free
synthesis. Reactions were carried out for 2 h at 30°C and 2.5 μL reaction mixture supernatant was
applied per lane for Western blot analysis, which revealed that high yields of soluble protein are
obtained in the presence of 2 mM GSH and 5−10 mM GSSG. At concentrations higher than 10 μM
DsbC, no additional increase in soluble target protein can be observed. N: negative control
reaction.

of soluble produced protein, suggesting that the adjusted redox potential provides a
sufficient oxidative environment for efficient disulfide bond formation (Figure 2.16 C).

Influence of the N-terminal GB1-domain on soluble protein production
To determine the influence of the N-terminal GB1-solubilty domain on soluble yields, the
gene encoding hDpl was inserted into pCFX1 and small-scale test expressions of hDpl both
with and without the GB1-solubility domain under optimum conditions (2mM GSH, 5 mM
GSSG, 10 μM DsbC) were carried out. Analysis of the soluble supernatant by SDS-PAGE and
Western Blot clearly indicated significantly higher expression levels for the GB1-fusion
construct (data not shown). To precisely quantify the enhancement in soluble yield, two 10
mL BMCF expressions of [u-15N]-hDpl either with (pCFX1) or without (pIVEX2.4) the GB1solubility domain were performed. The obtained soluble hDpl protein from each reaction
was then purified and quantified by measuring the UV absorption at 280 nm, which
indicated yields of 3.3 mg purified hDpl in pCFX1 and 0.74 mg in pIVEX2.4. Therefore,
expression with the N-terminal GB1-domain resulted in more than 4-fold increase in
soluble protein.

Soluble expression of the mouse doppel protein
The gene encoding the mouse doppel was cloned into pCFX1 and was expressed in small-

Table 2.6: Yields of soluble target protein per mL reaction mixture obtained after purification.
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Figure 2.18: 2D [15N,1H]-HSQC spectra of 140 μM [u-15N]-GB1-murine doppel before (A) and after
(B) thrombin cleavage to remove the N-terminal GB1-solubility domain. The protein was
synthesized in a 10 mL batch mode cell-free reaction and the sample buffer contained 20 mM
sodium acetate, pH 5.2, 100 μM EDTA, 10 μM sodium azide, and 5% D2O. Red crosses correspond
to the near-complete resonance assignments of an almost identical mDpl construct (BMRB 4938)
(81).

scale reactions in the presence of varying redox potentials and concentrations of DsbC.
Analysis of the soluble supernatant on a Western Blot indicated that the previously
established optimum conditions for disulfide bond formation also hold true for the mouse
doppel containing the N-terminal GB1-solubilty domain (Figure 2.17). Subsequently, a 10
mL BMCF reaction using [u-15N]-labeled amino acids was carried out yielding 1.7 mg
protein after purification. The lower yields of 1.7 mg mDpl compared to 3.3 mg of hDpl is
potentially reflecting the increased preparative difficulty to produce samples of the mouse
variant (Table 2.6). To show that the GB1-domain can easily be removed from the protein,
the fusion construct was digested for 1.5 h with 10 units thrombin per mg GB1-mDpl
protein and was applied on a Ni-NTA column to separate the cleaved GB1-domain and
potentially undigested fusion protein from the mDpl protein (Figure 2.6).
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Figure 2.19: 2D [15N,1H]-HSQC spectra of 200 μM (A) and 275 μM (B) [u-15N]-human doppel
recorded at 293.1 K on a Bruker DRX-750 spectrometer. The protein measured in (A) was
synthesized without the N-terminal GB1-domain in a 20 mL batch reaction while the protein
measured in (B) was produced with pCFX1 as a fusion to the GB1-domain in a 10 mL batch
reaction. The NMR sample buffer contained 20 mM sodium acetate at pH 5.0 and 5% D2O. Red
crosses correspond to published resonance assignments of the hDpl protein (BMRB 5145) (80).

NMR analysis of cell-free produced doppel variants
2D [15N,1H]-HSQC spectra were recorded with the mDpl protein both before and after
removal of the N-terminal GB1-domain. The available backbone amide resonance
assignments were then superimposed onto the processed spectra (Figure 2.18), revealing
that the observed NMR signals in both protein preparations are consistent with the
published data (81). This suggests that both protein constructs resemble the globular fold
of the native protein. Additional NMR resonances in Figure 2.18A originate from the Nterminal (His)6-tag and the GB1-solubility domain.
Both preparations of the human doppel protein synthesized either with or without the Nterminal GB1-domain were analyzed by NMR. In analogy to the mouse doppel protein, 2D
[15N,1H]-HSQC spectra were recorded of each hDpl protein construct and were
superimposed with the previously published protein backbone amide resonances (80),
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Figure 2.20: 2D [15N,1H]-HSQC spectra of 50 μM [u-15N]-interleukin-22 measured at 310.15 K on a
Bruker DRX-750 spectrometer. The protein was produced in a 10 mL batch mode cell-free
reaction and was subsequently purified by cation-exchange chromatography and Ni-NTA
affinity chromatography. In (A), the sample contained 6 mM sodium phosphate at pH 7.0, 68 mM
sodium chloride, 2.2 mM potassium chloride, and 10% D2O, whereas in (B) the protein was
denatured in a solution containing 20 mM potassium phosphate at pH 6.3, 8 M urea, 10 mM DTT,
and 10% D2O.

again implying that the cell-free produced protein attains a globular fold which is
consistent with the published structure of the native protein (Figure 2.19). The additional
NMR signals observed in the both spectra are originating from the respective N-terminal
purification- and solubility-tags (Figure 2.19).

Analysis of cell-free produced mIL-22
A 10 mL BMCF expression using [15N]-labeled amino acids was subsequently carried out
applying the identified optimal conditions, and the obtained soluble protein was purified
by both cation-exchange chromatography and Ni-NTA affinity chromatography (Figure
2.21) and a NMR sample was prepared containing 50 μM [u-15N]-mIL-22 in PBS at pH 7.0.
The human variant of interleukin-22 is a well-characterized protein and was found
previously to be either dimeric or tetrameric in solution (84). In agreement with enhanced
relaxation of transverse magnetization during NMR experiments expected of an oligomeric
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Figure 2.21: 10%-SDS-PAGE performed with fractions obtained during purification of murine
interleukin-22 after (A) cation-exchange chromatography and after (B) Ni-NTA affinity
chromatography. The protein was produced in a 20 mL batch mode cell-free reaction carried out
for 2 h at 30°C in presence of 2 mM GSH, 10 mM GSSG and 5 μM DsbC. During purifications, the
collected fraction volume was set to 5 ml and 3.75 μL of each fraction were loaded onto the gel.
The numbers indicate respective fractions and the arrow points at protein bands corresponding
to interleukin-22. R: purified interleukin-22 as a reference.

protein with a combined molecular mass of at least 33.3 kDa, the 2D [15N,1H]-HSQC
spectrum revealed only a subset of the amide resonances which would theoretically be
expected based on the number of amino acids in the protein (Figure 2.20 A). To confirm
the oligomeric nature, mIL-22 was denatured in 8 M urea and a 2D [15N,1H]-HSQC spectrum
was recorded which displayed the expected number of 141 backbone amide resonances
(Figure 2.20 B).
In the following, a 20 mL BMCF reaction was set up and the obtained soluble protein was
prepared for in-vivo studies. The final yield of highly purified mIL-22 after two
chromatography steps and several rounds of dialysis was 2.8 mg protein, providing 2 mL of
70 μM mIL-22 in phosphate-buffered saline (Figure 2.21). The protein preparation was
subsequently successfully employed in in-vivo allergic airway disease experiments with
mice in the group of Prof. Becher (University of Zürich), demonstrating that the cell-free
produced protein is functionally active (data not shown).

Validation of disulfide bond formation
The free sulfhydryl content of the human and mouse doppel and mIL-22 protein
preparations obtained from large-scale cell-free production was determined by the Ellman
assay as described in the Materials and Methods section. Within the experimental error, all
of the produced proteins revealed no significant free sulfhydryl content, suggesting that
disulfide bonds had been successfully formed.
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Table 2.7: Selection of ten human target proteins containing disulfide bonds for in vitro
expression.

Selection of human proteins containing disulfide bonds
To further analyze and to be able to confirm the general applicability of the established
protocol for cell-free production of soluble proteins containing disulfide bonds, a larger set
of new target proteins was selected. Ten human proteins containing between one and
eight disulfide bonds (Table 2.7) were chosen to analyze the robustness and efficiency of
the cell-free expression system. All target proteins had a molecular mass smaller than 25
kDa, and no three-dimensional structures were available.

Cell-free production of ten human proteins containing disulfide bonds
The target genes were inserted in both pIVEX2.4 and pCFX1, thus providing constructs
with and without the GB1-solubility domain. In one experiment, all ten targets in pIVEX2.4
were expressed under standard cell-free synthesis conditions in absence of GSH, GSSG, and
DsbC. In parallel, small-scale test expressions of target constructs both with (pCFX1) and
without the GB1-domain (pIVEX2.4) were conducted using the determined optimal
conditions for disulfide bond formation (2 mM GSH, 5 mM GSSG, 20 μM DsbC). The
supernatant of each reaction was then analyzed on a Western Blot and revealed that in
absence of GSH, GSSG, and DsbC, only one target protein is produced in soluble form
(Figure 2.22 A). Under optimized conditions for disulfide bond formation, six of the ten
targets in pIVEX2.4 were expressed with rather low yields in soluble form (Figure 2.22 B),
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Figure 2.22: Western blot analysis of the
supernatant obtained from cell-free
synthesis of the ten disulfide bondcontaining human proteins (Table 2.7) in
three different systems: (A) with N-terminal
(His)6-tag in pIVEX2.4 under standard
reaction conditions, (B) with N-terminal
(His)6-tag in the presence of 20 μM DsbC, 2
mM GSH, and 5 mM GSSG, and (C) as a
fusion protein with the N-terminal (His)6tag plus the GB1-domain in the presence of
20 μM DsbC, 2 mM GSH, and 5 mM GSSG.
Reactions were carried out in 100 μL batch
reactions at 30°C for 2h. Arrows indicate
the bands corresponding to the respective
target proteins. In each lane 2.5 μL of the
reaction mixture supernatant was applied.
P: Positive control (FKBP); N: Negative
control (reaction mixture without template
DNA) ; 1: Matrix Gla protein; 2: Suppression
of tumorigenicity 16 protein (IL-24); 3:
Interleukin-15; 4: Apoptosis-related protein
3; 5: Beta-defensin 125; 6: Scrapieresponsive protein 1; 7: Natural killer cells
protein 4 (IL-32); 8: T-cell growth factor P40
(IL-9); 9: Folate receptor alpha; 10:
Leukocyte
cell-derived
chemotaxin-2
(hLECT2).

whereas all ten targets in pCFX1 were produced in soluble form (Figure 2.22 C). With the
exception of one target protein, all targets exhibited rather nice expression levels, some of
which were comparable to the obtained expression levels of the three optimization targets
(compare to Figures 2.16 B and 2.17).
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Discussion
Human and mouse doppel and mouse interleukin-22 (Table 2.5) were selected as target
proteins for optimization of disulfide bond formation because all three proteins could not
be produced in soluble form by in vivo expression in Escherichia coli (80-82). In addition, the
efficiency of refolding was particularly low with these proteins, requiring five repetitive oncolumn refolding cycles for the human protein to obtain reasonable yields (80).The mouse
variant was selected in addition to the human variant because its in vivo preparation was
even less efficient (unpublished data, T. Lührs), thus providing a more ambitious target
protein. NMR resonance assignments of both prion-like protein variants were available,
which provided a means to check if the cell-free produced protein exhibits the same
globular fold as observed in the published structure (80,81). We also had the opportunity
to confirm the activity of mouse interleukin-22 by providing the protein for in-vivo studies
conducted with mice in the group of Burkhard Becher at the University of Zürich.

Analytical cell-free reactions carried out to find the optimum conditions for soluble protein
production with the three test proteins mIL-22, hDpl, and mDpl revealed that maximum
production of soluble protein requires the presence of ca. 5−20 μM DsbC, 2 mM GSH and
5-10 mM GSSG (Figures 2.13, 2.15−2.17). It appears that the exact optimum depends on
the individual target protein, as best conditions for mIL-22 required less DsbC and more
GSSG than in the case of hDpl and mDpl (Figures 2.15−2.17).

