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Preface

This thesis contains the work, which I carried out at the EMBL Hamburg Outstation, Germany. It
deals with the structural analysis of proteins from the lysine biosynthetic pathway of Mycobacterium
tuberculosis H37Rv, as well as some studies towards the elucidation of the structure of membrane
proteins from Deinococcus radiodurans R1. Several different methods in structural biology are
available. This work includes results from X-ray crystallography and small angle X-ray scattering
(SAXS) studies.

A large part of the presented work is published in the following references:
•

Weyand S, Kefala G and Weiss MS (2006) Cloning, expression, purification, crystallisation and
preliminary X-ray diffraction analysis of DapC (Rv0858c) from Mycobacterium tuberculosis.
Acta Cryst F. 62:794-7.

•

Weyand S, Kefala G and Weiss MS (2006) The 3-dimensional structure of Nsuccinyldiaminopimelate aminotransferase from Mycobacterium tuberculosis. J Mol Biol.
Accepted.

•

Weyand S, Kefala G and Weiss MS (2006) The 3-dimensional structure of diaminopimelate
decarboxylase from Mycobacterium tuberculosis reveals a tetrameric enzyme organization.
Submitted for publication.

The coordinates and structure factor amplitudes of Rv0858c and Rv1293 were submitted to the
RSCB PDB under the codes 2O0R.pdb and 2O0T.pdb respectively.

This PhD thesis was submitted for the degree of Dr. rer. nat. to the faculty of biology of the
University of Constance.
EMBL Hamburg, 2007

Simone Weyand
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Zusammenfassung
Da die Lysinbiosynthese nur in Bakterien, Pilzen und Pflanzen vorkommt, aber nicht in Säugetieren,
sind die dort vorkommenden 9 annotierten Enzyme sehr interessant als mögliche Kandidaten für
neue Anti-Tuberkulose Medikamente. In dieser Arbeit wurden die drei Proteine Rv0858c, Rv1201c
und Rv1293 für Strukturanalysen ausgewählt. Rv0858c wurde gereinigt, kristallisiert und die
Struktur bei einer Auflösung von 2.0 Å gelöst. Weiterhin wurde gereinigtes Protein von Rv1201c
erfolgreich kristallisiert und erste Arbeiten zur Strukturbestimmung wurden ausgeführt. Der
Datensatz für ein drittes Enzym Rv1293 wurde dafür verwendet, um ein Modell zu bauen und dieses
zu verfeinern. Zusätzlich wurde die Struktur im Detail mit einer zuvor gelösten Struktur in einer
anderen Raumgruppe verglichen.
Eine detaillierte bioinformatische Analyse wurde von allen annotierten Proteinen der
Lysinbiosynthese durchgeführt. Die gesamte Analyse basierte auf den Fragen, ob zu viele oder zu
wenige Proteine annotiert wurden, ob die Reihenfolge richtig ist und ob es Hinweise auf die Bildung
von transienten Protein-Protein-Komplexen gibt.
Als zweites Projekt wurden Arbeiten in Richtung Strukturanalyse von äusseren und inneren
Membranproteinen durchgeführt. Zunächst wurde hierfür ein neuer Bakterienstamm in das Labor
eingeführt und die grundlegenden Techniken im Umgang mit Membranproteinen etabliert. Dafür
wurden verschiedene hinreichend etablierte Protokolle angewendet, um die vorhandenen
Membranproteine aus der äusseren Membran zu isolieren. Verschiedene überexprimierte
Kandidatenproteine wurden mittels Maldi-tof Massenspektroskopie und Sequenzvergleichen
analysiert.
Zusätzlich wurde das innere Membranprotein Nramp aus Deinococcus radiodurans R1 für die
Strukturanalyse ausgewählt. Genomische DNA wurde amplifiziert und in verschiedene Vektoren
kloniert. Das Genprodukt wurde dann in verschiedenen Bakterienstämmen überexprimiert. Die
Überexprimierung wurde optimiert und ein Reinigungsprotokoll etabliert. Das Protein wurde
kristallisiert und die Kristalle in einem Röntgenstreuexperiment untersucht. Streuung wurde bis zu
einer Auflösung von ca. 30 Å beobachtet.
Um ein SAXS Experiment für Membranproteine aufzusetzen wurde das Modellprotein OmpF aus
E.coli gewählt und dieser Prozedur unterzogen. Die experimentelle Durchführung wurde optimiert
