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1. INTRODUCTION 
The proteins into the cells of the organisms should be digested on time. If the proteins are 
allowed to accumulate into the cells, it will lead to malfunctioning of the cells resulting into 
damage to the cells as well as can cause various diseases. In order to avoid all these 
consequences there exist a system which regulates concentration of different proteins in the cells. 
Eukaryotic cells have a specialized multisubunit enzyme complex known as 26S proteasome, 
which plays a key role in the degradation of aberrant or misfolded proteins arising from 
mutations or environmental stresses. It is also engaged in the removal of signal peptides during 
protein export into extracellular space, timely inactivation of regulatory proteins and generation 
of antigenic peptides [1-3]. 26S proteasomes perform house-keeping functions involved in 
terminating the lifespan of many regulatory proteins like cyclins, transcription factors and 
components of the signal transduction pathways [2]. Most of the proteins in eukaryotes are 
degraded by the 26S proteasome in a ubiquitin-dependent manner, except for a few cases like 
ornithine decarboxylase (ODC), p53 and cyclin-dependent-kinase inhibitor p21Cip1, which are 
degraded in a ubiquitin-independent manner. Recent findings suggest that there are prokaryotic 
ubiquitin-like proteins (Pup), which help to target proteins for proteolysis in Mycobacterium 
tuberculosis [4]. Ubiquitin-like (Ubl) small archaeal modifier proteins (SAMPs) have also been 
found in Haloferax volcanii, where they mediate proteasomal proteolysis as well as other 
processes, such as heterochromatin remodeling and protein trafficking [5]. 
 

1.1. Structural and functional properties of 26S proteasome 
The 26S proteasome is a large protein machinery of 2.5 MDa, which has an approximate 
dimension of 45 x 20 nm  [6] and is composed of approximately 35 different subunits. It consists 
of a 720 kDa 20S central core particle (CP) with seven-fold symmetry [6] and two 890 kDa 19S 
regulatory particles (Fig 1.2.1). The CP has a central cavity, where the active sites for protein 
degradation are located [1], whereas the 19S regulatory particles (RP) provide the binding site 
for the ubiquitinylated proteins, which are targeted for degradation. There exists an alternative 
form of regulatory particles called 11S in analogy to the 19S particle, which may play an 
important role in the degradation of foreign peptides such as those produced after virus infection 
[2]. 
 
20S proteasome 

The CP consists of four stacked rings, two outer alpha rings and two inner beta rings, which form 
a barrel-shaped structure with two antechambers and one central chamber [2, 8]. The size of the 
CP is 14 nm with a diameter of 11 nm [2]. At the interface between the alpha and beta ring an 
orifice to the central chamber with a diameter of 2.7 nm can  be found [9]. Alpha subunits are the 
non-catalytic part of the CP, providing the entry site for substrate proteins, whereas β-subunits 
provide the catalytically active sites, where the proteins are degraded into peptides [1, 6]. Beta 
subunits are synthesized as precursors with propeptides of varying lengths, which are auto-
catalytically cleaved off during proteasome assembly. This process releases the active site 
residue threonine and renders the proteasome catalytically active. Propeptides also play a vital 
role in the proteasomal assembly, by assisting the folding of eukaryotic beta type subunits and 
their incorporation into the quaternary structure [2].  
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Figure 1.2.1: A cut open view of the three-dimensional structure of the 26S proteasome obtained by cryo-electron 
microscopy .  The 19S RP attaches to one or both ends of the 20S CP and is composed of a hexameric ATPase ring 
(called base complex) attached to the alfa rings of the  CP and a distal lid complex attached to the base via the Rpn1, 
Rpn2 subunits [6, 7].    

 
The overall structures of alpha and beta subunits are very similar throughout prokaryotes and 
eukaryotes. Their characteristic structural feature is a sandwich of two five-stranded antiparallel 
beta sheets, which is flanked by helical layers on the top and bottom [10, 11]. The N-terminal 
parts of the α-subunits form the gate of the CP, which provides regulated access of the substrates 
into the inner cavity [12, 13], whereas the N-terminal parts of the beta-subunits form the basis of 
the catalytic centre. Structural and mutational studies on the proteasome define Thr1, Glu17 and 
Lys33 as the three most important residues for proteolysis. In addition to these, residues Ser129, 
Asp166 and Ser169, which are located close to the active-site threonine, seem to be required for 
the structural integrity of the proteolytic centre and also for catalysis [11, 12].    
Although proteasomal alpha and beta rings consist of seven subunits each, these subunits differ 
from prokaryotes to eukaryotes. Prokaryotic proteasomes consist of 14 copies of two distinct (α 
and β), but related subunits each, which form homomeric rings in a α7-β7-β7-α7 pattern. 
Eukaryotic proteasomes have two copies of seven distinct α and seven distinct β subunits each, 
where the individual subunits are arranged in a α1-α7 - β1-β7 - β1-β7 - α1-α7 pattern.(Fig.1.2.2) 
[6]. The number of active sites in the prokaryotic proteasome differs from those of eukaryotic 
proteasomes. Prokaryotic 20S have active sites on all beta subunits, 14 active sites in total, 
whereas in eukaryotes only three subunits out of seven β subunits per rings are catalytically 
active, resulting in a total of six active sites per CP. In mammals, the active sites for the peptide 
cleavage are located on the β1-, β2- and β5-subunits. These sites share a common cleavage 
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mechanism, but have three different substrate specificities, i.e. peptidyl-glutamyl peptide 
hydrolyzing (PHGH) activities, chymotrypsine-like and trypsine-like respectively [8].  

 

19S regulatory particle 

The distal mass attached to the eukaryotic 20S proteasome is the regulatory particle also referred 
to as 19S regulatory particle (RP) (Fig 1.2.2). The RP in projection is V-shaped [14] with 
dimensions of about 15 nm by 20 nm [6]. RPs are present only in eukaryotes, where they have a 
specific role in targeting ubiquitinylated proteins to the 20S CP. RPs are also referred to as 
PA700 in mammals and µ-particles in Drosophila melanogaster [10]. The 19S RP has a gating 
function on both sides of the 20S proteasome, regulating the access of target proteins into the 
20S catalytic chamber [6, 15]. RP’s are built up from ~19 different individual proteins that are 
divided into two sub-assemblies, base and lid. The base is attached to the 20S proteasome on an 
alpha ring, whereas the lid forms the distal end of the 26S proteasome located above the base (fig 
1.2). The base consists of 6 homologous ATPases, Rpt1-Rpt6 (AAA family of ATPases) and the 
subunits Rpn1, Rpn2 and Rpn10 [7]. Subunits Rpn3-Rpn9, Rpn11 and Rpn12 form the lid [6]. 
 

 

 
Fig 1.2.2 Schematic architecture of the 26S proteasome:  

The two heptameric rings built up from beta subunits, 
which bear the active sites of protein degradation, are 
located in the centre of the core particle (blue). The beta 
rings are surrounded by two heptameric rings of alpha 
subunits (yellow), which are considered to be catalytically 
inactive, and help in the structural assembly of 
proteasomes. The alpha and beta subunit rings together 
form the 20S CP, which is flanked by the 19S regulatory 
particles. The regulatory particles (red, green and orange) 
constitute of two major assemblies, which are called base 
and lid complexes. The base complex is composed of six 
homologous ATPases (Rpt subunits), that form a 
hexameric ring (indicated with green color). Three non-
ATPase subunits (orange) build up a trimeric structure, 
which connects the base to the lid complex (red), 

composed of Rpn subunits [16]. 
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Ubiquitinylation and degradation of target proteins 

Ubiquitinylation 

Ubiquitinylation is the process of binding ubiquitin molecules to the target protein, subjected to 
degradation by the 26S proteasome. Ubiquitinylation occurs in a series of reactions with the aid 
of ATP and a specific set of enzymes: E1 (Ubiquitin activator), E2 (Ubiquitin carrier) and E3 
(Ubiquitin ligase). First ubiquitin is activated (ubiquitin activation) by enzyme E1. It is then 
translocated to the target protein (ubiquitin translocation) by the ubiquitin carrier enzyme E2, 
followed by the attachment of ubiquitin to the target protein (ubiquitin conjugation) by enzyme 
E3 (Fig1.3) [6, 10]. Ub is linked to the target protein through an isopeptide bond between the C-
terminus of Ub (G76) and a lysine residue of the target protein. Similarly, a polyubiquitin chain 
is formed by the attachment of one Ub molecule to the K48 residue of the preceding ubiquitin. 
PolyUb chains linked through K48-G76 isopeptide bonds are the principal signal for proteasomal 
proteolysis [17].  

Degradation 

The process of protein degradation starts with the recognition of the polyubiquitinylated 
substrate by the 19S regulatory particle. The base ATPase complex is considered as ‘reverse 
chaperon’ [18], which unfolds the substrate protein and translocates it to the 20S CP. The active 
sites located on the beta subunits of the CP degrade the target proteins [19] into short peptides of 
approximately 8-14 amino acids (Fig1.1) [1].    