Importantly, the total concentration of free sulfhydryl groups in the reaction mixture does
not solely comprise the supplemented 2 mM GSH, but also includes 2.07 mM DTT, 2.145
mM 2-ME, and 1.5 mM cysteine which are originating from the S30 extract and the ERCNsolution (Table 2.8). Taking this into consideration, the reaction mixture will contain a total
of 7.5 mM sulfhydryl groups and 5−10 mM GSSG during synthesis, which constitutes a
well-buffered redox environment. Interestingly, the ratio of GSH/GSSG in the endoplasmic
reticulum, the compartment where disulfide bonds of human proteins are formed, was
determined to range from 1:1 to 3:1 (85,86), which is in good agreement with our
determined optimum conditions.
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Table 2.8: Stock solutions required for preparation of 10 mL reaction mixture (A), 10 mL ERCNsolution (energy-regeneration, cofactors, nucleotides) (B), and 100 mL feeding solution for a 10
mL CECF reaction. In (D) the final concentration of all components in a 10 mL batch mode
reaction is shown.

The presence of sufficient concentrations of free sulfhydryl groups in our system ensures
that adequate concentrations of reduced cysteine are available for protein incorporation
and that the whole transcription and translation machinery remains in an active and
competent state for protein production. Formation of correct pairs of disulfide bonds is
greatly facilitated by the action of the disulfide bond isomerases DsbC and PDI but their
mode of action requires the presence of free sulfhydryl groups to complete the catalytic
cycle of reducing a mismatched disulfide bond in a folding protein. A limiting
concentration of free sulfhydryl groups would therefore reduce the enzymatic activity of
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the isomerase which subsequently affects the yields of corrected folded protein (87).
Therefore, a well-buffered redox environment should help to guarantee a high catalytic
activity of disulfide bond isomerases throughout the protein synthesis reaction.
An investigation on the effect of S30 extracts derived from either E. coli BL21 (DE3) Star, E.
coli BL21 (DE3) RIPL-Star, or E. coli Origami (DE3) on the soluble expression of mIL-22
pointed out that only the reaction containing S30 extract from E. coli BL21 (DE3) RIPL-Star
cells produced significant amounts of soluble protein (Figure 2.13). Cell-free expression of
the test protein FKBP using E. coli Origami (DE3)-derived S30 extract showed very low
expression (data not shown), suggesting that E. coli Origami (DE3) cells are not an
appropriate source for preparation of cell extract intended for in vitro protein synthesis.
Interestingly, the soluble yields of mIL-22 obtained from reactions with E. coli BL21 (DE3)
Star S30 extract were repeatedly lower than with reactions containing E. coli BL21 (DE3)
RIPL-Star S30 extract, suggesting that the availability of rare-codon tRNAs might limit
expression of this protein when E. coli BL21 (DE3) Star S30 extract is being used for cell-free
synthesis.
A comparison of the influence of the disulfide bond isomerases PDI and DsbC on soluble
production of the hDpl protein implied that human PDI exhibits almost the same effect as
the bacterial DsbC (Figure 2.16 B, D), but does not provide a specific advantage over DsbC
in producing soluble human proteins containing disulfide bonds. Due to the lower yields
of PDI obtained after in-vivo expression and purification and due to the slightly lower
activity compared to DsbC, we decided for DsbC as the helper protein in disulfide bond
formation.
Expression of the hDpl protein as a fusion to GB1 in pCFX1 significantly increased the
yields from 0.7 mg protein without the GB1-domain to 3.3 mg of purified protein with the
GB1-domain. The increased yields obtained with the GB1-domain originate most likely
from a combined effect that includes both an increased total production of protein due to
enhanced translation efficiency (Chapter 2.1) and an increase in solubility of the protein
construct which could prolong the lifetime of folding intermediates before irreversible
precipitation occurs, thus providing the protein with more time to form the correct
disulfide bonds and to attain its native conformation.
2D [15N,1H]-HSQC spectra of hDpl prepared with and without the N-terminal GB1-domain
pointed out that hDpl attains the same globular fold in both preparations (Figure 2.15). A
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comparison to the available backbone amide resonance assignments confirmed that the
globular fold of cell-free produced hDpl is consistent with the globular fold of the
published structure (80) (Figure 2.19). NMR experiments conducted with cell-free
produced GB1-mDpl fusion protein also confirmed that the cell-free produced protein is in
agreement with the globular fold of the published structure, and remains in this folded
state after removal of the GB1-domain by thrombin cleavage (Figure 2.18). Furthermore,
no indication of the presence of unfolded or incorrectly folded protein is seen in the
spectra. This result indicates that the enhanced yields of doppel proteins containing an Nterminal GB1-domain are due to enhanced production of folded protein and that the GB1domain does not significantly solubilize fusion protein with an unfolded or incorrectly
folded domain.
In accordance with reports that interleukin-22 is either dimeric or tetrameric in solution
(84,88), analysis of a 2D [15N,1H]-HSQC spectrum recorded of mIL-22 suggested the
presence of an oligomeric state in solution (Figure 2.20 A). CD spectroscopy further
revealed the presence an exclusively α-helical protein which agrees with the published
structure of the highly homologous human variant (82) (data not shown).
To exclude the possibility that our target proteins hDpl, mDpl, and mIL-22 had obtained
the correct globular fold without having formed disulfide bonds, we carried out an analysis
of the free sulfhydryl content of the protein preparations, confirming the presence of
disulfide bonds.
One of the great advantages of our cell-free system for production of human proteins
containing disulfide bonds is that it requires only the addition of GSH, GSSG, and DsbC and
provides soluble, folded protein with yields in the range of 0.15 to 0.33 mg highly purified
protein per mL reaction mixture (Table 2.6). Several other previously reported systems for
production of proteins with disulfide bonds are based on eukaryotic cell extracts and
produce rather low yields in the range of 1−40 μg active protein per mL reaction mixture
(54,89). In addition to the low yields, the preparation of cell extracts required for such
eukaryotic cell-free systems is very cumbersome (56,90). Cell-free expression systems
based on E. coli cell extracts supporting disulfide bond formation have also been reported,
but the yields of soluble and active protein did not exceed 40 μg per mL reaction mixture
(87,91). Other E. coli-based cell-free systems for disulfide bond formation were recently
proposed based on a pre-treatment of the cell extract with iodoacetamide (91) or GSSG
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(92) to reduce the free sulfhydryl content of the extract. However, this treatment
significantly reduced the translational activity of the extract and resulted in production of a
maximum of 40−60 μg active protein per mL reaction mixture (91,92). Another E. colibased system which exceeded previously achieved protein yields was recently proposed
by the Swartz group; however, they need to perform a pre-treatment of the cell-extract to
decrease its reducing potential (77). In addition, energy supply in this system relies on
reactivation of central metabolic pathways in the extract, which most likely disqualifies this
system from amino acid-selective stable isotope labeling applications (32).
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Conclusion
We have presented a simple and efficient cell-free system for soluble production of human
proteins containing disulfide bonds, which does not require any modifications or pretreatment of the S30 extract. In addition, our system supports high catalytic activity of
disulfide bond isomerases by providing sufficient free sulfhydryl contents and closely
mimics the redox potential present in the endoplasmatic reticulum. We have optimized
the reaction conditions to allow the production of up to 3.3 mg of highly purified and
natively folded protein from a 10 mL batch-mode reaction. These optimized conditions
could also be transferred to allow high-yield soluble expression of ten human proteins
containing various numbers of disulfide bonds. Therefore, we have shown that this system
is highly suited for soluble production of milligram amounts of human proteins containing
disulfide bonds.
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2.3 Materials and Methods

Preparation of DEPC-treated water
Diethylpyrocarbonate (Fluka) was added to ultrapure de-ionized water (Milli-Q plus
Ultrapure water system, Millipore) water to a final concentration of 0.1% (v/v) DEPC and
was stirred overnight at room temperature (23 °C). The solution was then autoclaved for 15
min at 121 °C and was cooled down before use.

Cloning of target genes
The human doppel protein hDpl(24−152) was prepared in the Wüthrich group from
human genomic DNA (80). pET21 containing human dihydrofolate reductase was a kind
gift of Arthur Horwich. All other human target proteins were cloned from commercially
available cDNA libraries (ImaGenes, Berlin). Murine doppel protein mDpl(24−155) was
previously amplified from mouse DNA and was inserted into pRSETA using the BamHI and
EcoRI restriction sites (93). Murine interleukin-22 was prepared from mouse extracts in the
group of Burkhard Becher. The cell-free expression vectors pIVEX2.3 and pIVEX2.4 were
purchased from Roche, pCFX1 and pCFX2 were prepared as described below. All target
proteins were amplified by PCR (HotStar Taq Master Mix Kit, Qiagen) from their respective
source DNA using the oligonucleotide primers (Microsynth, Switzerland) given in Table 2.9
on a Biometra Thermocycler (Biometra). The obtained PCR products were checked and
size-verified by running a 1% agarose gel (Applichem Low EEO agarose) and were
subsequently extracted from the gel (QIAEX II gel extraction kit, Qiagen) and digested with
the corresponding restriction enzymes (New England Biolabs; Fermentas) as shown in
Table 2.9. After heat inactivation of the restriction enzymes at 65 °C for 15 min, the PCR
product was purified from distal restriction digest fragments using QIAEX II beads and the
concentration of the obtained insert was spectrophotometrically determined measuring
the UV absorption at A260. The recipient vector was digested in parallel with corresponding
pairs of restriction enzymes and was de-phosphorylated with Calf Intestine Alkaline
Phosphatase (New England Biolabs). The excised DNA fragment was separated from the
vector by agarose gel electrophoresis and gel extraction. The concentration of the
recipient vector was determined by measuring A260. A two-fold molar excess of insert over
recipient vector making a total of ca. 200 ng DNA was incubated with 280 Units T4 DNA
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Table 2.9: A list of PCR oligonucleotide primers that were used to amplify the individual target
genes from their respective sources. Primer-integrated recognition sites for restriction enzyme
digestion are indicated in parenthesis.

Ligase (New England Biolabs) in a 10 μL reaction for 1 h at 16 °C. A total of 5 μL ligation
mixture was then used for transformation of 200 μL chemically compentent E. coli
DH5α (Invitrogen) or XL10 (Stratagene) cells. The cell suspension was streaked out on a LB
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agar plate containing 100 μg/mL ampicillin and was incubated for 12−18 h at 37 °C.
Positive transformants were chosen for inoculation of two to three 6 mL LB cultures
containing 100 μg/mL ampicillin which were incubated in a 14 mL round-bottom culture
tube (Greiner Bio-One) for 8−10 h at 37 °C and 250 rpm. The cells were harvested by
centrifugation (10 min at 4000 × g) and were further processed either with the QIAprep
Spin Miniprep Kit (Qiagen) or the NucleoSpin Plasmid Kit (Macherey-Nagel). 10 μL of the
obtained plasmid solution was digested with the pair of restriction enzymes used for
cloning and the insertion of the PCR product into the target vector was validated by
analytical 1% agarose gel electrophoresis. Positive constructs were then sent out for
sequencing (Microsynth, Switzerland) or were sequenced in-house on an ABI prism 310
Genetic Analyzer.

DNA sequencing
500 ng target DNA was amplified on a Biometra Thermocylcer (Biometra) in a 20 μL
solution containing 250 nM of either the T7 (TAA TAC GAC TCA CTA TAG G) or the T7
Terminator (TGC TAG TTA TTG CTC AGC GG) oligonucleotide primer using the BigDye
Terminator v3.1 kit (Applied Biosciences). The PCR program was composed of 25
repetitions of the following cycle: 10 s at 96 °C, 5 s at 50 °C, 4 min at 60 °C. The PCR solution
was then thoroughly mixed with 2 μL of 3 M NaOAc (pH 5.2) and 50 μL ethanol and was
centrifuged for 30 min at 18000 × g at room temperature. The supernatant was carefully
removed by pipetting and the pellet was washed with 250 μL 70% (v/v) ethanol. After 15
min centrifugation at 18000 × g, the supernatant was again removed by pipetting and the
pellet was dried over blue gel in a desiccator under vacuum in a dark place. The dried
pellet was dissolved in 20 μL ultrapure de-ionized water and loaded into the ABI prism 310
Genetic Analyzer. The PCR fragments were separated by electrophoresis at 11.3 kV and a
gel temperature of 50 °C. The laser power was set to 9.9 mV.

Large-scale preparation of plasmids for cell-free expression
Sequence-verified plasmids were then used for re-transformation into E. coli DH5α or XL10
cells. Three clones were then picked for inoculation of 500 mL LB medium containing 100
μg/mL ampicillin. The culture was incubated in a 2 L Erlenmeyer flask at 37 °C and 180 rpm
for 18 h and was then harvested by centrifugation (15 min at 6000 × g). The obtained cell
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pellet was further processed either with the Qiagen Plasmid Maxi Kit (Qiagen) or the
Nucleobond PC500 Kit (Macherey-Nagel). The obtained plasmid pellet was dried over blue
gel in a desiccator and was then dissolved in 500 μL DEPC-treated Millipore water. Typical
yields were in the range of 0.5 to 1.5 mg plasmid DNA.