und die hoch aufgelöste Kristallstruktur weitestgehend reproduziert. Das Nramp Protein wurde
anschliessend mit dieser Technik gemessen, konnte jedoch bisher nicht strukturell beschrieben
werden.
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Summary
Since the lysine biosynthetic pathway is present in bacteria, fungi and plants but absent from
mammals its 9 annotated enzymes have drawn considerable attention as potential candidates for new
drugs against tuberculosis. Within this work the 3 proteins Rv0858c, Rv1201c and Rv1293 have
been selected for structural analysis. Rv0858c protein has been purified, crystallised and the
structure determined to a resolution of 2.0 Å. In addition, pure protein of Rv1201c has been
crystallised successfully and first attempts towards structure determination were carried out. For the
third target, Rv1293, an existing dataset was used to re-build the model and to refine the structure. In
addition this structure was compared in detail to the same target solved earlier in a different space
group.
A detailed bioinformatical analysis was carried out for all 9 annotated proteins of the lysine
biosynthetic pathway. The entire analysis was based on the questions: are too many or too few
proteins annotated within the pathway?, is the order of proteins correctly annotated and is there any
hint towards complex formation?
A second project dealt with the analysis of structures of several outer and inner membrane proteins.
A new bacterial strain was therefore introduced to the lab and basic membrane protein laboratory
procedures were established. Different well established protocols were applied in order to extract all
the present membrane proteins from the outer membranes. Different candidate proteins were
analysed by Maldi-tof mass spectroscopy and sequence comparisons.
Additionally the inner membrane protein Nramp of Deinococcus radiodurans R1 was selected for
structural analysis. The target sequence of this protein was amplified by PCR, cloned into different
vectors and the gene product overexpressed in different host organisms. The overexpression
procedure was optimised and a purification protocol established. The protein was crystallised in
lipidic cubic phases as well as by counter diffusion. These crystals were optimised and diffraction
was obtained to a resolution of approximately 30 Å.
In order to set up a SAXS approach for membrane proteins, the model protein OmpF of E.coli was
selected. The experimental set up was optimised and the shape of the obtained model reflected the
high resolution structure which was clearly reproduced. Also, the Nramp transporter of the inner
membrane was measured using this technique, but could not structurally characterised so far.
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Purification, crystallisation and X-ray structure analysis of proteins of the
lysine biosythetic pathway from Mycobacterium tuberculosis and structural
studies of membrane proteins from Deinococcus radiodurans R1 and
Escherichia coli K12
1. Introduction
1.A Mycobacterium tuberculosis
Tuberculosis is an airborne global epidemic infection, which was declared a global health
emergency by the WHO in 1993. Every year, approximately 10 million people are newly infected by
this bacterial disease and several million patients die from it. The necessity for new drugs remains of
utmost importance, given the fact, that this infection kills more people worldwide than any other.
The problem is becoming ever more serious as new strains emerge which are resistant to many and
sometimes all known antibiotics (Hutton et al., 2003; Smith et al., 2000; Snider et al., 1994).
The organism responsible for tuberculosis is the bacterium Mycobacterium tuberculosis (Mtb). Mtb
was first observed by Robert Koch in 1882. This microorganism is aerobic, nonsporing and grows
extremely slowly with a generation time of up to 18 hours. The overall shape shows a slightly
kinked rod shaped cell with dimensions of approximately 3 µm x 0.4 µm.