 
Fig1.3 Representation of a simplified ubiquitin-proteasome protein degradation pathway: 
Initially ubiquitin (Ub) is activated by enzyme E1. This process of ubiquitin activation is ATP-dependent [6]. Once 
activated, ubiquitin is transported close to the target protein by E2 (carrier enzyme). Enzyme E3 (ubiquitin ligase) 
ligates the ubiquitin to the target protein. The tagged protein then enters the 26S proteasome from the regulatory 
particle and is subsequently translocated into the 20S core particle, where it is degraded into small peptides of ~8-14 
amino acid residues [6].  
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Proteasomes as potential therapeutic targets 

Due to its key function in protein turnover processes, the 26S proteasome also plays an important 
role in cell cycle control and apoptosis. Therefore it is considered to be a potential target of 
anticancer therapy [20]. Various small organic molecules and synthetic peptides have been 
investigated for their inhibitory action on proteasomes i.e. MG-132 and PSI, lactacystin, NLVS, 
epoxomicin, eponemycin, TMC-95A and peptide boronic acids [20]. A drug called Bortezomib 
(Velcade®) was approved by the Food and Drug Administration (FDA, USA) to treat patients 
with multiple myeloma. This drug blocks the degradation of IκB (inhibitor of kappa B), which 
prevents signaling for the transcription factor NF-κB (nuclear factor kappa-light-chain-enhancer 
of activated B cells). This in turn leads to the suppression of genes, which are essential for the 
proliferation and adhesion of myeloma cells [21].  

A proteasome inhibitor (oxathiazol-2-one) specific for the Mycobacterium tuberculosis 
proteasomes has been found recently. Biochemical studies showed that oxathiazol-2-one 
covalently attacks the active threonine (Thr1) of the core complex of the beta subunit, resulting 
in a modification of the active site. With that, the substrate-binding pocket of the proteasome 
undergoes a major conformational change, which involves several residues outside the active 
loop. The substrates of mycobacterial proteasome fail to gain access to this disturbed substrate 
binding pocket, resulting in accumulation of toxic or misfolded proteins and peptides within 
mycobacterial cells [22]. These damaged proteins have adverse effects on the bacterial 
metabolism, if accumulated in the cytosol. As the main component of the protein degrading 
machinery is blocked, this will be lethal for M. tuberculosis and help combating tuberculosis. 
Although it affects the bacterial proteasome it is not found to affect the mammalian proteasome, 
or other proteasomes of intestinal microbes [22, 23]. 

1.2. Heterologous protein expression in Rhodococcus erythropolis 
In many cases substantial amounts of recombinant proteins are required to characterize protein 
functions. However, producing significant amounts of proteins from a native source is not an 
easy task therefore heterologous protein expression systems were developed. Heterologous 
expression means, a gene encoding for a particular protein is experimentally introduced into a 
cell that normally does not produce that protein. Although many expression systems such as 
E. coli, yeast or mammalian cell lines are available, most of the recombinant proteins are not 
well expressed, fold improperly or form inclusion bodies. The recently developed Rhodococcus 
expression system provides an alternative way to overcome many of these problems, expressing 
many of the mammalian proteins properly, which were difficult to express in other host systems 
[24, 25]. 

Rhodococcus erythropolis is a gram-positive bacterium with high G+C content and is able to 
grow in a wide range of temperatures ranging from 4oC to 35oC [21]. Rhodococci have a wild 
range of metabolic diversity as well as enzymatic capabilities, which help them in the production 
of secondary metabolites, valuable for industrial and pharmaceutical purposes [25]. Different 
growth conditions can create different cellular environments, which have different effects on 
turnover rates of proteins, folding machineries, osmotic pressures, or redox states of 
Rhodococcus cells which may confer stability to expressed recombinant proteins, compared to 
conventional host systems [24]. Substrate recognition and targeting proteins for degradation in E. 
coli might be different to those mechanisms found in R. erythropolis, considering the fact, that 
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ATP-dependent proteases involved in an initial protein degradation step are conserved in 
Rhodococci [24, 25].  
 

Limitations 

The amount of overexpressed proteins in R. erythropolis cells (e.g. glucokinase) is low with a 
maximum of 2 mg/liter of culture, whereas E. coli produces 5 mg/liter of culture when expressed 
at 30°C [24, 25]. The cell wall of Rhodococci has high mycolic acid content, making cell lysis 
difficult. To overcome this problem a lysozyme-sensitive strain has been generated, which can 
be lysed by using 12.5µg of lysozyme per ml of Rhodococcus culture [25].  

 

1.3. Protein structure determination by X-ray crystallography 
The process of determining the shape, architecture and arrangement of molecules is usually 
referred to as structure determination. The most commonly used methods for protein structure 
determination are nuclear magnetic resonance (NMR), electron microscopy (EM) and X-ray 
crystallography. Till date, the percentage of structures solved by X-ray crystallography, NMR 
and EM are 86%, 13% and 5% respectively (Protein Data Bank). None of these methods is 
absolute,each of them has its advantages and limitations. In addition to these methods there are 
indirect approaches like proteomics, bioinformatics and biochemical methods, which help in 
determining structural features and functions of target proteins and macromolecules.  
Most of the protein structures are determined by X-ray crystallography with a fact that it enables 
us to visualize protein structures at the atomic level and helps us to understand protein functions 
in more details. Specifically a deep insight into the interactions with other molecules, 
conformational changes and catalytic mechanism in case of enzymes can be obtained.  
In this approach a protein crystal is exposed to an X-ray beam, which is scattered by the atoms in 
the protein crystal. A diffraction pattern can be recorded, if the lattice of these crystals is regular 
and isotropic. The diffraction pattern is then used to trace and reconstruct electron density maps 
for a particular molecule using the Fourier transformation series. Electron density maps are used 
for atomic model fitting giving a three dimensional atomic structure for that particular protein. 
The structures of small as well as larger proteins can be determined by this method.  
The main obstacles in protein crystallography is that the protein needs to be homogenous and 
pure (>90%) in a concentrated form. Along with this, protein should be crystallizable; in fact 
only 10% of the eukaryotic proteins and only 3% of the prokaryotic proteins are readily 
crystallizable [26]. Even if the protein crystallizes there might be problems with crystal packing 
[27]. Loose crystal packing results in low resolution structures. 
The advances in the high-throughput crystallization has facilitated in lessening the amounts of 
proteins required for crystallization, and the automated robotics helps in optimization of buffer 
conditions and placing the drops saving time [27]. 
 

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
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Fig.1.3. Schematic representation of steps involved in protein crystallization: selection of the target  molecule; 
cloning, expression, purification and crystallization; collection of diffraction data and determination of atomic 
positions [27]. 
 

The process of crystallization experiments starts with the selection of target proteins. For a 
particular protein, studies are performed using bioinformatic tools, which assist to predict start 
and end points of protein domains, flexible parts, possible cleavage sites and its putative protein-
protein interaction sites. Followed by these assessments is the cloning and expression of the 
protein in a suitable host system, which can yield decent amounts of soluble recombinant protein. 
The protein is then produced in large scale and purification protocols are standardized. After 
obtaining the pure protein, it is subjected to crystallization screenings in order to obtain well- 
ordered crystals. These are then used for atomic structure determination by X-ray diffraction. 
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1.4. Aim of the project 
 
The mechanism of protein targeting and protein degradation by 26S proteasome is as yet not 
completely understood. The available information on this complex is sufficient to understand its 
basic function to a certain extent, but a three dimensional structure with higher resolution will 
help to elucidate the mechanistic details of the enzyme. Currently a resolution of ~15Å has been 
reached with EM, but this is still insufficient to localize individual subunits in the regulatory 
particles. It is close to impossible to crystallize the 26S proteasome as a whole complex, owing 
to its complexity, flexibility and difficulties to produce homogenous, monodisperse samples. 
Another promising approach to localize subunits in the RP of the 26S proteasome is to crystallize 
the subunits individually. The obtained crystal structures can be modeled into the EM structures 
to determine their location within the RP and to monitor the interactions between different 
subunits. Crystal structures will thus provide a more detailed understanding of the molecular 
architecture, and with that yield additional information required for understanding the exact 
mechanism and functions of the 26S proteasome. Till date the atomic structure of the 20S CP is 
known, but high resolution structures for the 19S regulatory complex subunits are still missing. 
The aim of my thesis project was to purify and crystallize subunits of the 19S regulatory particles 
of the 26S proteasome from Drosophila melanogaster. In order to achieve this, different subunits 
were expressed in Rhodococcus erythropolis, purification protocols for the different subunits 
were optimized and standardized and finally suitable crystallization conditions for the individual 
subunits were tested. 
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2. RESULTS 

2.1. Purification and crystallization of the Rpn1 subunit 
During the purification of Rpn1 it could be observed, that this subunit forms oligomers. This 
may be a result of non-specific interactions, or due to a general instability of the protein, leading 
to partial aggregation. Initially, glycerol was used in the lysis buffer to stabilize the protein as  
it increases hydration at the particle surface resulting in altering alter size or surface properties 
which can have larger effects in protein interactions. However, glycerol was found to be 
ineffective in preventing the oligomerization of this protein. In a second attempt we applied 
reducing agents, such as 10 mM beta-mercaptoethanol or 10 mM DTT in the purification buffers. 
These reducing reagents reduce disulfide bonds and therefore also prevent the formation of intra-
molecular and inter-molecular disulfide bonds via spontaneous oxidation reactions. This 
potentially prevents the oligomerization of Rpn1 molecules, which is essential to obtain a 
monodisperse protein sample for crystallization. 
 

http://en.wikipedia.org/wiki/Disulfide_bond
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2.1.1. Ni-NTA purification 
Crude cell lysate prepared according to the described method (see section 5.4.1) was loaded on a 
Ni-NTA column and eluted with a linear gradient of imidazol from 10 mM to 250 mM. The 1D-
SDS-PAGE analysis showed that Rpn1 is present throughout all fractions from 7 to 51, having 
two local concentration maxima in fraction 13 and fraction 27. The remaining impurities from 
cytosolic proteins of Rhodococcus erythropolis were still significant therefore an additional 
purification step was carried out. Fractions 7-21 and 23-43 were pooled separately. The protein 
concentrations in the pools were 0.2 and 0.18 mg/ml, respectively. Since high imidazole 
concentrations hinder efficient binding of proteins to Mono-Q beads, the protein samples were 
dialyzed against 25 mM Tris (pH 7.5) prior to the following ion exchange chromatography. 
 