Cloning of the GB1 solubility domain vectors pCFX1 and pCFX2
The B1 domain of protein G was amplified by PCR from pET30a-GB1 (78) using the 5’- and
3’-oligonucleotide primers ATA AGA ATG CGG CCG CCA GTA CAA ACT GAT CCT GAA CGG
and GGA ATT CCA TAT GGC TGC CGC GCG GCA CCA GGC CGC TGC TTT CGG TAA CGG TGA
AGG TTT TGG, respectively. The obtained PCR product was inserted into pIVEX2.4 using the
NotI and NdeI restriction enzymes according to the procedures described above. The
generated pCFX1 vector was verified by sequencing on the ABI prism sequencer.
The vector pCFX2 was generated from pCFX1 by QuikChange II XL site-directed
mutagenesis following the manufacturers protocol (Stratagene) using GAT ATA CCA TGT
CTG GTC GCC AGT ACA AAC TG and CAG TTT GTA CTG GCG ACC AGA CAT GGT ATA TC as
5’- and 3’-oligonucleotide primer, respectively. The sequence of the obtained pCFX2
construct was confirmed by DNA sequencing on the ABI prism sequencer. Both pCFX1 and
pCFX2 vectors were amplified by performing a plasmid maxi prep as described above
using the Nucleobond PC500 Kit (Macherey-Nagel).

Expression and purification of T7 RNAP
All culture media and plates were incubated at 37 °C and contained 100 μg/mL ampicillin
and 50 μg/mL chloramphenicol. All purification steps were performed either on ice or at 4
°C.
Preparation of (His)6-T7 RNAP
The plasmid pT7-911 (94) was obtained from T. E. Shrader and was transformed into E. coli
BL21 (DE3) pLysS cells following Novagens’ recommendations. Test expressions were
carried out to find the clone with highest expression levels as described below for DsbA. A
100 mL LB medium pre-culture was inoculated with a few μL of frozen glycerol stock and
was shaken overnight in a 1 L Erlenmeyer flask at 180 rpm. 2 L LB medium were then
inoculated with 10 mL overnight pre-culture and grown in four 2 L Erlenmeyer flasks to an
OD600 of 0.8 before induction with 1 mM IPTG for 3 h. The cells were harvested by
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centrifugation for 15 min at 6000 × g in a pre-cooled SLC-6000 rotor at 4 °C. The pellet was
frozen in liquid nitrogen and stored at -80 °C until the next day. After thawing on ice, the
pellet was resuspended in 30 mL buffer TH (50 mM sodium phosphate, pH 8.0, 300 mM
NaCl, 30 mM imidazole, 5 mM 2-ME) and was passed once through a French Press at 16000
psi. The lysate was centrifuged for 30 min at 30000 × g and the supernatant was passed
through a 0.2 μm sterile-filter before loading onto a HisPrep FF 16/10 column (GE
Healthcare) with a flow rate of 2.5 mL/min. Non-binding proteins were washed away with
buffer TH and binding proteins were eluted in 5 mL fractions with a 200 mL linear gradient
of 30 mM to 500 mM imidazole in buffer TH. Fractions containing T7 RNAP were detected
by running a SDS-PAGE as described below, and were pooled and dialyzed overnight in a
12−14 kDa MWCO SpectraPor4 dialysis membrane against 2 L dialysis buffer (50 mM TrisHCl, pH 7.8, 100 mM NaCl, 20 mM 2-ME, 1 mM EDTA, 2.5% (v/v) glycerol, 0.1% (v/v) Triton
X-100). The buffer of the protein solution was then replaced with storage buffer (100 mM
Tris-HCl, pH 7.8, 200 mM NaCl, 20 mM 2-ME, 2 mM EDTA) in several dilution-concentration
cycles with a 50 kDa MWCO Vivaspin-20 ultracentrifugation device (VWR International AG)
resulting in a dilution factor of ca. 120 and a final protein concentration of ca. 150 μM. The
protein solution was then mixed with one volume of glycerol and was stored in 500 μL
aliquots at -20 °C until needed.
Preparation of T7 RNAP without (His)6-tag
The gene encoding T7 RNAP was amplified by PCR from pT7-911 (94) using CAT GCC ATG
GGC TCA ATG AAC ACG ATT AAC ATC GCT AAG AAC and GCT GGA TCC GGC GTT ACG C as
5’- and 3’-oligonucleotide primers, respectively. The PCR product was then cloned into
pET19b (Novagen) using the NcoI and BamHI restriction sites and the obtained construct
was transformed into E. coli BL21 (DE3) pLysS cells which were streaked out on a LB agar
plate. After overnight incubation, four clones were picked for test expression as described
above. The frozen glycerol stock of the most promising clone was then chosen for
inoculation of 100 mL LB medium, which was incubated overnight in a 1 L Erlenmeyer flask
with shaking at 180 rpm. 20 mL of the overnight pre-culture were then used as inoculum
for 3 L LB medium which was incubated in two 5 L Erlenmeyer flasks with shaking at 150
rpm. At an OD600 of 0.8, the culture was induced with 1 mM IPTG and was harvested after 3
h by centrifugation for 10 min at 6000 × g. The pellet was frozen in liquid nitrogen and was
stored at -80 °C until the next day. After thawing on ice, the pellet was resuspended in
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sonication buffer (20 mM Tris-HCl, pH 8.0, 5 mM EDTA, 5 mM 2-ME, 1 mM PMSF) and was
sonicated at 6.5 dB with a large tip for a total processing time of 5 min (10 s on, 60 s off).
Cell debris was removed by centrifugation for 20 min at 30000 × g in a pre-cooled SS34
rotor and the supernatant was mixed with 0.1 volumes of 2 M (NH4)2SO4 (pH 7.5) and was
stirred for 1 h on ice. After 20 min centrifugation at 30000 × g in a SS34 rotor, the
supernatant was stirred with 0.82 volumes of ice-cold, saturated (NH4)2SO4 at pH 7.5 for 1 h
on ice. The precipitate was then collected by centrifugation for 20 min at 30000 × g in a
SS34 rotor and was dissolved in 30 mL dialysis buffer (10 mM sodium phosphate, pH 7.8, 25
mM NaCl, 0.5 mM EDTA, 0.5 mM DTT, 2.5% (v/v) glycerol) and was dialyzed overnight in a
12−14 kDa MWCO SpectraPor4 dialysis membrane against 4 L dialysis buffer. The protein
solution was passed through a 0.2 μm sterile filter (Minisart, Vaudaux-Eppendorf AG) and
was then loaded with a flow rate of 2 mL/min onto five 5 mL HiTrap Q FF columns
(Amersham) connected in line and pre-equilibrated with buffer A (20 mM sodium
phosphate, pH 7.8, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 5% (v/v) glycerol). Non-binding
proteins were washed off the column with buffer A and binding proteins were eluted with
a 200 mL linear gradient of 50 mM to 500 mM NaCl in buffer A. The eluate was collected in
5 mL fractions which were analyzed by SDS-PAGE. Fractions containing T7 RNAP were
pooled and concentrated at 3250 × g with a 50 kDa MWCO Vivaspin 20 ultracentrifugation
device down to 20 mL and were subsequently dialyzed overnight in a 12−14 kDa MWCO
SpectraPor4 dialysis membrane against 5 L storage buffer (100 mM Tris-HCl, pH 7.8, 200
mM NaCl, 20 mM 2-ME, 2 mM EDTA, 2.5% (v/v) glycerol). The protein solution was
concentrated at 3250 × g in a 50 kDa MWCO Vivaspin-20 ultracentrifugation device down
to 7.5 mL and was mixed with the same volume of glycerol. The solution was then
distributed into 500 μL aliquots and was stored at -20°C until needed.

S30 extract preparation
The procedure described here is a modification of the original protocol proposed by Chen
and Zubay (62) and the protocol proposed by Kainosho and coworkers (31). All equipment
used for extract preparation was treated sequentially with RNase-AWAY (Molecular
BioProducts) and DEPC-treated water and all solutions except culture media were
prepared with DEPC-treated water unless stated otherwise. Chemicals and consumable
materials were obtained from the suppliers indicated in Table 2.10. The cell cultures were
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Table 2.10: List of components that were used to prepare S30 extract and to run cell-free
reactions. All indicated prices correspond to manufacturer’s catalogue listings from January
2009.

incubated 37 °C and all preparative steps after cell harvest were performed on ice.
Centrifugation and dialysis was always performed at 4 °C.
5 ml LB medium devoid of antibiotics was inoculated with 200 μL E. coli BL21 RIPL-Star
glycerol stock and incubated in a 14 mL round-bottom culture tube with shaking at 200
rpm. After 1 h, the starter culture was transferred into 200 mL PYG medium (41.1 mM
KH2PO4, 165.9 mM K2HPO4, 10 g/L yeast extract, and 1% (w/v) glucose) supplemented with
20 μg/mL streptomycin and 20 μg/mL chloramphenicol and was shaken at 180 rpm
overnight in a 1 L Erlenmeyer flask. 5 × 25 mL of the overnight preculture was then
transferred into 5 × 1800 mL pre-warmed PYG medium containing 20 μg/mL streptomycin
and 20 μg/mL chloramphenicol and was shaken in 5 × 5 L Erlenmeyer flasks at 160 rpm. At
an OD600 of ca. 0.8, the culture was immediately harvested by centrifugation for 10 min at
6000 × g in a pre-cooled SLC-6000 rotor. The cell pellet was washed in two resuspensioncentrifugation cycles with 2 × 500 mL S30 buffer (10 mM Tris-OAc at pH 8.2, 60 mM KOAc,
14 mM Mg(OAc)2, 7.15 mM 2-mercaptoethanol, and 1 mM DTT) using a Polytron PT-3100
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cell homogenizer below 4000 rpm. The washed cell pellet was weighted and subsequently
resuspended in 2 mL S30 buffer per gram of cells, followed by cell disruption with a single
passage through a French Press at 16000 psi (Thermo Electron Corporation). The lysate was
cleared from debris by two centrifugation steps for 2 × 30 min at 30000 × g in a pre-cooled
SS-34 rotor. After each run, the supernatant was carefully removed by pipetting without
disturbing the pellet and the interphase. The obtained supernatant was then mixed with
0.25 volumes freshly prepared pre-incubation mixture (293.3 mM Tris-OAc, pH 8.2, 84 mM
PEP, 13.17 mM ATP, 9.24 mM Mg(OAc)2, 4.4 mM DTT, 40 μM amino acids, 6.67 U/ml
pyruvate kinase) and incubated for 40 min at 30 °C. The pre-incubation mixture was
subsequently centrifuged for 10 min at 4000 × g and the supernatant was transferred into
a 12−14 kDa MWCO SpectraPor4 dialysis membrane. After dialysis for 1.5 h against 1 L S30
buffer and overnight dialysis against 2 L fresh S30 buffer the extract was concentrated in a
10 kDa MWCO Amicon Ultra-15 ultrafiltration device (Millipore) until an A260 of ca. 350−450
was obtained (usually at a volume corresponding to the weight of the harvested cell
pellet). The concentrated S30 extract was then centrifuged for 10 min at 4000 × g to
remove insoluble particles and was frozen in 500 μL aliquots by immersion into liquid
nitrogen and was stored at -80 °C until needed. When stored properly at -80 °C, the S30
extract remains translation-competent for at least 6 months without a significant reduction
in activity.
S30 extract derived from E. coli BL21 (DE3) Star cells (Stratagene) was prepared using the
same procedure, except that culture media were devoid of antibiotics.

Batch mode cell-free protein synthesis
With the exception of S30 extract, all stock solutions required for cell-free synthesis were
stored in appropriate aliquots at -20 °C and were thawed on ice prior to use. The
components were mixed together according to the schemes shown in Table 2.8. If not
indicated otherwise, all reactions were carried out for 2.5 h at 30 °C with gentle agitation.
Analytical scale reactions with 100 to 1000 μL reaction mixture were carried out in 1.5 mL
centrifugation tubes (Vaudaux-Eppendorf) in a Thermomixer Comfort (Eppendorf) with
shaking at 550 rpm. Preparative scale reactions containing 1 to 10 mL reaction mixture
were performed in 15 mL centrifugation tubes (Greiner Bio-One) either in the Thermomixer
Comfort at 450 rpm or in a Unitron Plus Floor Incubator-Shaker (Infors AG) at 200 rpm.
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Large scale reactions with more than 10 mL reaction mixture were handled in 50 mL
centrifugation tubes (Greiner Bio-One) either in the Thermomixer Comfort at 450 rpm or in
the Unitron Plus Incubator-Shaker at 200 rpm.
After the reaction has been completed, the mixture was centrifuged to remove insoluble
material. Analytical scale reactions were centrifuged at room temperature for 5 min at
12000 × g and preparative or large scale mixtures were centrifuged at 16 °C for 10 min at
4000 × g. The supernatant was separated from the pellet by pipetting and was processed
as described below.