Figure 1.1: Mycobacterium tuberculosis electron micrograph (University of Wisconsin,
www.worldpress.org/images/0302tb.jpg).
The completely sequenced strain H37Rv of Mtb is classified in the bacterial tree of life as follows:
Bacteria – Actinobacteria – Actinobacteria – Actinomycetales – Mycobacteriaceae – Mtb H37Rv
Tuberculosis is one of the most important infectious diseases and is responsible for around 1/7 of all
deaths worldwide. Around 1/3 of the world´s population is infected with Mtb, with 10 million new
cases appearing and 2-3 million deaths occurring each year.
1.1 Diagnosis
Several standard laboratory methods for Mtb diagnosis have been developed for todays clinical
routine. A special coloring method, the so called Ziehl-Neelsen-Coloring shows the typical small red
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bacterial cells, which are slightly kinked to one side. In addition, the target cultures are grown on
special media at 37°C and identified by microscopy. However, the procedure of growing these cells
might take up to 10 weeks and therefore different methods are applied more and more. The most
efficient and fast method to date is the PCR, which amplifies target specific nucleotide stretches. In
addition, chest X-ray analysis is carried out on the patients in order to diagnose the infected parts. A
third and less reliable method is the so called Tine-test, which is applied on the skin. This test is
based on an immunological reaction, which is a mononuclear cell infiltration. However, after
tuberculosis vaccination this test has shown to be positive in 90% of cases. Therefore, it is still
carried out as an indication, but only in combination with more reliable methods.
1.2 Drugs and vaccines
1.2.1 Drugs
The very first success in tuberculosis treatment was the introduction of streptomycines to clinical
treatment. However, it was the investigation of isonicotinic acid hydracid (Isoniazid) which lead to a
breakthrough in tuberculosis treatment. This nicotinamide derivative is absolutely specific for
Mycobacteria. The main advantage of this drug is the high absorbance by oral application together
with no toxic side effects. Aside from this, the most commonly used antituberculosis drugs
nowadays are rifampin, ethambutol, and pyrazinamide. The overall treatment can take up to 9
months and needs to be followed precisely.
Recently a super tuberculosis strain was discovered, which is resistant to all known drugs. This
shows a most urgent need for highly effective and new drugs (Masjedi et al., 2006).
O
NH
N