 
 

 
Fig 2.1.1 (a) Chromatogram showing the elution profile for the protein Rpn1 monitoring the absorbance at 280 nm 
and 254 nm purified on His-Trap Fast Flow columns. (b) SDS-PAGE of the fractions from the Ni-NTA column. The 
high molecular weight bands with molecular weights over 130 kDa indicate not well-denatured protein sample or a 
possible covalently linked dimeric form of the protein. 
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2.1.2. Mono-Q purification 
The dialyzed protein samples were subjected to Mono-Q purification. A strong peak was 
observed at fractions 17-21 followed by two shoulders at fractions 23-26 with slowly decreasing 
concentration of protein Rpn1. SDS-PAGE analysis of the eluted fractions from Mono-Q showed 
that Rpn1 is present from fraction 18 to fraction 29. Impurities of R. erythropolis proteins were 
seen throughout all fractions. Fractions from 19 to 29 were pooled and subjected to further 
purification using a Superose 12 column. 

 

 
Fig 2.1.2 (a) Chromatogram showing the elution profile by monitoring the absorbance at 280 nm and 254 nm for the 
protein Rpn1 purified on a Mono-Q column. (b) SDS-PAGE of the fractions from the Mono-Q column. 
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2.1.3. Gel filtration  
The major peak fractions (20-22) from anion exchange chromatography were pooled and 
concentrated to a final volume of 300 µl, reaching a protein concentration of 10.5 mg/ml and 
were loaded on a Superose 12 column. This gel filtration step was needed to ensure 
monodispersity of the protein. In the resulting chromatogram a single peak with small shoulders 
near the baseline was observed, confirming the homogeneity of the protein in fractions 11-13. 
SDS-PAGE confirmed that the purity of these peak fractions was sufficient for crystallization 
trials.   
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Fig 2.1.3 (a) Chromatogram showing the elution profile by monitoring the absorbance at 280 nm and 254 nm for the 
protein Rpn1 purified through Superose 12. (b) SDS-PAGE of the fractions from the Superose 12 column. The 
single peak in fractions 11-13 is confirmed and the purity of Rpn1 was high enough to conduct further 
crystallization trials.  
 

2.1.4. Crystallization trials for Rpn1 
Pure fractions obtained after the size exclusion chromatography were pooled and concentrated to 
a volume of 200 µl, having a protein concentration of ~10 mg/ml. Many different crystallization 
conditions were investigated using the listed crystallization screens (Table 5.1.2). Unfortunately, 
no protein crystals could be observed at any of the tried conditions.  
 
 

2.2. Purification and crystallization of the Rpn10 subunit 
The purification of the Rpn10 subunit was carried out in two steps. Affinity purification was 
performed on a Ni-NTA column, followed by a gel filtration step, using a Superdex 75 10/300 
GL column. The obtained final fractions were found to be pure and homogenous and could 
immediately be subjected for further crystallization trials at two different temperatures (20 °C 
and 4 °C). The following crystallization screens PACT suit, Classics, Classics lite, Classic II suit, 
pH clear and pH clear II suits, anions and cations suites, PEG and PEG II suites, AmSO4 suite 
and MPD (All from Qiagen, Hilden) were used. No crystal formation could be observed for 
Rpn10 at any of the tested conditions. 
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2.3. Purification, CD spectroscopy and crystallization of the Rpn 6 

subunit 

2.3.1. Purification 

Ni-NTA purification  

The eluted fractions from the Ni-NTA column resulted in a broad peak starting at fraction 
number 7 and ending at fraction number 35. SDS-PAGE analysis showed the presence of Rpn6 
proteins in all fractions, a local concentration maximum was found in fraction 22. Some 
impurities from R. erythropolis cells were seen prominently throughout all fractions, which 
necessitated further purification steps. Depending on the concentration of the impurities, 
fractions 11 to 22 and fractions 23 to 35 were pooled and dialyzed to remove the imidazole and 
ensure proper ionic strength for the following ion exchange chromatography. The protein 
concentration of the pool was 0.4 mg/ml.  
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Fig 2.3.1.1 (a) Chromatogram showing the elution profile obtained by monitoring the absorbance at 280 nm and 254 
nm for the protein Rpn6 purified on a His-Trap Fast Flow column. The protein was eluted with a linear gradient of 
imidazole from 10 mM to 250 mM resulting in a broad peak from fraction 13 to fraction 33. (b) SDS-PAGE of the 
fractions eluted from the His-Trap Fast Flow column.  

Mono-Q purification 

The dialyzed fractions from the Ni-NTA purification were further purified using a Mono-Q 
column. A linear gradient from 0 to 1 M NaCl was used for elution, which resulted in a single 
peak from fraction 10 to 15 The protein purity was found to be >90%. These peak fractions (10-
15) were pooled and concentrated to ~10 mg/ml and subjected to a gel filtration column.  
 

 
 

 
 
Fig 2..3.1.2 (a) Chromatogram showing the elution profile obtained by monitoring the absorbance at 280 nm and 
254 nm for Rpn6 purified on a Mono-Q column. (b) SDS-PAGE analysis of fractions from the Mono-Q column. A 
sharp peak is observed at fractions 10-14 and the amount of contaminating proteins is negligible. 
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Gel filtration 

A gel filtration step was performed to ensure the monodispersity of the protein. The peak 
fractions (10-14) from the ion exchange chromatography on Mono-Q were pooled together (3 
ml) and concentrated 10-fold (300 µl) to a final protein concentration of ~10 mg/ml. The 
concentrated protein sample was passed through a Superose 12 column. SDS-PAGE confirmed 
again the high purity of the eluted protein close to homogeneity. For subsequent crystallization 
trials protein-containing fractions were pooled and reconcentrated to ~10 mg/ml.  
 

 
 

 
 
Fig 2.3.1.3. (a) Chromatogram showing the elution profile obtained by monitoring the absorbance at 280 nm and 
254 nm for the protein Rpn6 purified using a Superose 12 column. (b) SDS-PAGE analysis of the fractions from the 
Superose 12 column. A sharp peak was observed at fractions 12-15 with negligible amounts of contaminants.  
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2.3.2. CD spectroscopy 

Circular dichroism is one of the spectroscopic methods applied for the characterization of 
proteins. It enables the determination of secondary structure elements in proteins based on the 
differential absorption of left and right circularly polarized light. A set of proteins, whose 
structures are known by X-ray crystallography was used as a reference (SMP56) to fit the Rpn6 
sample data. From the recorded spectrum CONTIN predicted a composition of approximately 27 
% regular helices, 20 % distorted helices, 5 % regular strands, 5 % irregular strands, 17 % turns 
and 26 % disordered regions in the Rpn6 subunit with a root mean square deviation (RMSD) 
value of 0.060. This prediction shows that the major part of the protein (≈60%) is well-structured 
and protein crystallization should be feasible without major modifications.   

 
Analysis method:   CONTIN 

Reference:   SMP56  

RMSD    0.060 

NRMSD    0.020 

Secondary structures Hr Hd Sr S(d) Turn Unrd 

Fractions 0.276 0.200 0.047 0.051 0.168 0.258 
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Fig: 2.3.2. CD spectroscopic analysis of the secondary structure of Rpn6: 

The CD spectrum of Rpn6 (sample) was fitted with a structurally well-studied protein set (Calculated) using the 
CONTIN algorithm. The fit reaches a RMSD value of 0.06. The predicted secondary structure of  Rpn6 consists of 
27 % regular helices(Hr), 20 % distorted helices (Hd), 5 % of strand regular (Sr), 5 % of irregular strands (Sd), 17 % 
turns and 26 % disordered region s (Unrd). 

 

2.3.3. Crystallization 

Most of the crystallization experiments were carried out in the high throughput crystallization 
facility at the MPIB, Martinsried. With the help of the Phoenix nanodispenser robot from Art 
Robbins Instruments it was possible to setup ~2000 different screening conditions for one single 
protein in a few days. The plates were automatically visualized in regular time intervals of 24 
hours with the help of an imaging station based on a Leica microscope and a Tecan EVO 150. A 
PX scanner diffractometer from Oxford Diffractions was used for in situ X-ray diffraction tests. 