Continuous-exchange mode cell-free protein synthesis
The reaction solution required for running a continuous-exchange cell-free reaction was
prepared identically to a batch mode reaction. In addition, a feeding solution ten times the
volume of the reaction solution was prepared as indicated in Table 2.8 and was transferred
into a 14 mL round-bottom culture tube from Greiner Bio-One which had one cm of its
polypropylene top removed with a scalpel. The reaction mixture was then transferred into
a pre-rinsed 1 mL 50 kDa MWCO SpectraPor Float-A-Lyzer (Spectrum Labs) which was then
immersed into the feeding solution in the modified round-bottom culture tube. The upper
contact area between the Float-A-Lyzer and the culture tube was sealed with parafilm and
incubated for 20 h at 30 °C with shaking at 350 rpm in the Unitron Plus Incubator-Shaker.
After the reaction was completed, the solution was taken out of the Float-A-Lyzer by
pipetting and was centrifuged for 5 min at 10000 × g. Both feeding solution and reaction
solution were collected for subsequent purification.

CAT assay
An analytical scale cell-free synthesis was set up using pIVEX1.3-CAT (Roche) template DNA
according to the procedures described above. After various incubation times 5 μL of the
cell-free synthesis mixture were taken and thoroughly mixed with 500 μL 100 mM Tris-HCl
at pH 7.8. Subsequently, 5 μL of this dilution was thoroughly mixed by pipetting with 300
μL CAT reaction solution (100 mM Tris-HCl, pH 7.8, 1 mM DTNB, 100 μM acetyl-CoA, 100 μM
chloramphenicol) and the A412 was measured and noted every 15 seconds for a total of 3
min. The change of A412 per second (ΔΑ412/s) was calculated and was plotted against the
time after initiation of the cell-free synthesis reaction.
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Sample preparation for SDS-PAGE and Western Blot
50 μL of the reaction supernatant was precipitated with 500 μL ice-cold acetone (Merck)
and was incubated on ice for 5 min. The protein precipitate was collected by centrifugation
at 18000 × g for 5 min at room temperature and the supernatant was thoroughly removed
by pipetting. Remaining acetone was evaporated by 30 seconds exposure to a mild
airstream. The pellet was dissolved with 100 μL SDS-PAGE loading buffer (150 mM Tris, pH
6.8, 6% (v/v) 2-ME, 1.2% (v/v) SDS, 30% (v/v) glycerol, and a few crystals of bromophenol
blue) by pipetting, was heated up to 95 °C for 3 min, and was further homogenized by
vortexing for 10 min. The solution was then centrifuged at 12000 × g for 3 min before
loading 5 μL of the supernatant on the gel.
In those cases were the insoluble fraction was subjected to analysis, the obtained pellet
from 100 μL reaction mixture was washed once by re-suspension in 100 μL water and was
collected by centrifugation for 5 min at 18000 × g. The supernatant was removed by
pipetting and the pellet was dissolved in 100 μL SDS-loading buffer. The suspension was
then incubated at 95 °C for 3 min followed by vortexing for 10 min at room temperature
and was cleared from insoluble material by centrifugation for 3 min at 12000 × g.

SDS-PAGE
Protein samples were run on either the NuPAGE 4−12% Bis-Tris precast gel system (1 mm,
12 wells, Invitrogen) using denaturing MES running buffer (50 mM MES, 50 mM Tris base, 1
mM EDTA, 0.1% (w/v) SDS, pH 7.3) at 4 °C and a constant voltage of 150 V or with self-made
SDS-Tris-Laemmli gels using Tris-Tricine running buffer (100 mM Tris base, 100 mM Tricine,
0.1% (w/v) SDS) with water cooling at a constant current of 35 mA using the CBS Scientific
system (1 mm, 14 wells). SDS-Tris-Laemmli gels were prepared with 5.5 mL resolving gel
(12% 29:1 acrylamide:bisacrylamide, 390 mM Tris, pH 8.8, 0.1% SDS, 0.1% APS, 2.65 mM
TEMED) and ca. 1.6 mL stacking gel (5% 29:1 acrylamide:bisacrylamide, 122 mM Tris, pH
6.8, 0.1% SDS, 0.1% APS, 6.63 mM TEMED). All chemicals were obtained from Fluka. Applied
protein molecular weight standards included Fermentas unstained protein molecular
weight marker (SM0431) and NEB broad range (6−175 kDa) pre-stained protein marker
(P7708S).
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Protein bands were visualized by incubating the gel for 20 min in hot staining solution
(45% (v/v) methanol, 10% (v/v) acetic acid, 2.5 g/L Coomassie Brilliant Blue R) followed by
incubation in hot destaining solution (10% (v/v) methanol (Merck) and 10% (v/v) acetic
acid (Merck) in de-ionized Millipore water) until the desired contrast was achieved.

Western Blot
SDS-PAGE was carried out as described above. After electrophoresis, the gel was incubated
for 5 min in Towbin transfer buffer (192 mM glycine, 25 mM Tris, 20% (v/v) methanol, 0.1%
SDS) and was then blotted for 40 min at 340 mA (ca. 4.8 mA/cm2) and 4 °C onto either an
Optitran BA-S83 0.2 μm reinforced nitrocellulose membrane (Whatman) or an ImmobilonP 0.45 μm PVDF membrane (Millipore) in a Trans-Blot SD Semi-Dry Transfer Cell (Biorad). All
following steps were performed at room temperature with gentle shaking. The membrane
was subsequently blocked for 1 h in 20 mL TTBS (100 mM Tris-HCl, pH 7.5, 0.9% (w/v) NaCl,
0.1% (v/v) Tween-20) containing 5% (w/v) milk power (95% fat-free, Coop). The membrane
was washed twice for 5 min each with 20 mL TTBS and was then incubated for 90 min with
10 mL of a 1:5000 dilution of monoclonal murine Anti-polyHistidine antibody (Sigma,
H1029) in TTBS. After three times washing with each 20 mL TTBS for 5 min, the membrane
was incubated for 90 min with 10 mL of a 1:5000 dilution of Anti-Mouse IgG (Fc specific)
Alkaline Phosphatase Conjugate (Sigma, A1418) in TTBS. The membrane was subsequently
washed three times with TTBS as before and was immersed into 10 mL alkaline
phosphatase buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 5 mM Mg(Cl)2) and was
supplied with 17 μL of 115 mM BCIP in DMF (Roche) and 25 μL of 61.2 mM NBT (Sigma) in
DMF. After the protein bands were sufficiently developed, the reaction was stopped by
thoroughly washing the membrane with de-ionized water.

Evaluation of protein expression yields
After reaction completion, reaction mixtures were separated into soluble and insoluble
fractions by centrifugation as described above. The soluble protein obtained from
preparative and large scale reactions was subsequently purified as described below and
the concentration of the purified protein was determined spectrophotometrically by
measuring the absorption at 280 nm. Analytical scale reactions were analyzed by SDS-
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PAGE and/or Western Blot and the yields of produced protein were approximated by direct
comparison with visualized bands from reference proteins.

S30 extract quality characterization
The activity of the translational machinery in all prepared S30 extracts was investigated by
analytical-scale cell-free expressions of at least one of the model proteins CAT (in
pIVEX1.3), FKBP, and OmpX (both in pIVEX2.4). A reference reaction containing a S30
extract of known activity was always set up in parallel and the protein yields were directly
compared either by SDS-PAGE or using the CAT-assay.

Purification of target proteins
All purification steps were performed at 4 °C using an Aekta prime FPLC system
(Amersham) equipped with A280 and conductivity measurement devices. The target protein
solution obtained after centrifuging preparative scale cell-free reactions was applied on 50
mL Superloop and loaded onto a 5 mL HisTrap HP column (Amersham), pre-equilibrated
with buffer A (50 mM sodium phosphate, pH 7.25, 30 mM imidazole, 500 mM NaCl, 10 μM
NaN3). The flow-rate was set to 1 mL/min throughout the whole purification run and the
eluate was collected in 5 mL fractions. After all non-binding proteins were washed off the
column with buffer A, the target protein was eluted with 100 mL of a 30−500 mM linear
gradient of imidazole in buffer A. All fractions displaying significant absorption at 280 nm
were subjected to analysis by SDS-PAGE. For this, 5 μL of the corresponding fraction was
mixed with the same volume of SDS-PAGE loading buffer and was incubated at 95 °C for 3
min as described above. After a short spin-down at 12000 × g, 7.5 μL of each solution was
applied per lane and analyzed by running a 12% Tris-Tricine SDS-PAGE as described above.

Thromin cleavage of the GB1 solubility domain
The protein solution was dialyzed for at least 4 h or overnight against 2 L 1 × PBS (11.8 mM
sodium phosphate, pH 7.4, 4.4 mM KCl, 136.9 mM NaCl, 10 μM NaN3) in a 12−14 kDa MWCO
SpectraPor4 dialysis membrane at 4 °C. To determine the efficiency of thrombin cleavage
on a given fusion construct, 50 μg of fusion protein were incubated with 0.5 Units
thrombin (GE Healthcare) in 200 μL PBS at 23 °C with shaking at 550 rpm in a Thermomixer.
10 μL of the solution were taken out after various incubation times and the digestion was
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quenched by adding 0.5 μL of 100 mM PMSF (Applichem) and 10 μL SDS-PAGE loading
buffer. The time required for complete digestion was determined by running a 12% TrisTricine SDS-PAGE with 10 μL of the quenched reaction sample per well. The original
protein sample was then incubated with 10 Units thrombin per mg of fusion protein at 23
°C in 15 mL PBS at 550 rpm. After the time required for complete digestion was passed, the
reaction was quenched with 1 mM PMSF on ice and was loaded with 1 mL/min at 4 °C onto
a 5 mL HisTrap HP column pre-equilibrated with buffer A (50 mM sodium phosphate, pH
7.25, 30 mM imidazole, 500 mM NaCl, 10 μM NaN3). The eluate was collected in 2.5 mL
fractions and was analyzed on a 12% Tris-Tricine SDS-PAGE as described above.

NMR sample preparation
All fractions obtained from purification containing the desired target protein were pooled
together and dialyzed overnight at 4 °C against 2 L of NMR buffer without D2O. Protein
constructs with a molecular mass below 15 kDa were dialyzed in 8 kDa MWCO SpectraPor
Biotech RC membranes while larger constructs were dialyzed in 12−14 kDa MWCO
SpectraPor4 membranes (both from Spectrum Labs). If not stated otherwise, the NMR
buffer typically contained 20−50 mM sodium phosphate, 20−100 mM sodium chloride, 100
μM EDTA, 5 μM NaN3, and 5% (v/v) D2O. The pH of the solution was adjusted in accordance
with the protein’s pI and DTT or 2-ME was added in case the protein contained reduced
cysteine residues. After overnight dialysis, the dialysis tubing was transferred into 2 L fresh
dialysis buffer for another 4 h. The protein solution was subsequently concentrated at 12
°C and 3250 × g in either a 3 kDa or 10 kDa MWCO Amicon Ultra-15 ultracentrifugation
device (Millipore) down to a volume of 1−2 mL and was then mixed with D2O to a final
concentration of 5% (v/v) D2O. The protein solution was then further concentrated to a
final volume of ca. 500 μL and was transferred by pipetting into a 1.5 mL centrifugation
tube. After a 3 min centrifugation run at 12000 × g to remove potential protein precipitate,
1 μL of the supernatant was used for protein concentration determination as described
above and the rest was transferred into a 5TA NMR sample tube (Armar Chemicals).

NMR spectroscopy
NMR measurements were performed on a Bruker DRX-500 with Cryoprobe and on Bruker
DRX 600 and Bruker DRX 750 spectrometers equipped with four channels and a triple
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resonance probe with shielded z-gradient coils. The sample temperature was adjusted
depending on the individual target protein. Spectra were either processed with the
program PROSA (95) or with TOPSPIN 2.0 (Bruker) and spectral analysis was carried out
using the program CARA (96).
Generation of an E. coli BL21 (DE3) RIPL-Star strain for S30 extract preparation
All culture media and media plates were incubated at 37 °C and contained 20 μg/mL
chloramphenicol (Applichem) and 20 μg/mL streptomycin (Sigma-Aldrich). E. coli BL21
(DE3) CodonPlus cells were inoculated into 5 mL LB medium and incubated overnight with
shaking at 180 rpm. Cells were then harvested by centrifugation for 10 min at 4000 × g and
the pACYC- and pSC101-based plasmids (3.5 and 4.7 kb, respectively) harbouring genes
encoding rare-codon tRNAs were isolated in a plasmid miniprep (NucleoSpin Plasmid Kit,
Macherey-Nagel). The obtained plasmids then were separated on a 0.8% agarose gel (89.2
mM Tris, 89 mM boric acid, 2 mM EDTA, 0.8% (w/v) agarose), extracted from the gel
(QIAEXII, Qiagen), and co-transformed into chemically competent E. coli BL21 (DE3) Star
cells (Stratagene) according to the suppliers protocol. The cell suspension was then
incubated with 400 μL LB medium containing 1% (w/v) glucose for 30 min at 550 rpm and
was then streaked out on a LB agar plate containing antibiotics. After overnight
incubation, 5 mL LB medium was inoculated with positive transformants and grown with
shaking at 180 rpm. At an OD600 of 1.0 the cell suspension was supplemented with glycerol
to a final concentration of 30% (v/v) glycerol, distributed in 1 mL aliquots, frozen in liquid
nitrogen, and stored at -80°C as a stock for inoculation of S30 extract cultures.