NH2

Figure 1.2: Isonicotinic acid hydracid (Isoniazid).
1.2.2 Vaccines
A vaccine against tuberculosis is available in form of the BCG Pasteur strain. In a standard
procedure for gaining vaccine strains a total of 230 passages were performed for the final vaccine
strain. Detailed studies show a stable attenuation of the vaccine with no revival of a pathogenic form
so far (Mahairas et al., 1996).
In the past this vaccine used to be given in a routine manner to newly born children in Germany.
Nowadays, Mtb immunization in Germany is not a routine application any longer and is only carried
out in special cases. This was mainly due to the immunization success and the efficacy of the
vaccine, but is a subject which has caused controversy in recent years. The BCG strain indeed
protects against a whole range of different human pathogenic strains such as M. tuberculosis, M.
leprae and M. bovis.

1. Introduction

3

1.3 Genomic information
The entire genome of the laboratory strain of Mycobacterium tuberculosis H37Rv was sequenced
(Cole et al., 1998) in 1998 and reannotated (Camus et al., 2002) in 2002. In the same year the
humanopathogenic strain CDC1551 was sequenced (Fleischmann et al., 2002) and both are available
in the GenBank online. The strain H37Rv includes 4411532 nucleotides (Parish et al., 2002) and
with 69.6% GC-content it is classified as G,C rich. The genome contains all the proteins necessary
for different pathways including the lysine and the leucine biosynthetic pathways. All enzymes
necessary for amino acid biosynthesis are encoded within the 4411532 nucleotides.
The TB Structural Genomics Consortium has been formed as part of the protein structure initiative
of the NIH to determine as many structures of proteins from Mtb as possible. This organisation is
meant to work together with researchers to identify M. tuberculosis proteins for which structural
information could provide important biological information. In addition the analysis and
interpretation of these structures are of further interest and should be carried out in a collaborative
manner. Furthermore, protein function should be investigated, which is inferred by structural
information (Terwilliger et al., 2003).
Another organization is the XMTB-Structural Proteomics Consortium, which is focusing on the
identification of lead compounds against target proteins of Mtb for drug discovery. The aim is to use
a structure based approach for the target proteins, which is done by X-ray crystallography
(www.xmtb.org).

Figure 1.3: Genome of Mycobacterium tuberculosis H37Rv
(www.cstl.nist.gov/div831/BioprocessMeasurements/Biodefs_Measurement%20page.htm).
1.4 The lysine biosynthetic pathway
The amino acid lysine is essential for life. There are 9 proteins involved in the lysine biosynthetic
pathway of Mtb. These enzymes are absent in the human body and therefore they are of
considerable interest as potential drug targets (Hutton et al., 2003). The compounds diaminopimelic
acid and lysine have been shown to be essential for cell wall stability and protein synthesis
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(Cummins et al., 1965). The lysine biosynthetic pathway in bacteria, as well as plants, starts from Laspartate and results in L-lysine.

Figure 1.4: Enzymes and Products/Substrates included in the lysine biosynthetic pathway of
Mycobacterium tuberculosis according to the KEGG database. 3 different branches are shown in the
scheme. Current evidence suggests that only the branch in the center is present in Mtb.
The reaction step 5 of the lysine biosynthetic pathway is achieved by the protein Nsuccinyltransferase (EC 2.3.1.117, N-succinyl-L-diaminopimelate deacylase). This enzyme
catalyzes the trans-acylation of 2,3,4,5-Tetrahydrodipicolinate and Succinyl-CoA to N-succinyl-L-2amino-6-oxopimelate, CoA and Water.

Rv1201c
Rv1201c

2,3,4,5-Tetrahydrodipicolinate

N-Succinyl-L-2-amino-6-oxopimelate

Water

Succinyl-CoA
CoA

Figure 1.5: Reaction catalysed of Rv1201c.
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Biochemical investigations show an inhibition of the enzyme by metal ions such as Mg2+, Mn2+ and
Zn2+. Cu2+ and Co2+ appear to inhibit the protein completely at concentrations of 1 mM or greater.
Further studies showed an inhibition of the enzyme by sulfhydryl compounds such as 0.16 mM pChloromercuriphenylsulfonate (Simms et al., 1984).
The substrate specificity seems to be comparably high with Km values of 0.015 mM for succinylCoA and 0.02 for tetrahydrodipicolinate (Berges et al., 1986).
Homologs of Rv1201c are present in a wide range of different organisms like Campylobacter jejuni,
Vibrio hepaticus and E.coli.
The 6th step in this pathway is carried out by the enzyme N-succinyldiaminopimelate
aminotransferase (DAP-AT, DapC, EC 2.6.1.17). This enzyme transfers an amino group from Lglutamate to N-succinyl-2-L-amino-6-oxoheptanedioate (N-succinyl-2-L-amino-6-ketopimelate) in
a PLP-dependent reaction. The products are N-succinyl-L-2,6-diaminoheptanedioate (N-succinyldiaminopimelate) and 2-oxoglutarate (Peterkofsky et al., 1961). The reaction proceeds via the
formation of a Schiff Base between the substrate and the cofactor of the enzyme, PLP.