Several crystallization trials have been performed for Rpn1, Rpn6 and Rpn10 using different 
screens. Under the conditions tested, no crystals for Rpn1 and Rpn10 could be obtained. Rpn6 
crystallized at three conditions of the PACT crystallization screen at room temperature, yielding 
micro crystals. Only one of these conditions was reproducible with 14% PEG 6000, 0.2M 
MgCl2, 0.1M Tris (pH 8.0), room temperature (20°C) and a protein concentration of 5 mg/ml. 
Initially the crystal growth was observed five days after setting the drops. After some fine tuning 
and optimization of the conditions, e.g. slightly increasing the PEG concentration from 14% to 
15% and raising the pH from 8.0 to 8.5 (15% PEG 6000, 0.2M MgCl2, 0.1M Tris (pH 8.5), 
temperature 20°C), the crystals grew on the second day (after 24 hours) and yielded a few big 
needle shaped crystals of varying lengths (200-350 µm). 

Diffraction data of the Rpn6 protein crystals were collected at the Microfocus beamline ID23-2, 
at the Electron Synchroton Radiation Facility (ESRF) in Grenoble, France. Several Rpn6 crystals 
were measured by the rotation method, using a beam exposure time of up to 3 seconds per degree 
at a wavelength of 0.8726 Å (detector distance 687.21 mm). Diffractograms were recorded with 
an Area Detector Systems Corporation (ADSC) charge-coupled device (CCD) detector (Fig 3.5 
f). All measured Rpn6 crystals diffracted to a resolution of approximately 7 Å, which was not 
sufficient to determine the atomic structure of the protein. The X-ray Detector Software (XDS) 
for the diffraction data suggests the lattice parameters a, b and c to be 40, 325 and 325 Å, 
respectively and the lattice angles alpha, beta, gamma to be 90, 90 and 90, respectively. This 
parameters derived with XDS would be compatible with a tetragonal space group, but it 
suggested a primitive orthorhombic space group as the highest symmetry solution. Furthermore 
it also predicts the putative content of the unit cell based on the solvent content of average 
protein crystals. Assuming the crystals would have a solvent content of 60-70 % there may be 
5-6 independent Rpn6 molecules per asymmetric unit.  
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Fig 2.3.3 Crystals of Rpn6 
Crystals produced at the condition containing 14 % PEG 6000, 0.2 M MgCl2 and 0.1 M Tris (pH 8.0) at 20 °C. 
Protein concentration was 5 mg/ml.  (a) Image from the PACT crystal screen where the first micro crystals were 
observed. (b) Larger crystals were obtained after optimization of the crystal conditions. (c) and (d) are cryo-
preserved crystals, which were tested at the Beamline. (e) Diffraction Image of an Rpn6 crystal (ID-23 Microfocus 
Beamline, ESRF, Grenoble, France). The rings in the image represent the resolutions with outer rings showing 
higher resolution. Rpn 6 diffracted to 7Å which is represented by second ring from outside.  

 
  

 



23 
 

2.3.3.4. Limited proteolysis of the recombinant Rpn6 subunit and multiple sequence 

alignments 

Limited proteolysis 
After the crystallization trials for the Rpn6 subunit, it was found that the reachable resolution to 
which the Rpn6 crystals diffracted was not sufficient for atomic structure determination. In order 
to improve the resolution, we modified the protein by removing putative flexible parts from the 
N-terminus.   

 
Fig: 2.3.3.4 1D-SDS-PAGE of proteinase K digested Rpn6 in a serial dilution experiment. 

Limited proteolysis, one method to reveal flexible parts of a protein, was carried out with Rpn6. 
The 1D-SDS-PAGE gel shows Rpn6, which was digested with different concentrations of 
Proteinase K (20.48, 10.24, 5.12, 2.56, 1.28, 0.64, 0.32, 0.16, 0.08, 0.04, 0.02, 0.01 µg/ml)(Fig 
3.3.3.4). A concentration of 0.32 µg/ml resulted in 5 different fragments with different lengths. 
The Edman’s Degradation sequencing method was used to sequence these five bands, which 
indicated that the N-terminal sequence of bands 1, 2, 4 and 5 start with a sequence of VRDQE, 
which is 30 amino acids from the N-terminus of the Rpn6 protein. This result suggested that both 
ends of the protein are accessible to proteinase-K digestion and could cause hindrances in proper 
crystal packing.  

 

Multiple sequence alignment 

Multiple sequence alignment was carried out with sequence of Rpn6 from Drosophila 
melanogaster along with other organisms such as Nassonia vitripennis, Candida albicans, 
Saccharomyces pombe, Chlymadomonas veinhardt, Phacodactylum tricornutun, Lodderomyces 
elongisporus.  The N-terminus of these subunits didn’t show much diversity and the seventh 
amino acid (E) was prominently conserved. To follow the guidance of the sequence alignment 
and to keep as much amino acids in the sequence as possible we introduced a TEV protease 
cleavage site between the 6His-tag and the holo-protein and we truncated Rpn6 with 6 AA 
stretch starting with the FERAQ sequence, respectively. 
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Fig 2.3.3.5 Multiple sequence alignment for the Rpn6 protein sequence.  
The figure shows the first 100 amino acids from the N-terminal from Drosophila melanogaster, Nassonia 
vitripennis, Candida albicans, Saccharomyces pombe, Chlymadomonas veinhardt, Phacodactylum tricornutun and 
Lodderomyces elongisporus. 

Interestingly, the result of the limited proteolysis with proteinase K which revealed a possible 
loosely packed AA stretch upstream of the VRDQE sequence didn’t coincide with the results of 
the multiple alignment method. After expression, purification and crystallization of the three new 
constructs we will have a clear view which crystal provides the best diffraction result. 

2.3.3.5. Cloning of truncated forms of Rpn6 

The results of multiple sequence alignments and limited proteolysis experiments suggested 
modifying the rpn6 gene. Three modified versions of the protein have been created. The first 
construct had a cleavable His-tag at the N-terminus, the second construct was truncated by 
removing the first 6 amino acids, based on multiple sequence alignment results, and 
incorporating a TEV protease cleavage site. The third construct was truncated by eliminating 30 
residues from the N-terminal end, based on the limited proteolysis experiment. The modified 
rpn6 gene constructs were amplified and cloned in pTipQC and pTipRC vectors. The PCR 
reactions were carried out using the forward and reverse primers specific for the genes (see table 
5.2a). The analysis of amplified DNA fragments using agarose gel electrophoresis showed the 
rpn6/1, rpn6/2 and rpn6/3 amplicons in the range between 1000 and 1300 bp. 
 
 
. 
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Fig. 2.3.3.5a Analysis of rpn6 PCR products on a 1% agarose gel. Lanes 1, 2, and 3 show the bands of the PCR 
amplified fragments of the truncated versions of rpn6 with 1266 bp, 1131 bp and 1248 bp, respectively. All the 
bands were observed at an expected size of 1200 bp. Lanes 4 and 5 contain the pTipQC and pTipRC plasmids, 
which were digested with both NdeI and XhoI. 
 
PCR amplified fragments were purified using the Qiagen PCR purification kit. The purified PCR 
products as well as the pTip vectors were digested separately with both NdeI and XhoI restriction 
endonucleases. The digested fragments were analyzed using agarose gel electrophoresis. The 
digested fragments and the digested vectors were purified and ligated overnight using T4 DNA 
ligase (NEB) and the ligated plasmids were transformed into E. coli TOP-10 cells. The plasmid 
contained an Ampr gene, which facilitated the selection of transformed cells after an overnight 
incubation at 37 °C.  
 

Colony screening of transformed cells 

Several colonies were picked from the transformed cells and analyzed for the presence of correct 
inserts. Transformants were subcultured into liquid culture and plasmid DNA was isolated. 
Isolated plasmids were digested by NdeI and XhoI restriction enzymes. An agarose gel of 
digested plasmids shows bands (bands between 1.0 -1.3 kb in lanes 6, 7, 8, 10, 11, 12, 14, 16, 17 
and 18 corresponding to the size of the target sequence (Fig 2.3.3.5b). DNA sequencing 
confirmed the correct nucleotide sequences. 
 
 

 
Fig 2.3.3.5b Colony screening by restriction enzyme digestion 
The marker lane is a 1 kb DNA Ladder. Lane 3-8 represent pTip-RC-Rpn6/1 clones, out of which transformants 6-8 
showed bands corresponding to the target sequence length. Lane 9-13 represent Tip-RC-Rpn6/2 clones, where 
transformants 10-12 showed the expected size of the target sequence. Similarly, lane 14-18 represent pTip-RC-
Rpn6/3 clones, from which transformants 14 and 16-18 showed bands corresponding to the size of the target 
sequences. 
 

Transformation of electro-competent R. erythropolis cells with pTIPRC-Rpn6 constructs 

Selected plasmids of the three constructs were sequenced and introduced into R. erythropolis 
cells. Three colonies per transformation reactions were selected and streaked on LB medium 
containing the proper selection agent. The expression trials indicated that recombinant proteins 
were produced at the required amount (data not shown). Hopefuly these constructs will enable in 
production of compact crystals resulting in higher resolution. 
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3. DISCUSSION 
 

26S proteasomes are key regulators of targeted protein degradation in eukaryotic cells. 
Biochemical and structural studies on 26S proteasomes have proven, that they do not only 
maintain homeostasis [2], but are also essential for the viability of cells by performing house-
keeping functions in protein turnover metabolism. This renders the 26S proteasome a potential 
drug target. General functions of this protein degrading machinery have been studied 
extensively, but as yet many mechanistic details of the substrate translocation and processing, 
e.g. how the proteins enter the catalytic core of the proteasomes remain elusive. A great help to 
understand the working mechanism of 26S proteasomes is to solve their three-dimensional 
structure at an atomic level. So far the architecture of the 26S has been described along with the 
crystal structure of the 20S proteasome with the help of electron microscopy and x-ray 
crystallography, respectively [2, 6, 7]. Crystallization of the whole 26S proteasome is close to 
impossible, owing to its complexity, flexibility and difficulty in purifying a homogenous sample. 
The regulatory caps show a great amount of flexibility and they are found to easily dissociate 
during the purification process. It is well known, that the protein targeting and the entry of 
proteins into the 26S proteasome are closely related to the 19S regulatory caps, however to 
understand the function of the RPs, the individual subunits require to be localized within the RPs 
first. For that, we are using an integrated approach, which combines EM, protein crystallography, 
molecular biology, proteomics and bioinformatics methods. 