Expression and purification of DsbA
The procedure described here was modified from Wunderlich et al. (97). All culture media
and plates were incubated at 37 °C and contained 100 μg/mL ampicillin (Applichem). The
plasmid pASK40 harboring the gene encoding DsbA with its periplasmic export signal
sequence (97) was a kind gift of Prof. Glockshuber and was transformed into E. coli BL21
(DE3) pLysS cells (Stratagene) according to the suppliers’ protocol and streaked out on a LB
agar plate. After overnight incubation, three positive transformants were picked for
inoculation of three times 6 mL LB medium. The cultures were incubated in 14 mL roundbottom culture tubes with shaking at 250 rpm. At an OD600 of ca. 0.8, 2.5 mL of each culture
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was induced with 1 mM IPTG while the remaining uninduced culture was frozen in liquid
nitrogen as a 50% (v/v) glycerol stock and was stored at -80 °C until needed. After a 2 h
induction period, 1 mL of each cell culture was harvested by centrifugation (5 min at 12000
× g) and the obtained pellet was re-suspended in 250 μL SDS-PAGE loading buffer and
heated for 5 min at 95 °C. The suspension was then vortexed for 10 min and cleared by
centrifugation (5 min at 12000 × g). 5 μL of each supernatant were applied on a 12% TrisTricine SDS-PAGE and analyzed as described above. The clone displaying highest
expression levels of DsbA, as judged by visual inspection of the SDS-PAGE, was
subsequently chosen for inoculation of large scale expression cultures. 100 mL LB medium
was inoculated with a few μL of the frozen glycerol stock and was incubated overnight in a
1 L Erlenmeyer flask with shaking at 180 rpm. 3 × 1.5 L LB medium were each inoculated
with 10 mL pre-culture and shaken at 160 rpm in 5 L Erlenmeyer flasks. At an OD600 of 0.6
the culture was induced with 1 mM IPTG and was harvested after 3.5 h by centrifugation at
6000 × g for 10 min. The pellet was frozen in liquid nitrogen and was stored at -80 °C until
the next day. The pellet was then thawed on ice and re-suspended in 45 mL BBS-EDTA
buffer (200 mM boric acid−NaOH, pH 8.0, 160 mM NaCl, 5 mM EDTA). The suspension was
supplemented with 100 mg polymyxine B (Fluka) and was stirred on ice for 2.5 h followed
by 30 min centrifugation at 30000 × g. The obtained supernatant was dialyzed overnight
with stirring at 4 °C in a 12−14 kDa MWCO SpectraPor4 dialysis membrane against 5 L of 10
mM MOPS−NaOH (pH 7.0). The protein solution was then centrifuged for 10 min at 4000 ×
g and was loaded with 3 mL/min onto five 5 mL HiTrap Q FF columns (Amersham)
connected in series, pre-equilibrated with 10 mM MOPS−NaOH (pH 7.0). Non-binding
proteins were washed away with 10 mM MOPS−NaOH (pH 7.0) and binding proteins were
eluted with 200 mL of a 0 mM to 500 mM linear gradient of NaCl in 10 mM MOPS−NaOH at
pH 7.0. The eluate was collected in 5 mL portions and all fractions containing relevant
amounts of protein were analyzed on a 12% Tris-Tricine SDS-PAGE as described above.
Fractions containing DsbA were pooled and dialyzed overnight with stirring at 4 °C in a
12−14 kDa MWCO SpectraPor4 dialysis membrane against 5 L storage buffer (20 mM
Tris−OAc, pH 8.2, 60 mM KOAc, 5% (v/v) glycerol). The protein solution was then
concentrated in a 10 kDa MWCO Amicon Ultra-15 ultracentrifugation device down to 4 mL
(ca. 500 μM DsbA) and was distributed into 200 μL aliquots which were frozen in liquid
nitrogen and stored at -80 °C until needed.
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Expression and purification of DsbC
The procedure described here was modified from Maskos et al. (98). All culture incubation
steps were carried out at 37 °C in the presence of 100 μg/mL ampicillin. The expression
plasmid pDsbC previously prepared as described in Maskos et al. (98) was a kind gift of
Prof. Glockshuber and was transformed into E. coli JM83. The cell suspension was streaked
out on a LB agar plate with overnight incubation and three transformants were picked for
inoculation of three 6 mL LB cultures. Test expression and glycerol stock preparation was
performed as described above. 75 mL LB medium was inoculated with a few μL of the
glycerol stock of the clone showing highest DsbC expression levels and was incubated
overnight in a 1 L Erlenmeyer flask with shaking at 160 rpm. 10 mL of the overnight preculture was used as inoculum for 2 L pre-warmed LB medium, which was distributed into
four 2 L Erlenmeyer flasks and was shaken at 160 rpm. At an OD600 of 0.75, the culture was
induced with 1 mM IPTG and was further incubated for 4 h. The cells were then harvested
by centrifugation for 10 min at 6000 × g and the obtained pellet was resuspended in 50 mL
buffer C (20 mM Tris-HCl, pH 8.0, 250 μM EDTA) on ice. 100 mg polymyxin B was dissolved
in 5 mL buffer C and was transferred together with the cell suspension into a 100 mL
Erlenmeyer flask, with stirring on ice for 90 min. Cell debris was removed by centrifugation
for 20 min at 40000 × g in a SS34 rotor at 4 °C and the supernatant was dialyzed overnight
at 4 °C in a 12−14 kDa MWCO SpectraPor4 dialysis membrane against 4 L buffer C. The
protein solution was centrifuged for 10 min at 4000 × g to remove precipitate and the
supernatant was concentrated at 4 °C in a 10 kDa MWCO Amicon Ultra-15 centricon down
to a volume of 15 mL. After another centrifugation run at 4000 × g for 5 min, the
supernatant was applied with 1 mL/min onto a 6 mL Resource Q column (GE Lifesciences)
and the eluate was collected in 2.5 mL fractions. Bound proteins were eluted with a 200 mL
linear gradient of 0 mM to 500 mM NaCl in buffer C. All collected fractions showing
significant absorption at 280 nm were analyzed by SDS-PAGE and fractions containing
DsbC were subsequently pooled and dialyzed overnight at 4 °C in a 12−14 kDa MWCO
SpectraPor4 dialysis membrane against storage buffer (20 mM Tris-OAc, pH 8.2, 60 mM
KOAc, 5% (v/v) glycerol). The DsbC solution then was concentrated at 4 °C and 3250 × g in
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a 10 kDa MWCO Amicon Ultra-15 centricon down to 3.7 mL (500 μM DsbC) and was
distributed in 100 μL aliquots, frozen in liquid nitrogen, and stored at -80 °C until needed.

Expression and purification of human PDI
The purification protocol described here was modified from Darby et al. (99). Culture media
and plates contained 100 μg/mL ampicillin (Applichem) and were incubated at 37 °C. The
expression plasmid pET12a containing human PDI prepared as described in Darby et al.
(99) was a kind gift of Lars Ellgaard and was transformed into E. coli BL21 (DE3) pLysS cells
according to the suppliers’ protocol and cells were streaked out on a LB agar plate
followed by overnight incubation. A protein test expression with three positive
transformants was carried out as described in the protocol for preparation of DsbA. Again,
100 μL of a 50% (v/v) glycerol stock of the clone with best expression levels was chosen for
inoculation of 100 mL LB medium and was incubated overnight in a 1 L Erlenmeyer flask
with shaking at 180 rpm. 3 × 1.5 L LB medium were each inoculated with 10 mL pre-culture
and shaken at 160 rpm in 5 L Erlenmeyer flasks. At an OD600 of 0.8 the culture was induced
with 1 mM IPTG and was harvested after 3.5 h by centrifugation at 6000 × g for 10 min. The
pellet was frozen in liquid nitrogen and was stored at -80 °C until the next day. After
thawing on ice, the pellet was re-suspended in 50 mL BBS-EDTA buffer (200 mM boric acidNaOH, pH 8.0, 160 mM NaCl, 5 mM EDTA) and cells were disrupted by a single passage
through the French Press at 16000 psi. The crude lysate was centrifuged for 30 min at
30000 × g and the supernatant was stirred on ice with stepwise addition of 344 mg
(NH4)2SO4 per mL solution. After incubation for 2 h, the suspension was centrifuged for 30
min at 30000 × g and the supernatant was further stepwise supplemented with 208 mg
(NH4)2SO4 per mL solution and was stirred on ice for 2 h. The suspension was centrifuged
for 30 min at 30000 × g and the pellet was re-suspended in 30 mL of 40 mM HEPES-KOH at
pH 7.4 and was dialyzed overnight at 4 °C in a 12-14 kDa MWCO SpectraPor4 dialysis
membrane against 2.5 L of 40 mM HEPES-KOH (pH 7.4). The protein solution was then
loaded at 1 mL/min onto five 5 mL HiTrap Q FF columns pre-equilibrated with 40 mM
HEPES-KOH (pH 7.4) and connected in series. Non-binding proteins were washed away
with 40 mM HEPES-KOH (pH 7.4) and PDI was eluted with 200 mL of a 0-1 M linear gradient
of KCl in the same buffer and collected in 5 mL fractions. Fractions showing increased
absorbance at 280 nm were analyzed on a 12% Tris-Tricine SDS-PAGE as described above
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and fractions containing PDI were pooled and dialyzed overnight at 4 °C in a 12−14 kDa
MWCO SpectraPor4 dialysis membrane against 4 L storage buffer (20 mM Tris-OAc, pH 8.2,
60 mM KOAc, 5% (v/v) glycerol). The protein solution was then concentrated in a 10 kDa
MWCO Amicon Ultra-15 ultracentrifugation device down to ca 2.5 mL (ca. 150 μM PDI) and
was distributed into 200 μL aliquots which were frozen in liquid nitrogen and stored at -80
°C until needed.

Ellman Assay
Various dilutions of 0.5−30 μL target solution with buffer EA (100 mM Tris−HCl, pH 7.8, 2
mM EDTA, 2% (w/v) SDS) were prepared at room temperature to get a total volume of 300
μL. Analogous, 300 μL reference samples for determination of a standard curve were
prepared containing 0, 1, 5, 10, 25, 50, and 100 μM reduced glutathione in buffer EA. The
samples were then mixed with 10 μL 10 mM DTNB and incubated for 5 min at room
temperature before measuring A412. The reference sample devoid of reduced glutathione
was used as a blank and the sulfhydryl content of the target solution was determined by
comparison with the obtained standard curve.

Cell-free protein synthesis with disulfide bond formation
The reaction mixture was prepared as described above. After all standard components
were mixed together, the disulfide bond catalysts were added to the reaction mixture
together with reduced glutathione and the solution was homogenized by gentle
pipetting. Oxidized glutathione was added as the last component and was immediately
mixed with the reaction solution by pipetting.
Cell-free expression of murine interleukin-22 and preparation for in-vivo studies
Mouse interleukin-22 was produced in a 20 mL batch mode cell-free synthesis reaction
carried out for 2.5 hours at 30°C in presence of 2 mM GSH, 10 mM GSSG, and 5 μM DsbC.
Insoluble material was subsequently removed by centrifugation for 5 min at 4000 × g. The
supernatant was applied onto a 5 mL SP FF cation-exchange column (Amersham)
equilibrated with buffer A (50 mM sodium phosphate, pH 7.5) and bound protein was
eluted with 100 mL of a 0−1 M linear gradient of sodium chloride in buffer A. Fractions
containing mIL-22 were pooled and loaded onto a 5 mL HisTrap column (Amersham)
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equilibrated with buffer B (50 mM sodium phosphate, 30 mM imidazole, 500 sodium
chloride, pH 7.5). mIL-22 was eluted with 100 mL of a linear gradient of 30−500 mM
imidazole in buffer B and the obtained protein was dialyzed overnight at 4°C in an 8 kDa
Biotech RC membrane (Spectrum Labs) against 2 L of 1.5 × PBS, pH 7.2, and 5% glycerol.
The protein was then dialyzed four times against 2 L of 1 × PBS with buffer exchange after
every 2 h, followed by sample concentration in a 10-kDa Amicon Ultra-15 centricon
(Millipore) at 4°C and 3500 × g to obtain 70 μM mIL-22 in 2 mL final volume. The sample
was lyophilized in 250 μL aliquots and stored at -80 °C until further use.
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3. NMR Structure of the Truncated Bombyx mori PheromoneBinding Protein (1−128)

3.1 Materials and Methods
Sample preparation
Uniformely [15N]-labeled BmorPBP(1−128) and [13C,15N]-labeled BmorPBP(1−128) was
expressed in Escherichia coli using a modified pETBmorPBP vector and was purified as
described elsewhere (100). The NMR sample for structure determination at pH 6.5 was
prepared by dissolving 5 mg of lyophilized [u-13C,u-15N]-BmorPBP(1−128) in 0.3 mL of 95%
H2O/5% D2O containing 50 mM potassium phosphate at pH 6.5 and 0.2% NaN3 (NMR
buffer). The final solution containing approximately 1.1 mM BmorPBP(1−128) was then
transferred into a Shigemi NMR tube (Shigemi Inc., Allison Park, PA, USA). The [u-15N]BmorPBP(1−128) sample used for measurement of the 15N-resolved 3D [1H,1H]-NOESY at pH
4.5 consisted of 4 mg protein dissolved in 0.35 mL NMR buffer adjusted to pH 4.5.
Titrations of BmorPBP(1−128) in the pH range 6.5 to 4.5 were carried out with 1.4 mg [u15

N]-BmorPBP(1−128) dissolved in NMR buffer.