Rv0858c-PLP
N-Succinyl-ε-keto-L-aminopimelic acid

L-Glutamate

N-Succinyl-L-2,6-diaminopimelate

2-Oxoglutarate

Figure 1.6: Reaction catalysed by Rv0858c.
DapC can be efficiently inhibited by hydrazino analoges of the reaction product (Cox, 1996) with
inhibition constants in the nM range, but the results from antimicrobial activity tests have so far
been rather unimpressive (Cox et al., 1998). The reason for this appears to be that the enzyme Nacetylornithine aminotransferase (NAcO-AT) is promiscuous and can also turn over the substrate of
DAP-AT (Cox et al., 2001).
DapC has been identified and characterized in some organisms such as E. coli (Peterkovsky et al.,
1961), Bordetella pertussis (Fuchs et al., 2000) and Corynebacterium glutamicum (Hartmann et al.,
2003), but no 3-dimensional structure of a DapC has been reported to date.
The last step of the lysine biosynthetic pathway is catalysed by the enzyme meso-diaminopimelate
decarboxylase (DAP-DC, LysA, Rv1293). This enzyme decarboxylates meso-diaminopimelate to Llysine. The reaction is PLP dependant and carried out via the formation of an external aldimine.
Several structures of this enzyme have been determined in different organisms (PDB entries: 1TWI,
1KO0, Rajashankar et al., 2002, Levdikov et al., to be published) including the structure of this
enzyme from Mycobacterium tuberculosis in complex with PLP and with PLP and lysine (Gokulan
et al., 2003).
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Figure 1.7: Reaction catalysed by Rv1293.
1.4.1 The KEGG database

Figure 1.8: KEGG lysine biosynthetic reference pathway (http://www.genome.ad.jp/dbgetbin/get_pathway?org_name=mtu&mapno=00300).
The increasing amount of genomic and proteomic information available provides a basis for
understanding biological systems and their interactions. While traditional genomics and proteomics
approaches have contributed to our knowledge of the molecular biological space of possible genes
and proteins that make up the biological system, the new chemical genomics initiatives will give us
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a glimpse of the chemical space of possible chemical substances that exist as an interface between
the biological and the natural worlds (Kanehisa et al., 2006).
The KEGG database project was initiated in 1995, the last year of the Japanese Human Genome
Programme (Kanehisa, 1997). After one decade of development in parallel with growing numbers of
completely sequenced genomes and intensified activities in post-genomic research, the KEGG
project has entered a new phase in accordance with the chemical genomics initiatives (Kanehisa et
al., 2006).
The KEGG resource (http://www.genome.jp/kegg/) is a reference knowledge base to connect
genomes to biological systems, categorised as building blocks in genomics (KEGG GENES),
chemistry (KEGG LIGAND), as well as wiring diagrams of interaction and reaction networks
(KEGG PATHWAY). Lately these diagrams were extended to include exogenous molecules. This
might help to understand interactions between the biological system and the natural environment,
and would eventually lead to representation and reconstruction of another higher-level biological
system, the biological world (Kanehisa, 2000, Kanehisa et al., 2000).
The PATHWAY database stores functional information, that contains graphical representations of
cellular processes. Further it is supplemented by a set of ortholog group tables showing conserved
pathway motifs. These conserved motifs are often encoded by coupled genes and they show to be
also useful in function prediction (Kanehisa, 2000 Kanehisa et al., 2000). Figure 1.8 shows the
reference pathway of the target enzymes used in this work.

1.B Deinococcus radiodurans R1
1.1 Bacterial strain
Deinococcus radiodurans R1 (DR) is a gram positive non-pathogenic bacterial strain that contains
both outer and plasma membranes. The high expression of carotinoids results in a red pigmentation
of the cells (Fredrickson et al., 2000).
This organism exhibits extreme resistances to a wide range of stress situations, e.g. heat, cold and
radiation. The strain R1 of this organism has been completely sequenced (Makarova et al., 2001;
White et al., 1999). As a consequence of the stress resistance, proteins from this organism might be
more stable than proteins from other mesophilic organisms. It may be hypothesized that the general
stress resistance of DR is founded on DR expressing proteins which are more stable than, for
instance, E. coli proteins.