One of the EM related approaches deals with the localization of the subunits in the RP aiming to 
determine their spatial relationships. Apart from the EM work we are carrying out crystallization 
studies on recombinant single 19S subunits to be able to fit these structures into EM maps to get 
insights into the molecular architecture of the RP. The crystal structures of the subunits from 19S 
will also provide sufficient information about the interactions of different subunits as well as 
interactions with the ubiquitin molecules involved in protein targeting. Till date there are crystal 
structures available for functional domains of Rpn10 and Rpn13 (references).  

A crucial prerequisite for crystallization studies is the ability to express the subunits 
heterologously to a level where ample amount of proteins are available [27]. As yet expression 
trials of most of these subunits in conventional host systems like E. coli and yeast have not been 
successful. With the aid of the new R. erythropolis expression system we were able to clone 19 
subunits and solubly express the 16 RP subunits in amounts, where they can be used for further 
biochemical and crystallography studies. Primarily, Rpn1, Rpn10 and Rpn6 were chosen for 
purification and crystallization trials. All three of them were expressing well and decent amounts 
for crystallization could be obtained. 

The purification of Rpn1 was challenging. During size exclusion chromatography it was found, 
that Rpn1 subunits form oligomers (dimers, trimers, tetramers), resulting in a polydisperse 
protein sample, which is not optimal for crystallization. In order to avoid the oligomerization, 
different additives, e.g. glycerol were used during the purification. Addition of glycerol 
decreases the volume of the protein core as well as it increases the size of the hydration shell at 
the particle surface, resulting in an efficient particle radius equivalent to the protein in plain 
aqueous solution [29]. The compression of the protein core may alter the extent to which 
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different amino acids are buried in the protein structure and changes in size or surface properties 
can have larger effects on protein-protein interactions [30]. Thus, depending on the protein size, 
flexibility and surface chemistry, glycerol may alter the protein in a number of ways [30]. 
Addition of glycerol in case of Rpn1 was ineffective though, as we couldn’t obtain a 
monodisperse sample. This phenomenon was probably due to the fact, that Rpn1 has about 14 
cystein residues, and some of them are believed to form intra-molecular and inter-molecular 
bonds [31]. DTT is frequently used in protein purification buffers to reduce disulfide bonds of 
proteins and more generally to prevent formation of intra-molecular and inter-molecular 
disulfide bonds via spontaneous oxidation reactions. After adding DTT up to a concentration of 
10 mM in the purification buffers, it was found that the protein could be purified in a 
monodisperse form, avoiding oligomeric states. Crystallization trials were conducted to 
crystallize Rpn1 however no crystals could be produced so far. 
 
Pure Rpn10 sample, which was suitable for crystallization trials, could be obtained in two 
separation steps. However, the crystallization proved unsuccessful despite of trying many 
different conditions. Recently, Riedinger et al., solved the structure of the ubiquitin-interacting 
domain using X-ray crystallography (unpublished). Therefore, further experiments in this 
direction have been discontinued.  

The Rpn6 subunit was expressing well and the used separation steps and buffer conditions 
produced highly pure and homogenous sample, ideally suited for crystallization attempts. 2000 
different screening conditions were tested at room temperature, as well as at 4°C using various 
crystals screening kits, out of which one condition yielded small needles. This buffer condition 
was further optimized, until larger crystals were produced, which were subjected to X-ray 
diffraction. Unfortunately, these crystals diffracted only to a resolution of 7Å, which is not 
sufficient to solve the atomic structure. The reason for it being, that it is hardly possible to 
interpret the obtained electron density in terms of the exact atomic coordinates with resolutions 
lower than 3.5 Å. It is believed that flexible parts of the protein domains interfere with the 
crystallization process by preventing the protein to form well-ordered crystals. For successful 
crystallization, flexible parts of the protein have to be removed which usually results in stronger 
protein-protein contacts. This leads to compact crystal packing, with which higher resolutions 
can be obtained [27]. In order to identify flexible regions in the Rpn6 subunit, we carried out 
bioinformatics and limited protein degradation studies. Based on these studies we have created 
three constructs, a full size protein with a cleavable His-tag, and two mutant Rpn6 versions, 
which were truncated N-terminally by 6 and 30 amino acids. These proteins will be purified and 
crystallized to solve the structure of the Rpn6 subunit. The obtained structure will be used for 
docking experiments into the current 26S model, as obtained by EM. 

 

http://en.wikipedia.org/wiki/Disulfide_bond
http://en.wikipedia.org/wiki/Protein
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4. CONCLUSIONS AND FUTURE WORK 
 

After cloning each of the subunits of the lid particle of D. melanogaster into the R. erythropolis 
expression system, studies on the performance of the expression system were carried out. These 
experiments revealed significant differences in the production levels of the recombinant proteins. 
Both, N- and C-terminally Hexa-Histidine-tagged forms of the different subunits varied greatly 
from no protein to excellent amounts. With regard to all the subunits of the RP, structural details 
are available for only a few of them. These represent mostly subunits, which are related to the 
base complex and the ubiquitin-associating subunits. Our primary crystallization studies focused 
on Rpn1, Rpn10 and Rpn6, as these proteins were expressing well and they were relatively easy 
to purify. Besides, Rpn6 and Rpn1 are not studied extensively and information about their 
function and structure is sparse. From our preliminary trials it was found, that Rpn6 could be 
crystallized, but the achieved 7 Å resolution did not satisfy criteria to solve the atomic structure 
of this protein. Therefore, bioinformatics and limited proteomics analyses were carried out in 
order to reveal possible flexible parts of this protein. Based on these results, a TEV protease 
cleavage site was introduced into the constructs to remove the His-tag, and stretches of 6 and 30 
amino acids were truncated from the N-terminal part of the protein, respectively. 
 
In future works we will focus on crystallization experiments for these new Rpn6 constructs to 
reach a better resolution in the crystal diffractograms and solve the atomic structure. Thereafter, 
we will focus on other individual subunits and prioritize them according to their importance in 
the process of protein degradation. Purification protocols and crystallization conditions likely 
have to be adapted and optimized. After crystallizing these subunits, the structures will be used 
in a computational process to fit them into the low resolution EM structure of the RP to get 
deeper insights into the molecular architecture of this complex. The three dimensional structure 
of the 26S proteasome will help us to understand its mechanism in protein degradation better. As 
the proteasome is regarded as a drug target to treat various diseases, targeted proteasome 
inactivation by drugs designed for different subunits will open new doors for the control and cure 
of different diseases.  
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5. MATERIALS AND METHODS 

5.1. Materials 

5.1.1. Bacterial strains and vectors 

Table 5.1.1. Bacterial strains used in this study 
Bacterial strains  Purpose 
Escherichia coli TOP10F  Hosts for Subcloning  
Rhodococcus erythropolis (L-88) Hosts for overexpression of  protein 

 

 

 
Fig 5.1.1   pTip vector map 
Thior, thiostrepton resistance gene, Tetr, tetracyclin resistance gene, Chlr, chloramphenicol resistance gene, PthcA, 
thcA promoter that transcribes the tipAL gene constitutively; Ampr, ampicillin resistance gene; ColE1, replication 
origin for E. coli; TthcA, thcA transcriptional terminator; MCS, multiple cloning site (MCS type 1 or MCS type 2); 
PtipA, tipA promoter; repAB or rep for autonomous replication of plasmid. Multiple Cloning sites are shown in the 
lower part of the figure for both Type1 and Type2 plasmids. Rpn6 was cloned using the NdeI and XhoI restriction 
sitesb [28]. 
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Table 5.1.2 R. erythropolis expression vectors 
Vectors Inducers Location Comments 
 

Rhodococcus 

pTip-vectors Thiostrepton Cytoplasm Expression at low 
temperatures 

pNit-vectors Constitutive Cytoplasm Constitutive type of 
pTip-vectors pNT Constitutive Cytoplasm 

 

5.1.2. Oligonucleotide sequences designed for PCR amplification and 

sequencing of Rpn6 

Table 5.1.2.a Oligonucleotides / primers used for PCR amplification of rpn6 

Name  Sequence 
Rpn6_NdeI-Forward 5’-gaattcCATATGGCCGGAGCAACACTTTTCGAG-3’ 

Type 1 Vector AS-Reverse 5’-ggcCTCGAGTTACGACAGCTTCTTAGCCTTCTG-3’ 

Type 2 Vector AS-Reverse 5’-ggcCTCGAGCGACAGCTTCTTAGCCTTCTGGT-3’ 