NMR measurements
All NMR measurements were performed on a Bruker DRX-500 spectrometer with
CyroprobeTM, or on Bruker DRX-750 and DRX-900 spectrometers equipped with four
channels and a triple resonance probe with shielded z-gradient coils at 20 °C. The carrier
position was set to 4.70 ppm for 1H, 118 ppm for 15N, 55 ppm, 35 ppm, and 125 ppm for
13 α 13 aliph

C , C

, and 13Carom, respectively. Proton chemical shifts are referenced to internal 2,2-

dimethyl-2-silapentane-5-sulfonate, sodium salt (DSS).

13

C and

15

N chemical shifts are

referenced indirectly to DSS, using the absolute frequency ratios (101). Quadraturedetection in the indirect dimensions was achieved by States-TPPI (102). The water signal
was suppressed with spin-lock pulses or WATERGATE (103). Spectra were processed with
XWINNMR 2.6 (Bruker, Billerica, MA). For spectral analysis the program CARA (96) was used.
The nearly complete 1H, 13C, and 15N assignments at pH 6.5 (104) were deposited as entry
code 6313 in the BMRB (http://www.bmrb.wisc.edu/). First, backbone resonances were
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unambiguously assigned using a classical set of heteronuclear triple-resonance 3D
experiments including a 3D HNCA and 3D HNCACB (105,106), 3D CBCA(CO)NH (107), 3D
HNCO and a 3D HN(CA)CO (108). Most assignments were verified by looking for sequential
NOE connectivities in the 3D

N-resolved [1H,1H]-NOESY spectrum (109). αCH-βCHn

15

fragments of individual residues were then used as a starting point for side-chain
assignments using a 3D (H)CCH-COSY (110), 3D H(C)CH-TOCSY (111), and a 3D 15N-resolved
[1H,1H]-TOCSY (112). In cases of ambiguity, the assignment was based on the use of the 3D
aliphatic 13C-resolved [1H,1H]-NOESY (113), providing also further support for those atoms
already assigned. Side-chain amides were connected to their corresponding spin systems
by looking for sequential NOEs to Hβ atoms (for Asn residues) and Hγ atoms (for Gln
residues) in the 3D 15N-resolved [1H,1H]-NOESY spectrum. The same strategy was applied to
assign the Hε and Nε atoms of Trp residues. Methionine methyl groups were assigned
using the 3D aliphatic

13

C-resolved [1H,1H]-NOESY spectrum. Sequential assignment of

aromatic spin systems was achieved by identifying intraresidual NOEs connecting
backbone atoms with Hδ atoms of the ring systems. Assignments were confirmed using
Hδ-Cβ correlations identified in the 2D [13C,1H]-(Hβ)Cβ(CγCδ)Hδ experiment (114).
Assignments of atoms within the aromatic ring systems were obtained via intraresidual
NOEs observed in the 3D aromatic

13

C-resolved [1H,1H]-NOESY experiment (113).

Assignments of 1H-15N resonances in the 2D [15N,1H]-HSQC spectrum at pH 4.5 were
obtained by starting from the resonance assignments at pH 6.5 and following signals in a
series of 2D [15N,1H]-HSQC spectra recorded at pH values between 6.5 and 4.5. Assignments
at pH 4.5 were confirmed by identifying dNN contacts in the 15N-resolved [1H,1H]-NOESY
spectrum obtained at pH 4.5 as well as by comparison of the NOESY towers to the
corresponding ones observed in the spectrum at pH 6.5.

Structure calculation
The nearly complete 1H, 13C, and 15N resonance assignments, as well as the 3D aliphatic 13Cresolved [1H,1H]-NOESY spectrum, the 3D aromatic 13C-resolved [1H,1H]-NOESY spectrum,
and the 3D

15

N-resolved [1H,1H]-NOESY spectrum were given as input to the program

ATNOS/CANDID (115,116), and the NOEs were assigned iteratively in conjunction with
three-dimensional structure calculation using the torsion angle dynamics program DYANA
(117). The standard protocol with seven cycles of ATNOS peak picking, CANDID NOE
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assignment and DYANA 3D structure calculation was applied. For the final structure
calculation in cycle 7, only distance constraints were retained that could be
unambiguously assigned based on the 3D protein structure obtained in cycle 6. The 20
conformers with the lowest residual DYANA target function values obtained from cycle 7
were energy-minimized in a water shell with the program OPALp (118,119), using the
AMBER force field (120). Figures and analysis of protein structures were made with
MOLMOL (121).

PDB deposition
The atomic coordinates have been deposited at the Protein Data Bank (accession code
1XFR).

Analysis of the hydrophobic cavity
The accessible volume of the central cavity was determined with the program VOIDOO
(122) version 3.3.2 using a rolling probe with the radius of the hydroxyl moiety of
bombykol (1.65 Å). The calculation was performed once for each of the 20 conformers in 10
different orientations and the average value and standard deviation of the calculated
volumes were determined. The residues lining the cavity were also identified using
VOIDOO with the criterion that the residues line the cavity in >90% of the calculations
performed on the 20 conformers. The volume of bombykol was calculated with VOIDOO
using the coordinates obtained from the two copies of bombykol in the unit cell of the
crystal structure of the BmorPBP-bombykol complex (48). Hydrogen atoms were added to
the bombykol coordinates with the program MOLPROBITY (123).

pH titration and assignment of HN-N signals of BmorPBP(1−128) at pH 4.5
The position and intensity of HN-N correlations were monitored as a function of pH with a
series of 2D [15N,1H]-HSQC spectra obtained with the [u-15N]-BmorPBP(1−128) sample. The
pH was adjusted in 0.5 pH unit increments by adding either 1:10, 1:40, and 1:100 dilutions
of HCl or 0.1 M and 1 M NaOH directly to the NMR sample. The pH was measured with a
Hamilton Spintrode NMR electrode (Hamilton, NV) connected with a Schott CG 842 pHMeter (Schott Instruments GmbH, Germany). The position of the HN-N signals at pH 4.5
were confirmed using sequential and medium range NOEs identified in a 3D 15N-resolved
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[1H,1H]-NOESY spectrum measured on a Bruker DRX-900 spectrometer at 20 °C with 50 ms
mixing time. Long-range NOEs were identified by reference to the NOESY towers from the
corresponding spectrum obtained with the [u-13C,u-15N]-labeled sample at pH 6.5.
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3.2 Results
NMR Structure Determination of BmorPBP(1−128)
Assignments of 1H, 13C, and 15N were complete except for HN and N of S1 and Q2, C’ of S1,
γCH2, δCH2, and εCH2 of K6, Hδ1 of H69, εCH3 of M86, and δ1 15N-H of H80, H95, and H123
(104) (BMRB deposit 6313). NOE assignment and structure calculation with the
ATNOS/CANDID/DYANA package resulted in the unambiguous assignment of 1127 NOE
cross peaks in the 3D
aromatic

15

N-resolved [1H,1H]-NOESY spectrum, 446 cross peaks in the 3D

13

C-resolved [1H,1H]-NOESY spectrum, and 3259 NOE cross peaks in the 3D

aliphatic 13C-resolved [1H,1H]-NOESY spectrum, yielding a total of 2368 meaningful NOE
upper distance limits. In addition, 560 dihedral angle constraints and 82 stereospecific
assignments were obtained. The target function and residual violations indicate that a
bundle of conformers was obtained with good consistency to the structural constraints.
Energy-minimization in a water shell yielded a well-defined structure for BmorPBP(1−128)
with an overall backbone rmsd of 0.47 ± 0.05 Å and a heavy atom rmsd of 0.84 ± 0.06 Å
(Table 3.1; Figure 3.1).
The solution structure of BmorPBP(1−128) consists of six α-helices comprised of residues
2−12 (α1a), 16−23 (α1b), 28−35 (α2), 46−58 (α3), 70−80 (α4), 84−100 (α5), and 107−124
(α6) (Figure 3.1). The notation α1a and α1b is adapted from the nomenclature introduced
in the crystal structure of BmorPBP in a 1:1 complex with bombykol reported by Sandler
and coworkers (48). The medium-range NOE connectivities of BmorPBP(1−128) show that
these are consistent with the identified secondary structure boundaries (124) (Figure 3.2).
The well-defined N- and C-terminal boundaries of the helices are in each case stabilized by
a number of helix-capping interactions (125). Consistent with the wild-type structure of
BmorPBP at both pH 4.5 and 6.5, the globular arrangement of helices in BmorPBP(1−128) is
stabilized by three disulfide bonds connecting helices α1b and α3 (Cys19−Cys54), helices
α3 and α6 (Cys50−Cys108), and helices α5 and α6 (Cys97−Cys117) (Figure 3.1) (42,126).
The formation of the disulfide bridges is supported by cysteine 13Cβ chemical shifts, which
all have values of at least 34.9 ppm (101,104). In addition, helices α3 and α6 are stabilized
by a salt bridge between the side chain of Arg46 and Asp106. Both these residues are
completely conserved in the sequence alignments of lepidopteran OBPs (48,127),
indicating that this polar interaction may contribute to defining the fold of these OBPs. The
81

Quantity

Valuea

NOE upper distance limitsb

2368

Dihedral angle constraints (φ ,ψ , χ1 and χ2)

560

Residual target function value (Å2)

2.13 ± 0.27

Residual distance constraint violations
Number ≥ 0.1 Å

26 ± 4

Maximum (Å)

0.17 ± 0.09

Residual dihedral angle constraint violations
Number ≥ 2.5 degrees

1±1

Maximum (degrees)

2.2 ± 1.0

AMBER energies (kcal/mol)
Total

-5378 ± 103

Van der Waals

-428 ± 12

Electrostatic

-5962 ± 97

rmsd from ideal geometry
Bond lengths (Å)

0.0074 ± 0.0001

Bond angles (degrees)

1.90 ± 0.05

rmsd to the mean coordinates (Å)
N, Cα , C’ (1−62,68−128)

0.40 ± 0.05

All heavy atoms (1−62,68−128)

0.76 ± 0.06

N, Cα , C’ (1−128)

0.47 ± 0.05

All heavy atoms (1−128)

0.84 ± 0.06

N, Cα , C’ of regular secondary structuresc

0.35 ± 0.04

All heavy atoms of regular secondary structuresc

0.74 ± 0.05

a. Except for the top two entries, the data characterize the group of 20 conformers that is used to represent
the NMR structure; the mean value and the standard deviation are given.
b. The input also included 9 upper and 9 lower distance constraints to enforce the disulfide bonds 19−54,
50−108, and 97−117.
c. Regular secondary structure elements are the α-helices 1a (residues 2−12), 1b (16−23), 2 (28−35), 3 (46−58),
4 (70−80), 5 (84−100), and 6 (107−124).