Figures 1.9 and 1.10: Single cell of Deinococcus radiodurans R1 and colonies of the bacteria on an
agar plate (www.microbe.org and science.nasa.gov).
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Recent growth studies have demonstrated that rapid growth of D. radiodurans R1 can be achieved
in a MOPS-based medium containing only a carbon source, salts, 4 vitamins, and 2 amino acids
(Holland et al., 2006). In contrast to previous growth tests, this combination of ingredients and a
temperature of 35°C leads to a doubling rate of 2.6 h.
Computer analysis of the complete genome of Deinococcus radiodurans R1 reveals a number of
protein families, which are over-represented. The families include previously characterized and
uncharacterized proteins. Most of the families seem to be related to stress-response and elimination
of damage products. The 2 most prominent families are pyrophosphohydrolases and a previously
unnoticed family of proteins related to Bacillus subtilis DinB that could possess a metal-dependent
enzymatic activity, whose exact nature is unknown. Several proteins are fused to other domains and
form multidomain proteins that are so far unique for DR. The domain composition of some proteins
even indicate that they could be involved in novel DNA-repair pathways (Makarova et al., 2000).
However, observations suggest that several different biological mechanisms contribute to the
multiple DNA repair-dependent phenotypes of this organism (Makarova et al., 2001).
1.2 Stress resistance
One major feature of this bacterial strain is its tolerance to UV radiation. Within Deinococcus,
strains are divided regarding their response to UV light. Therefore one type is called UV sensitive
(UVS78 and 1R1A) and the second type UV resistant (wild type strain R1 and 262) (Pogoda de la
Vega et al., 2005). On exposure to high radiation levels the resistant types undergo significant DNA
damage, which is repaired without mutations. However, the presence of modified nucleotides (N6methyladenine) was reported in its genome. This N6-methyladenine is not a part of GATC
restriction-modification system. DR cell extract also exhibited a DNA adenine methyltransferase
activity which was reduced in the early post-irradiation recovery phase (Prasad et al., 2005). The
bacteria´s prominent gelatinolytic protease was also active when denatured by SDS and displayed
different operation dynamics during repair post UV- and gamma-irradiation. Its highest activity
turned out to be during gamma-irradiation in the late recovery stage post-irradiation. Some proteases
were demonstrated to be induced specifically by irradiation. This leads to the assumption, that these
proteases may regulate the breakdown of proteins responsible in sequential pathways. An elaborate
and highly organized protease system may exist in D. radiodurans during the repair process post
irradiation (Zhou et al., 2005). However, transmission electron microscopy images of Deinococcus
radiodurans R1 suggested recently that it is the structure of the "ring-like" body of the nucleoid of
this species, which contributes to the resistance against radioactivity of the species (Zimmerman et
al., 2005).
1.3 Genomic information
The genome includes 3.29 Mbp with 3.116 ORFs divided into 2 chromosomes, 1 megaplasmid and
1 additional plasmid. It is suggested that the multiple copies of 4-10 genome equivalents may be
necessary to facilitate recombinational repair processes. Although the genome of the strain R1 was
published as completely sequenced in 1999 (White et al., 1999) a report from 2004 suggested that
the used strain Deinococcus radiodurans R1 turned out to be Micrococcus radiodurans.
Comparisons of sequences from both genomes showed single nucleotide substitutions resulting in
frameshifts and amino acid differences (Corrections, 2004).
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Figure 1.11: Genome of Deinococcus radiodurans R1 (White et al., 1999).
1.4 Membrane proteins
Up to 20% of prokaryotic genes are predicted to encode membrane proteins. Membrane proteins
carry out essential processes and mechanisms in living organisms such as transport, capture of
nutrients, excretion of waste products, toxins and antibiotics. To perform these tasks, energy is
provided by either electrochemical gradients or hydrolysis of ATP. Since these proteins are situated
in lipid bilayers of membranes, their main part of the surface must be hydrophobic. For an α-helix to
cross a membrane completely a minimum of around 20 hydrophobic amino acid residues are
necessary. This information is often used for predicting transmembrane stretches in proteins.
Depending on the kind of membrane, membrane proteins are subdivided into outer membrane
proteins (Omps) and inner membrane proteins, which also include all kind of membranes necessary
for compartimentation into organelles such as mitochondria. There are some main differences
between these 2 classes of proteins which can be observed, for instance Omps usually consist of βstrands whereas inner membrane proteins are mainly α-helical resulting in higher flexibility and
therefore lower stability (Schulz, 2003).
Many efforts have been carried out to isolate membrane proteins for physiological and structural
studies, although there are still a number of bottlenecks with respect to the single steps of these
procedures. There are several successful approaches in either purifying membrane proteins from
native membranes as well as from recombinant constructs, whereas refolding the expressed
sequence from inclusion bodies was only successful for Omps until now. The use of recombinant
membrane proteins is the most convenient way to obtain high amounts of pure protein for structural
studies and is the method of choice, although there are many common problems such as toxic effects
for the host, inclusion body production or no expression at all (Saidijam et al., 2003; Hunte et al.,
2003).
A peculiarity of membrane proteins is the fact that they have to be solubilised. This has to be done
with detergents, which together with the protein molecules will form protein-detergent-micelles.
Although the choice of detergents is mostly resulting from trial-and-error, it has to be done very
carefully and always regarding the aim to be reached like structure determination since there is a
whole variety of detergents, which are available (Iwata, 2003).
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For crystallisation of membrane proteins a detergent with specific features has to be selected that is
strong enough to keep the proteins soluble, mild enough to keep it in its natural conformation and
that forms micelles that are small enough so that crystal contacts can be formed. In addition to
crystallisation methods for soluble proteins there are additional possibilities for crystallisation of