Rpn6 TEV3-Forward 5’-ggaattcCATATGGAAAACCTGTATTTTCAGGGCAT 

GGCCGGAGCAACACTTTTCGAGCGTGCC-3’ 

Rpn6TEVKEQ3-Forward 5’-gaattcCATATGGAAAACCTGTATTTTCAGGGCAA 

GGAGCAGGGCATTCTGCAGCAGG-3’ 

Rpn6TEVFERA3-Forward 5’-ggaattcCATATGGAAAACCTGTATTTTCAGGGCTT 

CGAGCGTGCCCAGGCATTGTCCAGCG-3’ 

Rpn6TEVVRDQ-Forward 5’-gaattcCATATGGAAAACCTGTATTTTCAGGGCGT 

CCGCGACCAGGAGGGCGCCGAGAACGATG-3’ 

Green: NdeI cleavage site, Blue: XhoI cleavage site, Red: TEV cleavage site,  
 
 

Table 5.1.2.b Oligonucleotides used for DNA sequencing of recombinant pTipRC-Rpn6 
plasmids 
Name  Sequence’  
pTip-Forward 5’-TGTACATATCGAGGCGGGCTCC-3’ 

pTip-Reverse 5’-AACCTCCGTGTGTTTGTGCAG-3’ 

Rpn6-Internal 5’-TGGATGACAAGAATCTGCTGGTGGA-3’ 
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5.1.3. DNA and protein modifying enzymes 

Table 5.1.3 Enzymes used for DNA modification 
Enzyme  Supplier  
Pfu DNA Polymerase  Fermentas, Burlington, Canada 
Benzonase Nuclease  Sigma–Aldrich, St. Louis, Missouri, US 
Restriction enzymes (NdeI, XhoI)  New England Biolabs, Ipswich, Massachusetts, US  
T4 DNA ligase  New England Biolabs, Ipswich, Massachusetts, US 
Proteinase K New England Biolabs, Ipswich, Massachusetts, US 
Subtilisin  New England Biolabs, Ipswich, Massachusetts, US 

 

5.1.4. Crystallization screens 

Table 5.1.4.a Qiagen’s,( Hilden, Germany) Crystallization screens 
Screens Application 
PACT Suite For systematic analysis of the effect of pH and 

anions and cations. 
Classics, Classics Lite, and Cryos Suites, 
Classics II Suite 

For initial screening of protein crystallization 
conditions. 

pH Clear and pH Clear II Suites For systematic analysis of precipitant 
concentration and pH. 

Anions and Cations Suites For screening using various salts at two 
concentrations and four different pH values. 

PEGs and PEGs II Suites For screening using polyethylene glycols of 
different molecular weights. 

AmSO4 Suite For refinement of promising conditions 
containing AmSO4. 

MPD Suite For refinement of promising conditions 
containing MPD (2-methyl-2, 4-pentandiol). 

 

Table 5.1.4.b Hampton Research (Aliso Viejo, CA) Crystallization screens 
Additive Screen HT Manipulate sample-sample and sample-solvent 

interactions to improve crystals or alter sample 
solubility. 

Index HT Primary, diverse reagent system crystallization 
screen for proteins. 

 

http://en.wikipedia.org/wiki/Burlington,_Ontario
http://en.wikipedia.org/wiki/St._Louis,_Missouri
http://en.wikipedia.org/wiki/St._Louis,_Missouri
http://en.wikipedia.org/wiki/Ipswich,_Massachusetts
http://en.wikipedia.org/wiki/Ipswich,_Massachusetts
http://en.wikipedia.org/wiki/Ipswich,_Massachusetts
http://en.wikipedia.org/wiki/Ipswich,_Massachusetts
http://en.wikipedia.org/wiki/Hilden
http://en.wikipedia.org/wiki/Germany
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5.1.5. Analytical instruments used 

Table 5.1.5 Analytical instruments and their use 
Analytical Use Device / Instrument Company 
Protein purification ÄKTA Purifier 10 

HisTrap™ FF Column 1ml 
Superose™ 6 10/300 GL 
Superdex™ 75 10/300 GL 
Mono Q™ HR 5/5 Column 1 ml  

GE Healthcare Life Sciences, 
Uppsala, Sweden 

Dialysis of protein SnakeSkin™ Pleated Dialysis Thermo Scientific, Waltham, 
Massachusetts, USA 

Ultracentrifuge Beckman J2-M Beckman-Coulter, Brea, 
California, USA 

Concentrating proteins Microsep™ Pall Life Sciences, NY, USA 
Microcentrifugation 
 

5415C table top centrifuge Eppendorf, Hamburg, 
Germany 

Polymerase chain reaction GeneAmp PCR System 
9600 (Version 2.01) 

Perkin-Elmer, Waltham, MA, 
USA 
 

Analysis of agarose gel Gel documentation system Herolab GmbH, Wiesloch, 
Germany 

Ultrasonication of cells Ultrasonicator Gerhard Hielscher 
Ultrasonics GmbH, Germany 

Setting hanging drops with 
nanoliter volume 

Phoenix nanodispenser robot Art Robbins Instruments, 
Sunnyvale, CA 

Solution dispensing, prepa-
ring crystallization screen 
kits and generating optimiza-
tion conditions 

Tecan Evo 200 /8 Tecan, Hombrechtikon, 
Switzerland 

Crystal Observation Imaging Station  Leica, Vertrieb, Germany and  
Tecan EVO 150 

Checking crystal diffraction PX scanner diffractometer Oxford Diffraction, Palo 
Alto, California, USA 

 

5.1.6. Other Tools 

Kalign was used as multiple sequence alignment tool (http://msa.sbc.su.se/cgi-bin/msa.cgi). 

Edmans Degradation Sequencing was used to sequence the Proteinase K digested proteins. (Core 
facility from MPI Biochemistry, Martinsried, Germany) 

 

http://www.gelifesciences.com/aptrix/upp01077.nsf/Content/Products?OpenDocument&moduleid=165423
http://en.wikipedia.org/wiki/Waltham,_Massachusetts
http://en.wikipedia.org/wiki/Waltham,_Massachusetts
http://en.wikipedia.org/wiki/Brea,_California
http://en.wikipedia.org/wiki/Brea,_California
http://en.wikipedia.org/wiki/Waltham,_MA
http://www.hielscher.com/ultrasonics/about1.htm
http://www.hielscher.com/ultrasonics/about1.htm
http://en.wikipedia.org/wiki/Hombrechtikon
http://en.wikipedia.org/wiki/Palo_Alto,_California
http://en.wikipedia.org/wiki/Palo_Alto,_California
http://msa.sbc.su.se/cgi-bin/msa.cgi
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5.2. Methods in Molecular Biology 

5.2.1. Cloning of truncated versions of Rpn6 

Multiple sequence alignment of Rpn6 subunits and a limited digestion of the recombinant 
Drosophila Rpn6 subunit indicated two possible sites where it could be reasonable to truncate the 
gene/protein. Three different constructs were created, a first one containing the holo-protein with 
a cleavable 6xHis-tag, and two additional ones, where a 6 and a 30 amino acid stretch was 
removed from the N-terminus.  

Table 5.2.1 Different constructs of truncated versions of Rpn6 
Construct  Information 
Construct # 1 Full length protein with a cleavable His-tag at the N-terminal end 

Construct # 2 Chopping of the first 6 amino acids from the N-terminal end based on 
multiple sequence alignment. 

Construct # 3 Chopping of the first 30 amino acids from the N-terminal end based on 
limited proteolysis. 

 

Amplification of rpn6 by polymerase chain reaction 

Polymerase chain reaction (PCR) is an in vitro technique used to amplify a stretch of DNA 
producing millions of copies of the DNA within few hours. Usually it uses a template strand, 
which is to be amplified, dNTP’s, DNA polymerase, and two oligonucleotide primers (forward 
and reverse) complementary to the opposite strand of the DNA template. PCR reactions were 
performed to amplify the rpn6, using the pTipRC-Rpn6 construct as template. During 
amplification two restriction sites were introduced at the ends of the gene with primers having 
restriction sites for NdeI and XhoI restriction endonucleases at the N-terminus and C-terminus, 
respectively (Table 5.1.5a). The PCR reaction was performed using a Perkin Elmer Gene Amp 
PCR System 2400, using the protocol described in Table 5.2.2.2. 
 

Table 5.2.2.1 Contents of the PCR reaction mixture used to amplify truncated Rpn6 forms 

Reagents Quantity 
10X Pfu Buffer 5 µl  
dNTPs 2.5 mM 
Template  1 µg 
Forward primer 1 µM 
Reverse primer 1 µM 
DMSO 5 µl 
Pfu DNA polymerase 2 U 
Total reaction volume 50 µl 
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Table 5.2.2.2 PCR program used to amplify rpn6 genes 

Program  Denaturation Annealing Extension 
Initial preheating 95 °C for 3 min   

PCR cycles (30) 95 °C for 30 s 65 °C for 45 s 72 °C for 3 min 

Final extension   72 °C for 7 min 

 

Purification of PCR products containing amplified fragments of rpn6 

PCR products were purified using the QIAquick PCR Purification Kit (Qiagen, Hilden) 
according to the manufacturer’s recommendations. Briefly, the PCR product was mixed with 500 
µl of PBI buffer and was loaded onto a QIAquick spin column. The QIAquick spin column was 
centrifuged for 60 seconds and the flow-through in the collection tube was discarded. The spin 
column was washed with 750 µl of PE Buffer, centrifuged for 60 seconds and the flow-through 
was discarded. The column was centrifuged for an additional minute to remove the residual 
ethanol from the membrane. The spin column was placed in a clean sterile Eppendorf tube and 
DNA was eluted with 50 µl of TE buffer by centrifuging for 1 min. All centrifugation steps were 
carried out at 18000 xg in an Eppendorf 5415C tabletop centrifuge. 
 