Table 3.1: Input for the structure calculation and characterization of the energy-minimized NMR
structures of BmPBP(1−128)

loops connecting secondary structure elements are all stabilized by a number of hydrogen
bonds involving both side-chains and backbone atoms. Surprisingly in contrast to
BmorPBPB, in BmorPBP(1−128) even the two longest loops L2 (13 residues) and L3(11
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Figure 3.1: (A) Stereoview of the 20 superimposed energy-minimized DYANA conformers of
BmorPBP(1−128) aligned for best fit of N, Cα, and C’ atoms onto the mean coordinates (0.47 ± 0.05
Å rmsd). The backbone is displayed and color-coded to indicate the global rmsd displacement
from the mean coordinates: red (>0.6 Å), orange (0.4−0.6 Å), yellow (<0.4 Å). Aside from the
terminal residues, only the loop comprising residues 63−67 shows significant disorder. Position of
residues in the sequence is indicated for orientation. (B) Stereoview of a ribbon drawing of one of
the twenty calculated conformers of BmorPBP(1−128). For reasons of clarity, the orientation of the
molecules has been slightly rotated about the y-axis relative to (A). All helices are labeled
according to the nomenclature introduced by Sandler and coworkers (48). The disulfide bonds are
shown in green. Side-chains of residues that line the cavity according to calculations performed
with the program VOIDOO (122) are depicted in orange for all 20 conformers. The accessible
surface has been calculated to be 809 ± 212 Å3. This and all other figures displaying structures
were generated with MOLMOL (121).

residues) have well-defined conformations. The extended loop L2 (33−45) connecting α2
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Figure 3.2: Secondary structure boundaries in BmorPBP(1−128), BmorPBPB, and BmorPBPA
plotted against the sequence. The location of α-helices is indicated by the labeled boxes,
including the 310-helix connecting α1a and α1b. Medium-range NOEs supporting the
secondary structure boundaries defined for BmorPBP(1−128) are indicated by lines connecting
the two involved residues (124).

and α3 participates in the following hydrogen bonds: Phe36 HN − Phe33 O’, Lys38 HN −
Asn35 O’, and Tyr41 Hη − Asp32 Oδ1 while a sharp bend involving Lys38, Glu39, and Gly40 is
stabilized by the H-bonding interaction Gly40 HN − Lys38 O’. The loop L3 (59 69)
connecting α3 to α4 is involved in a C-capping interaction with α3 as well as the following
network of hydrogen bonds: Leu59 HN − Ser56 O’, Asn60 HN − Thr57 O’, Met61 HN − Ser56
O’, Asp63 HN − Asn67 O’, Glu65 HN − Asn63 O’, Gly66 HN − Asp63 Oδ2, Gly66 HN − Asp63 O’,
Asn67 HN − Asp63 Oδ2, His69 HN − Met61 O’, His69 Hδ1 − Gly71 N, and Ala73 HN − His69 O’.
Due to this extensive network of hydrogen bonds, the backbone has a very well-defined
conformation and only a few of the terminal residues, as well as the loops L2, L3, and L5
exhibits a global backbone displacement from the mean coordinates of more than 0.4 Å,
and only part of the loop L3 (namely residues 63−67) exceeds 0.6 Å global backbone
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displacement (Figure 3.1). The helices a1, α3, α5, and α6 form a scaffold surrounding a
large cavity and have closely similar geometry to that reported for the wild-type protein
(backbone rmsd for residues 16−23 (α1b), 46−55 (α3), 84−100 (α5), and 107−124 (α6) of
1.18 Å and 0.87 Å with respect to the corresponding mean coordinates of BmorPBPA and
BmorPBPB, respectively), while helices α2 and α4 pack at the periphery.

The large hydrophobic cavity of BmorPBP is preserved in BmorPBP(1−128)
The cavity has an accessible volume of 809 ± 212 Å3 (1.65 Å probe radius) which is
sufficiently large to accommodate the ligand bombykol (291 Å3) in either of the two
conformations observed in the BmorPBP-bombykol complex reported previously. It is lined
with mostly hydrophobic residues, except for Ser9, Glu98, and Ser56 whose side-chain
makes a hydrogen bond with the hydroxyl of bombykol in the crystal structure of the
BmorPBP-bombykol complex (48). The following residues contribute to the wall of the
hydrophobic cavity: Met5 and Leu8, Ser9, Leu10, Phe12 from α1a, Phe33 from α2, Phe36
and Trp37 from L2, Ile52, Met53, and Ser56 from α3, Met61, Leu62, and Leu68 from L3,
Ala73, Phe76, and Ala77 from α4, Leu90, Ile91, Val94, and Glu98 from α5, and Trp110,
Thr111, Val114, Ala115, Phe118, and Ile122 from α6. All of these residues show a global
displacement from the mean heavy atom coordinates of less than 1 Å (Figure 3.1). They
differ therefore from the surface residues which have a global displacement generally > 1
Å. This is consistent with their solvent exposed surface area (probe radius 1.4 Å) which is
under 20% for all residues except Leu10 (36%).

Comparison of the structure of BmorPBP(1−128) to BmorPBPA and BmorPBPB
The secondary structure boundaries of the three structures BmorPBP(1−128), BmorPBPB,
and BmorPBPA are compared in Figure 3.2 along with the medium range NOEs identified in
the course of the structure calculation of BmorPBP(1−128). Interestingly, in
BmorPBP(1−128) helix α1a is extended by a full turn compared to BmorPBPB, and is
connected to helix α1b by a 310-helix comprising residues Gly13, Lys14, and Ala15 (Figure
3.1 and 3.2), while in the structure of BmorPBPB this region exhibits a random coil
conformation and in BmorPBPA the helix α1a is extended N-terminally to include these
residues. The only other significant difference to BmorPBPB is observed in helix α2 which is
extended C-terminally in BmorPBP(1−128) by one turn so that the helical boundaries
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Figure 3.3: Superimposed 2D [15N,1H]-HSQC spectra of BmorPBP(1−128) at pH 4.5 in red with (A)
BmorPBP(1−128) at pH 6.5 (blue) and (B) wild-type BmorPBP at pH 4.5 (black). In (A), the position
and residue-specific assignments of selected HN-N crosspeaks are indicated which show large
reductions in intensity as the pH is lowered from 6.5 to 4.5. In (B), selected assignments of
BmorPBP(1−128) and BmorPBPA are shown in the color of the corresponding spectrum.
Comparing the two superimposed spectra of BmorPBP(1−128) in (A) shows that the global fold
determined at pH 6.5 is preserved at pH 4.5 and that the spectra have no resemblance to the
spectrum of the wild-type protein at pH 4.5 shown in (B) (BmorPBPA). All spectra were measured
at 20°C at a 1H frequency of 900 MHz.

match those observed in BmorPBPA. The identity and definition of the side-chains lining
the hydrophobic cavity in BmorPBPB are closely preserved in BmorPBP(1−128).

pH-dependence of BmorPBP(1−128)
During the titration of 15N-labeled BmorPBP(1−128) from pH 6.5 to 4.5 monitored by 2D
[15N,1H]-HSQC spectra, the signals shifted by small amounts but for most part at pH 4.5 the
pattern of the fingerprint was preserved and showed no similarity to the spectrum
obtained for the wild-type protein at this pH (Figure 3.3). The 3D

15

N-resolved [1H,1H]-

NOESY spectrum obtained for BmorPBP(1−128) at pH 4.5 was used to confirm the
assignments obtained by extrapolation of the pH titration data (Figure 3.4). This resulted in
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Figure 3.4: HN-N strips showing residues 84 to 88 of helix α5 in BmorPBP(1−128) from a 3D 15Nresolved [1H,1H]-NOESY spectra recorded at pH 6.5 (A) and pH 4.5 (B). NOE crosspeaks
representing dNN connectivities are indicated with black boxes. The pattern of NOEs observed
at pH 6.5 is preserved at pH 4.5, facilitating the assignment of HN-N signals in the 2D [15N,1H]HSQC spectra. However, the intensity of the NOE crosspeaks is reduced at pH 4.5.

the assignment of all amide signals in the 2D [15N,1H]-HSQC spectrum with the exception of
residues 8−17, 22, 24−26, 48, 57−59, 63, 68−70, 72, 80, 81, and 123 which could not be
determined either due to overlap or to extensive conformational exchange which
prevented identification of the sequential assignments. Inspection of the NOEs observed in
the 3D 15N-resolved [1H,1H]-NOESY spectra obtained at pH 6.5 and 4.5 showed that nearly
all long range contacts which were observed at pH 6.5 are preserved at pH 4.5 (Figures 3.4
and 3.5). This is consistent with the similar fingerprints observed at these two pH values
and supports the conclusion that the global fold is preserved at pH 4.5. Selected HN-N
signals showed reduced intensity at pH 4.5 (Figure 3.3) indicating conformational
exchange-induced line broadening. The HN-N moieties whose NMR signals showed the
largest intensity reductions (Figure 3.6) clustered in specific regions: residues 8 and 11−17
in the 310-helix connecting α1a and α1b, residues 57−59 at the end of helix α3, residues
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68−70 and 72 at the end of loop L3 and the start of helix α4, respectively, as well as
residues 80−81 in loop L4 (Figure 3.7). Most of the affected residues are in close proximity
to the group of the four histidines His69, His70, His80, and His95 (Figure 3.6).

Figure 3.5: Contact map derived from long-range NOEs (at least 5 residues apart in the sequence)
identified in a 3D 15N-resolved [1H,1H]-NOESY spectrum of BmorPBP(1−128) recorded at (A) pH 6.5
and (B) pH 4.5. Boxes along the diagonal indicate the secondary structure boundaries defined in
Figure 3.2. Empty squares off the diagonal indicate long-range NOEs which are only observed at
pH 6.5 while filled squares represent long-range NOEs visible at both pH 6.5 and 4.5. Most of the
contacts are observed at pH 4.5, indicating that the global fold determined at pH 6.5 is preserved
at pH 4.5.
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Figure 3.6: Location of line-broadened signals in BmorPBP(1−128) and comparison to the two
conformations of BmorPBP. (A) Ratio of the signal intensity for N-HN signals of BmorPBP(1−128)
in 2D [15N,1H]-HSQC spectra obtained at pH 6.5 to the intensity at pH 4.5 plotted against the
sequence. The position of secondary structure elements is indicated by rectangles at the top.
The bars corresponding to residues with large decreases have been truncated at an intensity
ratio of 7. Signals extending above the dashed line experience more than 100% increase in
intensity when the pH is raised from 4.5 to 6.5. Ribbon drawings representing one the 20
energy-minimized conformers along with the side-chains of His69, His70, His 80, and His95 in
magenta corresponding to (B) BmorPBP(1−128), (C) BmorPBPB, and (D) BmorPBPA, respectively.
In (B), the ribbon of BmorPBP(1−128) is colored green if the corresponding N-HN signals in the 2D
[15N,1H]-HSQC spectrum experience an intensity reduction of twofold or more between pH 6.5
and pH 4.5 (see A), indicating the onset of conformational exchange-induced line-broadening at
low pH. In (C) and (D), the ribbon segments are highlighted in color if the backbone
displacement of the residue between the two forms BmorPBPA and BmorPBPB exceeds 2 Å and
otherwise they are grey. The N-terminal segment 1−8 is blue, the C-terminal segment 126−142 is
yellow, and the segments 37−42, 60−71, and 78−82 are red, respectively.
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4. Appendix
4.1 Protein Sequences
MARCKS-related protein (ε280: 0 M-1cm-1):
MGSQSSKAPRGDVTAEEAAGASPAKANGQENGHVKSNGDLSPKGEGESPPVNGTDEAAGATGDAI
EPAPTSQGAEAKGEVPPKETPKKKKKFSFKKPFKLSGLSFKRNRKEGGGDSSASSPTEEEQEQGEIGAC
SDEGTAQEGKAAATPESQEPQAKGAEASAASEEEAGPQATEPSTPSGPESGPTPASAEQNE
Purkinje cell protein 2 homolog (ε280: 0 M-1cm-1):
MMDQEEKTEEGSGPCAEAGSPDQEGFFNLLSHVQGDRMEGQRCSLQAGPGQTTKSQSDPTPEMD
SLMDMLASTQGRRMDDQRVTVSSLPGFQPVGSKDGAQKRAGTLSPQPLLTPQDPTALGFRRNSSP
QPPTQAP

Methenyl-THF synthetase (ε280: 15930 M-1cm-1):
MAAAAVSSAKRSLRGELKQRLRAMSAEERLRQSRVLSQKVIAHSEYQKSKRISIFLSMQDEIETEEIIKDI
FQRGKICFIPRYRFQSNHMDMVRIESPEEISLLPKTSWNIPQPGEGDVREEALSTGGLDLIFMPGLGFD
KHGNRLGRGKGYYDAYLKRCLQHQEVKPYTLALAFKEQICLQVPVNENDMKVDEVLYEDSSTA
γ-interferon-inducible lysosomal thiol reductase (ε280: 25440−25940 M-1cm-1):
MNAPLVNVTLYYEALCGGCQAFLIRELFPTWLLVMEILNVTLVPYGNAQEQNVSGRWEFKCQHGEEE
CKFNKVEACVLDELDMELAFLTIVCMEEFEDMERSLPLCLQLYAPGLSPDTIMECAMGDRGMQLMH
ANAQRTDALQPPHEYVPWVTVNGKPLEDQTQLLTLVCQLYQGK