membrane proteins that have been developed and shown to be successful such as using Antibody
fragments for co-crystallisation or the lipidic cubic phase techniques (Doyle et al., 1998; Hunte et
al., 2002; Rummel et al., 1998).
Although the PDB database shows an increase of the number of membrane protein structures within
the last years, these proteins are still one of the frontiers in protein crystallography (Iwata, 2005).
1.5 Outer membrane proteins (Omps) of Deinococcus radiodurans R1
Due to the observation of an outer membrane in Deinococcus radiodurans R1 the presence of outer
membrane proteins must be expected. Computer analysis of the complete genome predicted several
outer membrane proteins. However, the presence of a member of this family in Deinococcus was not
experimentally proven to date. The presence of an outer membrane in this organism was surprising
given the fact that this bacteria is gram positive. But different experimental approaches including
electron microscopy have proven its existence (Thompson et al., 1981).
1.6 Inner membrane proteins of Deinococcus radiodurans R1
The less stable inner membrane proteins are predicted in this bacteria in analogy to the outer
membrane proteins. Likewise there is no structural proof of these in the database to date.
Nevertheless, the homology of certain inner membrane proteins to the related proteins in other
organisms is high, resulting in a better prediction of those within the genome. Further, the
physiological and biochemical analysis of some highly conserved representatives are investigated
very well, which allows to start with structural work in a smoother way.
1.7 The inner membrane protein Nramp (DR1709)
The so called Nramp (Natural resistance-associated macrophage protein) is a transporter of divalent
metal ions and most probably contains a proton pump. It is a highly conserved inner membrane
protein and present in all kingdoms of life (Agranoff et al., 1999). Mice with mutations in this
protein show resistance to M. tuberculosis (Canonne-Hergaux et al., 1999). In contrast to these
findings a study with Polish patients does not agree with these findings (Druszczynska et al., 2006).
However, additional studies suggest that the involvement of the Nramp might be due to a
disregulation of metals, which are crucial for bacterial survival (Wagner et al., 2005). Since the role
of Nramp in mammals regarding the resistance to mycobacterial infections is still not clear, further
research is of interest.
Injection of Mycobacterium shottsii resulted in 2-, 5-, and 3-fold increases in gene expression in PE
(peritoneal exudate) cells over the time course. This suggests an induction of this protein by Mtb
infection. Within 1 day of injection of Mycobacterium marinum, MsNramp expression was highly
induced (17-fold higher) in PE cells compared to the expression in controls. The levels of MsNramp
were 3- and 6-fold higher on days 3 and 15, respectively. Therefore this protein is being
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characterized in further detail. The striped bass Nramp gene (MsNramp) and the 554-amino-acid
long gene product contain all the signal features of the Nramp family, including the predicted
topology of 12 transmembrane domains. 3 N-linked glycosylation sites between TM 7 and TM 8,
sites of casein kinase and protein kinase C phosphorylation in the amino and carboxy termini, and a
tyrosine kinase phosphorylation site between TM 6 and TM 7 have been detected. Chesapeake Bay
striped bass (Morone saxatilis) are currently experiencing an epizootic of mycobacteriosis that
threatens the health of this ecologically and economically important species (Burge et al., 2004).
Evidence for metal transport include K+, Na+, Cu2+, Cd2+, Zn2+, Mn2+, Mg2+, Ca2+, Co2+, Ni2+,
Fe2+/3+, Hg2+, AsO2- and AsO4(2-). 17 of the Nramp transporters are also encoded as complete open
reading frames in Mycobacterium leprae, suggesting a role in intracellular survival (Agranoff et al.,
2004).
Infection studies with Mtb showed that in no tested system was any loss of fitness associated with
inactivation of Nramp orthologs, demonstrating that these protein orthologs are not important
determinants of mycobacterial virulence (Domenech et al., 2002).
1.C Objectives of this project
The objective of this work was the structural analysis of the targets Rv0858c, Rv1201c and Rv1293.
For both Rv0858c and Rv1201c attempts were made to determine their 3-dimensional structures by
X-ray crystallography. The clones and purified protein for Rv1201c were provided by Dr. Georgia
Kefala. For Rv0858c a purification procedure was set up and all following steps were carried out
within this work. For Rv1293 a processed data set was provided by Dr. Georgia Kefala and Dr.
Manfred S. Weiss and the entire molecule was built, refined and its structure was analysed and
validated. Finally this structure was compared to the earlier published version of this target with the
PDB entry 1hkv.pdb (Gokulan et al., 2003).
A second project was to introduce and establish basic procedures for the work with membrane
proteins at the EMBL Hamburg Outstation. Therefore the bacterial strain (D. radiodurans R1) was
introduced. Several steps from primer design to diffraction experiments were established for the
selected target proteins. The target proteins are outer membrane proteins from Deinococcus
radiodurans R1 as well as the Nramp, an inner membrane protein. The overall aim was the
structural analysis of these proteins by X-ray crystallography. Laboratory work was carried out at
the EMBL Hamburg Outstation and the Imperial College London in Prof. So Iwata´s group.
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2. Materials and Methods
2.1 Materials
2.1.1 Chemicals and kits
The distilled water was of Millipore quality and all chemicals and solvents used in this work were
purchased from either GE Healthcare, E. Merck, Fluka, Sigma or Roth, except:
BCA assay
Crystallisation screening kits
Gel extraction kit
Gel filtration standard
Miniprep and Maxiprep kit
PEG
Precision Plus ProteinTM unstained standards
Gene RulerTM 1kb ladder
PCR purification kit
β-Octylglucoside
Dodecylmaltoside
JB Solution Detergent Test Kit
Monoolein
Monopalmitoyl
Phosphatidylcholin
Electric toothbrush
2.1.2 Stock solutions and Buffers
Antibiotics:
1000 x Ampicillin 100 mg/ml (in water)
1000 x Chloramphenicol 34 mg/ml (in ethanol)
1000 x Kanamycin 30 mg/ml (in water)
1000 x Spectinomycin 50 mg/ml (in water)
10% (w/v) APS, 10 ml:
APS 1.0 g
Distilled water to 10 ml
Coomassie brilliant blue staining solution, 1000ml:
Coomassie brilliant blue R-250 2.5 g
Methanol 450 ml
Glacial acetic acid 100 ml
Distilled water to 1000 ml
Coomassie brilliant blue destaining solution, 1000ml:
Ethanol 200 ml
Glacial acetic acid 50 ml