5.2.2. Restriction enzyme digestion of PCR products and plasmid DNA to 

generate compatible cohesive ends for cloning in E. coli  

Amplified DNA fragments, which contained an NdeI site at the 5’ end and an XhoI site at the 3’ 
end, were digested with NdeI and XhoI restriction endonucleases at 37°C over night (ON) to 
create compatible cohesive ends, while the expression vector pTipRC was digested with the 
same enzyme pair for 60-90 minutes. 
 
Table 5.2.2 Ingredients of the restriction endonucleases digestion reaction mixture 

Ingredients Quantity 
NEB Buffer2 2 µl 
DNA 3 µg 
XhoI 20 U 
NdeI 20 U 
BSA 2 µg 
Total 20 µl 

Agarose gel electrophoresis 

Agarose gel electrophoresis is a technique used to identify, analyze and purify DNA fragments. 
The rate of molecular movement depends upon molecular size/shape and the density of the gel, 
through which the DNA moves. Agarose (Biomol, PA, USA) was dissolved at an amount of 1 % 
(w/w) in 1X TAE buffer by heating in a microwave oven. 2 µl of 3X Gel Red dye (Gentaur 
Molecular products, Brussels) was mixed into 50 ml molten agarose for staining of DNA bands. 
5 µl of PCR mixture was mixed with an appropriate amount of 6X gel loading buffer and loaded 
onto the gel. Electrophoresis was carried out at 100 V for 0.6 h until the loading dye reached the 
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end of the gel. After electrophoresis, separated DNA fragments were visualized by a Gel Doc gel 
documentation system (Herolab, Wiesloch, Germany).  
 

5.2.3. Purification of PCR amplified DNA fragments and plasmid DNA from 

agarose gels 

DNA bands separated by agarose gel electrophoresis were purified using the Gel extraction Kit 
(Qiagen, Hilden, Gernamy) according to the manufacturer’s recommendations. Agarose gel 
slices containing the target bands were cut and weighed and 3 volumes of buffer QC were added 
to 1 volume of gel (assuming 100 mg ~100 µl). The tube was incubated at 50 °C for 10 min with 
a brief vortex in between to ensure complete gel dissolution. One gel volume of isopropanol was 
added to the dissolved gel. Above sample was loaded onto Quick Gel Extraction Column and 
centrifuged for 60 s. The columns were washed with an additional 500 µl Gel solubilization 
Buffer (QC) and later with 700 µl Wash Buffer (PE) and centrifuged for 60 seconds. Flow-
through was discarded and the columns were centrifuged for an additional minute. Columns were 
placed in a clean 1.5 ml tube and DNA was eluted with 50 µl of TE buffer and an additional 
centrifugation step for 1 min. All centrifugation steps were carried out in an Eppendorf 5415C 
table top centrifuge at 18000 xg. Positive samples were further processed by restriction 
endonucleases. Purified restriction enzyme digested rpn6 DNA fragments and pTipRC vectors 
were stored at -20 °C until further use. 
 

5.2.4. Ligation of DNA fragments and DNA Sequencing 

Ligation of DNA fragment into a plasmid vector involves formation of phosphodiester bonds 
between the 5'-phosphate of one strand of DNA and the 3'-hydroxy group of another strand. This 
process requires ATP and is catalyzed by DNA ligase. 1X ligation Buffer-50 mM Tris-HCl, 
10 mM MgCl2, 1 mM ATP, 10 mM Dithiothreitol, pH 7.5.  
 Purified and digested DNA fragments of Rpn6 were mixed with pTipRC vector having 
according compatible cohesive ends in sterile 1.5 ml Eppendorf tubes, respectively. The tubes 
were incubated at 16 °C overnight.  

 
Table 5.2.7.1 Ingredients of the ligation reaction mixture 

Ingredients Quantity 
Ligation Buffer 2 µl 
rpn6 PCR product 3 µg 
pTip-RC vector 1 µg 
DNA Ligase 20 U 
Total 20 µl 

 
 

DNA sequencing  

DNA sequencing was carried out in the core facility of Max Planck Institute for Biochemistry 
(MPIB) to check the sequence of rpn6 DNA inserts. Plasmids with correct sequences were used 
for further transformation. 



36 
 

5.3. Methods in Microbiology 

5.3.1. Preparation of competent E. coli cells (RbCl2-method) and 

transformation 

A single colony of E. coli host strain was inoculated into a tube containing 3 ml of 
Lysogen-Broth (LB) medium and incubated overnight at 37 °C on a shaker working at 200 rpm. 
1 ml pre-culture was transferred to 500 ml of sterile LB medium and incubated at 37 °C with 
constant aeration at 200 rpm until the optical density (OD600) reached 0.6-0.8. The culture was 
cooled on ice for 15 min and cells were harvested at 2000 xg at 4 °C. All further steps were 
carried out on ice. The supernatant was discarded and the remaining drops were removed. The 
pellet was gently resuspended in 5-10 ml of TfbI-solution and incubated for 15 minutes. Cells 
were centrifuged at 2000 xg for 5 min at 4 °C and the pellet was resuspended gently in 5-10 ml 
of TfbII-solution and incubated for further 45 min. Aliquots of 100 were shock frozen, thereafter 
stored at -80 °C. Competence of the cells was checked, which was found to be 106-108 
colonies/µg transformed DNA.  

Table 5.3.1. Buffers for competent E. coli cell preparation  
Name Content 
TfbI solution 
 

RbCl 100 mM, MnCl2 50 mM, CaCl2 10 mM, Potassium acetate 30 mM,  
Glycerol 15 % w/v, adjust pH to 5.8(0.1 M HAc) filter sterile (0.2µm) 

TfbII solution 
 

RbCl 10 mM, CaCl2 75 mM, adjust pH carefully to pH 5.8, since 
precipitation of Mn(OH)2 might occur. 

Transformation of E. coli cells with ligation mixtures 

Ligation mixtures of pTipRC-Rpn6 recombinant plasmids were used to transform E. coli 
competent cells (TOP10F). 100 µl of competent cells were thawed on ice for 10-15 min and 1-2 
µl of ligation mixtures were added and the cells were incubated on ice for 30 min. Afterwards 
the cells were treated with heat shock at 42 °C for 30 s and then transferred to ice for 2 min. 
Thereafter, 400 µl LB medium (without antibiotics) was added and the tubes were incubated at 
37 °C for 45 min with continuous shaking at 200 rpm. 150 µl of the cell suspensions was spread 
onto LB plates containing 100 µg/ml ampicillin and incubated overnight at 37 °C.  
 

5.3.2. Colony screening 

From the LBAmp plates, colonies of E. coli TOP-10 cells containing pTip-RC-Rpn6 recombinant 
plasmids were selected. A 3 ml overnight culture of each screened colony usually 6 colonies per 
transformation reaction) was grown by incubating on a rotary shaker at 37 °C. Cells from the 
overnight culture were lysed and the recombinant plasmids were purified using the QIAPrep 
Miniprep Kit (Qiagen) according to the supplier recommendations, and purified recombinant 
plasmids were screened for having the correct insert using NdeI and XhoI restriction 
endonucleases. After digestion with these enzymes digestion mixtures were analysed by agarose 
gel electrophoresis. Plasmids bearing an insert with correct size were submitted for DNA 
sequencing and plasmids with the WT sequence were selected and used to transform 
R. erythropolis L-88 cells. 
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5.3.3. Preparation of electro-competent cells and transformation of 

Rhodococcus erythropolis cells with pTipRC-Rpn6 constructs. 

Preparation of electro-competent cells 

An aliquot of R. erythropolis L-88 strain stored at -80 °C was plated on LB agar medium and the 
plate was incubated at 30 °C for 48 hours. One colony was picked and inoculated into 5 ml 
Luria-Bertani (LB) medium which was incubated at 30 °C with constant shaking at 150 rpm for 
24 h. These cells were sub-cultured into 500 ml of LB medium and incubated with constant 
shaking at 30 °C overnight. The cells were harvested, when the OD600 reached 0.8, at 2000 xg, 
washed twice with sterile Milli-Q® (Billerica, MA) water and then resuspended in 5 ml 30% 
PEG1000. Aliquots of 400 µl were stored at -80 °C. 
 