Mitochondrial methylmalonyl-CoA epimerase (ε280: 6990−7115 M-1cm-1):
MQVTGSVWNLGRLNHVAIAVPDLEKAAAFYKNILGAQVSEAVPLPEHGVSVVFVNLGNTKMELLHP
LGLDSPIAGFLQKNKAGGMHHICIEVDNINAAVMDLKKKKIRSLSEEVKIGAHGKPVIFLHPKDCGGVL
VELEQA

Stromal cell-derived growth factor SF20 (ε280: 19940−20065 M-1cm-1):
MVSEPTTVAFDVRPGGVVHSFSHNVGPGDKYTCMFTYASQGGTNEQWQMSLGTSEDHQHFTCTI
WRPQGKSYLYFTQFKAEVRGAEIEYAMAYSKAAFERESDVPLKTEEFEVTKTAVAHRPGAFKAELSKL
VIVAKASRTEL
90

Adipocyte fatty acid-binding protein 4 (ε280: 13980 M-1cm-1):
MCDAFVGTWKLVSSENFDDYMKEVGVGFATRKVAGMAKPNMIISVNGDVITIKSESTFKNTEISFILG
QEFDEVTADDRKVKSTITLDGGVLVHVQKWDGKSTTIKRKREDDKLVVECVMKGVTSTRVYERA

Peptidyl-prolyl cis-trans isomerase B (ε280: 16960 M-1cm-1):
MDEKKKGPKVTVKVYFDLRIGDEDVGRVIFGLFGKTVPKTVDNFVALATGEKGFGYKNSKFHRVIKDF
MIQGGDFTRGDGTGGKSIYGERFPDENFKLKHYGPGWVSMANAGKDTNGSQFFITTVKTAWLDGK
HVVFGKVLEGMEVVRKVESTKTDSRDKPLKDVIIADCGKIEVEKPFAIAKE

Complexin-1 (ε280: 4470 M-1cm-1):
MEFVMKQALGGATKDMGKMLGGDEEKDPDAAKKEEERQEALRQAEEERKAKYAKMEAEREAVRQ
GIRDKYGIKKKEEREAEAQAAMEANSEGSLTRPKKAIPPGCGDEVEEEDESILDTVIKYLPGPLQDMLK
K

Dihydrofolate reductase (ε280: 25440 M-1cm-1):
VGSLNCIVAVSQNMGIGKNGDLPWPPLRNEFRYFQRMTTTSSVEGKQNLVIMGKKTWFSIPEKNRPL
KGRINLVLSRELKEPPQGAHFLSRSLDDALKLTEQPELANKVDMVWIVGGSSVYKEAMNHPGHLKLF
VTRIMQDFESDTFFPEIDLEKYKLLPEYPGVLSDVQEEKGIKYKFEVYEKND

Human prion-like protein doppel (ε280: 28210 M-1cm-1):
VQTRGIKHRIKWNRKALPSTAQITEAQVAENRPGAFIKQGRKLDIDFGAEGNRYYEANYWQFPDGIH
YNGCSEANVTKEAFVTGCINATQAANQGEFQKPDNKLHQQVLWRLVQELCSLKHCEFWLERG

Mouse prion-like protein doppel (ε280: 29700 M-1cm-1):
VKARGIKHRFKWNRKVLPSSGGQITEARVAENRPGAFIKQGRKLDIDFGAEGNRYYAANYWQFPDGI
YYEGCSEANVTKEMLVTSCVNATQAANQAEFSREKQDSKLHQRVLWRLIKEICSAKHCDFWLERG

Mouse interleukin-22 (ε280: 4720 M-1cm-1):
LPVNTRCKLEVSNFQQPYIVNRTFMLAKEASLADNNTDVRLIGEKLFRGVSAKDQCYLMK
QVLNFTLEDVLLPQSDRFQPYMQEVVPFLTKLSNQLSSCHISGDDQNIQKNVRRLKETVK
KLGESGEIKAIGELDLLFMSLRNACV
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Matrix Gla protein (ε280: 17545 M-1cm-1):
YESHESMESYELNPFINRRNANTFISPQQRWRAKVQERIRERSKPVHELNREACDDYRLCERYAMVYG
YNAAYNRYF

Suppression of tumorigenicity 16 protein (IL-24) (ε280: 17545 M-1cm-1):
QEFHFGPCQVKGVVPQKLWEAFWAVKDTMQAQDNITSARLLQQEVLQNVSDAESCYLVHTLLEFYL
KTVFKNYHNRTVEVRTLKSFSTLANNFVLIVSQLQPSQENEMFSIRDSAHRRFLLFRRAFKQLDVEAAL
TKALGEVDILLTWMQKFYKL

Interleukin-15 (ε280: 7240 M-1cm-1):
NWVNVISDLKKIEDLIQSMHIDATLYTESDVHPSCKVTAMKCFLLELQVISLESGDASIHDTVENLIILA
NNSLSSNGNVTESGCKECEELEEKNIKEFLQSFVHIVQMFINTS

Extracellular domain of apoptosis related protein 3 (ε280: 10845 M-1cm-1):
LPEICTQCPGSVQNLSKVAFYCKTTRELMLHARCCLNQKGTILGLDLQNCSLEDPGPNFHQAHTTVII
DLQANPLKGDLANTFRGFTQLQTLILPQHVNCPGGINAWNTITSYIDNQICQGQKNLCNNTGDPEM
CPENGSCVPDGPGLLQCVCADGFHGYKCMRQGSFS

Beta-defensin 125 (ε280: 10345 M-1cm-1):
SFEPQKCWKNNVGHCRRRCLDTERYILLCRNKLSCCISIISHEYTRRPAFPVIHLEDITLDYSDVDSFTGS
PVSMLNDLITFDTTKFGETMTPETNTPETTMPPSEATTPETTMPPSETATSETMPPPSQTALTHN

Scrapie-responsive protein 1 (ε280: 8980 M-1cm-1):
MPANRLSCYRKILKDHNCHNLPEGVADLTQIDVNVQDHFWDGKGCEMICYCNFSELLCCPKDVFFG
PKISFVIPCNNQ

Natural killer cells protein 4 (IL-34) (ε280: 51950 M-1cm-1):
AWVSACDTEDTVGHLGPWRDKDPALWCQLCLSSQHQAIERFYDKMQNAESGRGQVMSSLAELED
DFKEGYLETVAAYYEEQHPELTPLLEKERDGLRCRGNRSPVPDVEDPATEEPGESFCDKVMRWFQAM
LQRLQTWWHGVLAWVKEKVVALVHAVQALWKQFQSFCCSLSELFMSSFQSYGAPRGDKEELTPQK
CSEPQSSK
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T-cell growth factor P40 (IL-9) (ε280: 3605 M-1cm-1):
QGCPTLAGILDINFLINKMQEDPASKCHCSANVTSCLCLGIPSDNCTRPCFSERLSQMTNTTMQTRYP
LIFSRVKKSVEVLKNNKCPYFSCEQPCNQTTAGNALTFLKSLLEIFQKEKMRGMRGKI

Folate receptor alpha (ε280: 78920 M-1cm-1):
RIAWARTELLNVCMNAKHHKEKPGPEDKLHEQCRPWRKNACCSTNTSQEAHKDVSYLYRFNWNHC
GEMAPACKRHFIQDTCLYECSPNLGPWIQQVDQSWRKERVLNVPLCKEDCEQWWEDCRTSYTCKS
NWHKGWNWTSGFNKCAVGAACQPFHFYFPTPTVLCNEIWTHSYKVSNYSRGSGRCIQMWFDPAQ
GNPNEEVARFYAAAMS

Leukocyte cell-derived chemotaxin-2 (ε280: 16305 M-1cm-1):
GPWANICAGKSSNEIRTCDRHGCGQYSAQRSQRPHQGVDVLCSAGSTVYAPFTGMIVGQEKPYQN
KNAINNGVRISGRGFCVKMFYIKPIKYKGPIKKGEKLGTLLPLQKVYPGIQSHVHIENCDSSDPTAYL
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4.2 Plasmid Sequence of pCFX1
Color-coding refers to the colors used in Figure 2.3.
tcgcgcgtttcggtgatgacggtgaaaacctctgacacatgcagctcccggagacggtcacagcttgt
ctgtaagcggatgccgggagcagacaagcccgtcagggcgcgtcagcgggtgttggcgggtgtcgggg
ctggcttaactatgcggcatcagagcagattgtactgagagtgcaccatatatgcggtgtgaaatacc
gcacagatgcgtaaggagaaaataccgcatcaggcgccattcgccattcaggctgcgcaactgttggg
aagggcgatcggtgcgggcctcttcgctattacgccagctggcgaaagggggatgtgctgcaaggcga
ttaagttgggtaacgccagggttttcccagtcacgacgttgtaaaacgacggccagtgccaagcttgc
atgcaaggagatggcgcccaacagtcccccggccacggggcctgccaccatacccacgccgaaacaag
cgctcatgagcccgaagtggcgagcccgatcttccccatcggtgatgtcggcgatataggcgccagca
accgcacctgtggcgccggtgatgccggccacgatgcgtccggcgtagaggatcgagatctcgatccc
gcgaaattaatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaact
ttaagaaggagatataccATGTCTGGTTCTCATCATCATCATCATCATAGCAGCGGCATCGAAGGCCGCGGCC
GCCAGTACAAACTGATCCTGAACGGTAAAACCCTGAAAGGTGAAACCACCACCGAAGCTGTTGACGCTGCTACCG
CGGAAAAAGTTTTCAAACAGTACGCTAACGACAACGGTGTTGACGGTGAATGGACCTACGACGACGCTACCAAAA
CCTTCACCGTTACCGAAAGCAGCGGCCTGGTGCCGCGCGGCAGCCATatgaccatggcaagtcgactcgagc

gagctctgcagcccgggatccggtaagatccggctgctaacaaagcccgaaaggaagctgagttggct
gctgccaccgctgagcaataactagcataaccccttggggcctctaaacgggtcttgaggggtttttt
gctgaaaggaggaactatatccggatatccacaggacgggtgtggtcgccatgatcgcgtagtcgata
gtggctccaagtagcgaagcgagcaggactgggcggcggccaaagcggtcggacagtgctccgagaac
gggtgcgcatagaaattgcatcaacgcatatagcgctagcagcacgccatagtgactggcgatgctgt
cggaatggacgatatcccgcaagaggcccggcagtaccggcataaccaagcctatgcctacagcatcc
agggtgacggtgccgaggatgacgatgagcgcattgttagatttcatacacggtgcctgactgcgtta
gcaatttaactgtgataaactaccgcattaaagcttatcgatgataagctgtcaaacatgagaattcg
taatcatggtcatagctgtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagc
cggaagcataaagtgtaaagcctggggtgcctaatgagtgagctaactcacattaattgcgttgcgct
cactgcccgctttccagtcgggaaacctgtcgtgccagctgcattaatgaatcggccaacgcgcgggg
agaggcggtttgcgtattgggcgctcttccgcttcctcgctcactgactcgctgcgctcggtcgttcg
gctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccacagaatcaggggataacg
caggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgctggcg
tttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaa
cccgacaggactataaagataccaggcgtttccccctggaagctccctcgtgcgctctcctgttccga
ccctgccgcttaccggatacctgtccgcctttctcccttcgggaagcgtggcgctttctcatagctca
cgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccgt
tcagcccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttat
cgccactggcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttc
ttgaagtggtggcctaactacggctacactagaaggacagtatttggtatctgcgctctgctgaagcc
agttaccttcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgctggtagcggtggtt
tttttgtttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttct
acggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaaaaag
gatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaa
cttggtctgacagttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttca
tccatagttgcctgactccccgtcgtgtagataactacgatacgggagggcttaccatctggccccag
tgctgcaatgataccgcgagacccacgctcaccggctccagatttatcagcaataaaccagccagccg
gaagggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtctattaattgttgccgg
gaagctagagtaagtagttcgccagttaatagtttgcgcaacgttgttgccattgctacaggcatcgt
ggtgtcacgctcgtcgtttggtatggcttcattcagctccggttcccaacgatcaaggcgagttacat
gatcccccatgttgtgcaaaaaagcggttagctccttcggtcctccgatcgttgtcagaagtaagttg
gccgcagtgttatcactcatggttatggcagcactgcataattctcttactgtcatgccatccgtaag
atgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggcgaccgagtt
gctcttgcccggcgtcaatacgggataataccgcgccacatagcagaactttaaaagtgctcatcatt
ggaaaacgttcttcggggcgaaaactctcaaggatcttaccgctgttgagatccagttcgatgtaacc
cactcgtgcacccaactgatcttcagcatcttttactttcaccagcgtttctgggtgagcaaaaacag
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gaaggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactcatactcttcctt
tttcaatattattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtattta
gaaaaataaacaaataggggttccgcgcacatttccccgaaaagtgccacctgacgtctaagaaacca
ttattatcatgacattaacctataaaaataggcgtatcacgaggccctttcgtc
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