Electroporation of R. erythropolis L-88 cells with pTIPRC-Rpn6 constructs 

Electroporation is more efficient for Rhodococci than any other transformation technique. 
Plasmid DNAs with a concentration between 0.1 µg/ml and 10 µg/ml were mixed with 400 µl of 
ice-cooled electro-competent cells and the mixture was transferred to an electro-cuvette with a 
slit-width of 2 mm (Bio-Rad Laboratories). The cuvette was left on ice for 30-60 seconds after 
which it was subjected to electroporation. Electroporation conditions were 2.5 kV electric pulses 
from a gene pulser (Bio-Rad) connected to a pulse controller with 25 µF capacitor, with external 
resistance of 400 Ω for 40 milli seconds. The pulsed cells were diluted immediately to 1ml with 
LB medium and incubated at 30 °C for 4-5 hours. Cells were then spread onto LB plates 
containing 17 µg/ml chloramphenicol. Transformants were scored after 4 days of incubation at 
30 °C. Colonies of transformed cells were picked and streaked on new plates containing 17 
µg/ml of chloramphenicol. Single colonies from these plates were used to monitor protein 
expression levels. 
 

5.3.4. Optimization of protein expression conditions for heterologous 

expression of Rpn1, Rpn6 and Rpn10 subunits 

Various optimization trials were performed to test the over-expression of lid subunits modifying 
the culturing temperature (15-30 °C), inducer concentration (0.5 µg/ml -1 µg/ml) and induction 
time (12-24 hours). Optimal expression conditions for Rpn6, Rpn1 and Rpn10 were similar 
requiring 30 °C expression temperature, 24 hours expression time, 0.5 mg/L of thiostrepton and 
pH 7.5. 
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5.4. Recombinant protein purification and analysis 
5.4.1. Preparation of cell lysate from R. erythropolis cells for protein 

purification 
Rhodococcus cells were harvested at a speed of 2000 xg at 4 °C for 10 min using a Rotanta 460 
RS centrifuge (Hettich, Germany) and the cell pellet was washed with sterile Milli-Q® (Billerica, 
MA) water. All further steps were carried out on ice. The pellet was weighed (usually 30 g) and 
resuspended in 50 ml of lysis buffer containing 1 mg/ml lysozyme to lyse the cells. One protease 
inhibitor cocktail tablet (Roche Diagnostics, Mannheim, Germany) was added to the lysis buffer 
to prevent protein degradation. The cells were allowed to lyse for 2 hours until nucleic acids 
were released. Nucleic acids were degraded by adding 0.1 µl Benzonase® Nuclease (Sigma 
Aldrich, Germany) per 1 ml of cell lysate. After the lysate turned less viscous, it was 
ultrasonicated with 100 W and 20 kHz for 15 min on ice to enhance the lysis efficiency. The cell 
lysate was ultracentrifuged at a 28.000 xg for 30 min at 4 °C using a Beckman L8-70M 
ultracentrifuge to remove cellular debris. Clear supernatants were used to purify target proteins. 
 
5.4.2. Immobilized metal affinity chromatography of 6His-tag proteins 
Affinity chromatography is an excellent separation technique based on specific binding of one 
molecule to an ion or ligand. The most frequently used method in terms of protein purification is 
based on chelation of nickel (Ni) ions by the polyhistidines of His-tagged proteins. The ÄKTA 
purifier 10 FPLC™ system (GE Health Care) was used for the purification of proteins. The 
supernatant from the crude lysate was loaded onto a prepacked 1 ml Ni-NTA HisTrap™ FF 
column (GE Health Care). The column was washed with washing buffer, containing 10 mM 
imidiazole, followed by elution with an imidazol gradient of 30 column volume from 20 mM to 
250 mM. Rpn1 protein was purified by adding 10 mM beta mercaptoethanol to all buffers. A 
constant flow rate of 0.5 ml/min was maintained throughout the purification. Eluted fractions 
were analyzed by SDS-PAGE, using gels with 12 % polyacrylamide.  
 
5.4.3. Buffer exchange of protein preparations by dialysis 
The protein sample from Ni-NTA purification was dialyzed against ion exchange 
chromatography loading buffer (table2.4.4) to eliminate imidiazole and to exchange the buffer 
components suitable for the next purification step. Pooled fractions (12 ml) of the Ni-NTA 
purification step were placed in a dialysis cassette (Slide-A-Lyzer Dialysis cassettes 3.5 MWCO, 
Thermo Scientific) which was dialyzed against 2 liters of 25 mM Tris, pH 7.5 for 20 hours. The 
buffer was exchanged four times during dialysis.  
 
5.4.4. Anion Exchange Chromatography 
A 1 ml Mono-Q column (GE Healthcare) was used for anion exchange chromatography. The 
column was equilibrated with binding buffer after which the protein sample was loaded on the 
column at a flow rate of 0.4 ml/min. Bound proteins were eluted using a gradient of NaCl from 0 
to 1M. For Rpn1 the buffer contained additionally 2 mM DTT. Eluted fractions were analyzed 
by 1D-SDS-PAGE on a 12% gel. 
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Table 5.4.4 Ion exchange chromatography buffers 
Name Content 
Ion-Exchange Buffer (Mono-Q)  Tris 25 mM (pH 7.5) 
Elution Buffer (Mono-Q)  Tris 25 mM (pH 7.5), NaCl  1M,  

  
5.4.5. Size exclusion chromatography 
Gel filtration chromatography columns separate molecules on the base of their apparent 
molecular weight. Larger molecules are eluted earlier and smaller molecules are retained for 
longer period. Pure fractions of the ion exchange chromatography were pooled, concentrated and 
loaded onto a Superose 12 column equilibrated with gel filtration buffer (20 mM Hepes pH 7.5, 
300 mM NaCl). The column was run at a flow rate of 0.4 ml/min. The purity of the eluted 
fractions was analyzed by 1D-SDS-PAGE on a 12% gel and the purest fractions were pooled for 
crystallization experiments. 

 

5.5. Limited proteolysis of Rpn6 
Limited proteolysis was carried out using proteinase K on recombinant, non-denatured Rpn6 to 
reveal cleavage site(s) in possible flexible parts of the protein (e.g. loops, C-terminal and N-
terminal ends), where proteases can easily attack. 80 µl of protein sample with a concentration of 
0.5 mg/ml was diluted to 400 µl in proteolysis buffer (1 mM DTT, 20mM Hepes, pH 7.5) and 
aliquots of 20 µl were measured in Eppendorf tubes. Proteins were digested with different 
enzyme concentrations such as 20.48, 10.24, 5.12, 2.56, 1.28, 0.64, 0.32, 0.16, 0.08, 0.04, 0.02, 
0.01 µg/ml.   Reaction mixtures were incubated at 20 °C for one hour and digested samples were 
analysed by 1D-SDS-PAGE. Digested/truncated bands of Rpn6 were blotted and N-terminal 
sequences were determined by Edmann degradation. 
 

5.6. Crystallization trials by vapor diffusion 
Crystallization trials were carried out for Rpn1, Rpn6 and Rpn10 subunits. Different 
crystallization conditions were tested in a fully automated fashion with a Phoenix nanodispenser 
robot (Art Robbins Instruments), using the Hampton Research Screens and Qiagen 
Crystallization Screens in order to identify optimal crystal growth conditions. 
 
Table 5.6. Crystallization buffers used for screening of the Rpn1, Rpn6 and Rpn10 subunits 

Crystal Screen Condition 
PAC-Qiagen PACT 14 % PEG 6000, 0.2 M MgCl2, 0.1 M Tris (pH 8.0) , 20°C 

Protein concentration 5 mg/ml 

 
A VDX 24 well plate was used for setting the drops for crystallization. Crystallization conditions 
obtained in the initial crystallization screening trials were used to standardize derived buffer 
conditions. Three different plates were prepared with different buffer compositions (Table 5.4.7). 
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The precipitant (PEG 3350 and PEG 6000) concentration was varied with a gradient ranging 
from 10 % to 20 %. After achieving positive results from one of the conditions, it was optimized 
in order to obtain larger crystals.   

Individual crystals were soaked in 15 % and 20% glycerol, which acts as a cryo-protectant. Cryo 
preservation was achieved by mounting single crystals into cryo-loops (Hampton Research), 
followed by flash-freezing in liquid nitrogen. 
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8. ABBREVIATIONS 
 

AAC   amylose affinity chromatography 
AD   activation domain 
ADSC  area detector Systems Corporation 
Amp   ampicillin 
APS   ammonium peroxodisulfate 
ATP   adenosine triphosphate 
Cam   chloramphenicol 
CD   circular dichroism 
ddH2O  double distilled water 
DNA   deoxyribonucleic acid 
dNTP   deoxyribonucleotide triphosphate 
DTT   dithiothreitol 
EDTA   ethylenediaminetetraacetic acid 
ESRF  European Synchroton Radiation Facility 
Fig   figure 
HIC   hydrophobic interaction chromatography 
IMAC  immobilized metal ion affinity chromatography 
LA  luria agar 
LB   luria bertani 
Ni-NTA nickel nitrilo triacetic acid 
NMR   nuclear magnetic resonance 
NSAIDs  non-steroidal anti-inflammatory drugs 
OD   optical density 
PAN  Proteasome Activating Nucleotidase 
PAGE   poly acrylamide gel electrophoresis 
PCR   polymerase chain reaction 
PEG   polyethylene glycol 
PMSF   phenylmethylsulphonyl fluoride 
rpm   revolutions per minute 
SDS   sodium dodecyl sulphate 
TBE   tris borate EDTA 
TBS  tris buffered saline 
TBS-t  tris buffered saline – tween 20 
TE   tris EDTA 
TEMED  tetramethylethylenediamine 
TEV   tobacco etch virus 
Tris   tris(hydroxymethyl)aminomethane 
Ub  ubiquitin 
UV   ultraviolet 