Pierce
Hampton Research, Jena Bioscience
Qiagen
Bio-Rad
Qiagen
Hampton Research
Bio-Rad
Fermentas
Qiagen
Bachem
Bachem
Jena Bioscience
NuCheckPrep and Sigma
NuCheckPrep and Sigma
NuCheckPrep and Sigma
Braun
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Distilled water to 1000 ml
10 x PBS, pH 7.4, 1000 ml:
NaCl 80.0 g
KCl 2.0 g
CaCl2 1.0 g
MgCl2 1.0 g
Na2HPO4 26.8 g
KH2PO4 2.4 g
Distilled water to 1000 ml
Protein gel loading buffer:
50mM Tris-HCl, pH 8.0
2% (w/v) SDS
10% (v/v) Glycerol
1% (v/v) β-Merceptoethanol
12.5 mM EDTA
0.02% (w/v) Bromophenol blue
4 M Sodium chloride, 1000 ml
Sodium chloride 233.77 g
Distilled water to 1000 ml
10 M Sodium hydroxide, 1000 ml:
Sodium hydroxide 400 g
Distilled water to 1000 ml
10% (w/v) SDS, 1000 ml:
SDS 100 g
Distilled water to 1000 ml
50 x TAE, pH 8.0, 1000 ml:
Tris base 242 g
0.5 M EDTA stock solution 100 ml
Glacial acetic acid 57.1 ml
1 M Tris-HCl, pH 8.0, 1000 ml
Tris base 121.13 g
Distilled water to 1000 ml
10 x Laemmli buffer, 1000 ml
Glycine 720.0 g
Tris base 151.0 g
SDS 50 g
Distilled water to 1000 ml
Rv0858c – Lysis buffer:
20 mM Tris-HCl, pH 8.0
250 mM NaCl
10 mM imidazole
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5% (v/v) glycerol
3 mM β-mercaptoethanol
Complete Mini EDTA-free Protease Inhibitor tablets
Rv0858c – Wash buffer:
20 mM Tris-HCl, pH 8.0
250 mM NaCl
10 mM imidazole
3 mM β-mercaptoethanol
Rv0858c – High salt wash buffer:
20 mM Tris-HCl, pH 8.0
800 mM NaCl
10 mM imidazole
3 mM β-mercaptoethanol
Rv0858c – Imidazole wash buffer:
20 mM Tris-HCl, pH 8.0
250 mM NaCl
50 mM imidazole
3 mM β-mercaptoethanol
Rv0858c – Gel filtration buffer:
20 mM Tris-HCl, pH 8.0
250 mM NaCl
5% (v/v) glycerol
5 mM DTT
Nramp – solubilization buffer :
1 caplet of Pefabloc
1spatular tip of DNase
1spatular tip of RNase
50 mM HEPES, pH 7.5
100 mM NaCl
1 mM EDTA
1 mM DTT
4% LDAO (w/v)
Nramp - washing buffer:
1 caplet of Pefabloc
1spatular tip of DNase
1spatular tip of RNase
50 mM HEPES, pH 7.5
100 mM NaCl
1 mM EDTA
1 mM DTT
0.4% LDAO (w/v)
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OmpF - purification buffer:
50 mM TrisHCl, pH 9.8
700 mM MgCl2
0.7% C8E4 (w/v)
2.2 Methods
2.2.1 Introduction of the bacterial strain in the lab
A freeze-dried aliquot of the bacterial strain of D. radiodurans R1 was ordered at the DSMZ
(Braunschweig, Germany) and prepared as suggested in the accompanying manual. The bacterial
aliquot was resuspended in LB + Glucose medium (described in the manual) and plated on LB +
Glucose agar plates. This plate was incubated at 30°C for 36 hours until colonies appeared. The rest
of this suspension was subsequently aliquoted to glycerol stocks (30% Glycerol + 70% bacterial
culture). Once glycerol stocks were prepared and flash frozen for storing at -80°C, small scale liquid
test cultures were cultivated.
2.2.2 Cultivation
Growth conditions were optimised by various media (TGYM, Terrific broth and LB + Glucose),
temperature (25, 30 and 37°C) as well as time of growth.
2.2.3 Selection method
In order to work with the R1 strain of Deinococcus, a selection method had to be established. Due to
the fact that the bacterial strain is a wild-type organism, there are no selection markers present. For
this reason the natural feature of UV tolerance was used. The colonies were plated in the same
positions on different agar plates and exposed for different lengths of time to UV light.
2.2.4 Extraction of genomic DNA
Deinococcus radiodurans R1:
Genomic DNA was extracted immediately before adding the template DNA to the PCR master mix.
Therefore a small amount of bacterial cell suspension of a freshly harvested pellet was transferred
into an Eppendorf tube with 50 µl of ddH2O. The suspension was incubated at 98°C for 10 minutes.
Therefrom, 10 µl was used as template for PCR reactions.
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2.2.5 Primer design
Deinococcus radiodurans R1:
Oligonucleotides were designed for PCR reactions for the Nramp gene and purchased from MWGBiotech in HPLC grade. The lyophilized primers were diluted in ddH2O to a concentration of 100
µM and stored at -20°C. The used sequences are for the forward primer 5’AAAAGGATCCGATTCCCGTTCTCCCAGCCTGCCCGACGAC-3’ and for the reverse primer
5’-AAAACTCGAGTTAGCCCCCCAGCAGCTCCCACAGCAGGTAG-3’. The design of these
primers included restriction sites for enzymes suitable for the Multiple Cloning Site of the vector
pGEX-6-P-1 (GE Healthcare). Care was taken to find a sequence, which is not present within the
gene. Additionally, the oligonucleotides were cross-checked to keep the target gene in frame. Both
sequences have a GC content of around 60% and a TM close to 73°C. The selected restriction
enzymes BamHI and XhoI turned out to fulfill all the necessary criteria and, in addition, they can be
used under the same buffer conditions.
2.2.6 The clones
Mycobacterium tuberculosis:
All clones were prepared and kindly provided by Dr. Georgia Kefala. The clones contain the target
cDNA sequences of the bacterial strain Mycobacterium tuberculosis H37Rv from each protein
studied. In the 5’-direction there is an additional alanin triplet introduced for increased expression
efficiency (Looman et al., 1987). The target sequences were cloned into the pET22b expression
vector (Novagen) with a C-terminal His6-tag.
Deinococcus radiodurans R1:
The Nramp gene sequence was amplified in 50 µl aliquots by PCR using the following protocol:
Pipetting scheme:
10 x Buffer
10 x Enhancer
2% (v/v) DMSO
2.5 mM MgSO4
100 µM Primer (each)
100 µM dNTP’s
KOD Polymerase
Genomic DNA
ddH2O

(Novagen)
(Invitrogen)
(Novagen)

5 µl
5 µl
1 µl
5 µl
1.5 µl
2.5 µl
1.5 µl
1 µl
26 µl
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Temperature protocol:
95°C
5 min
95°C
45 sec
60°C
45 sec 10 cycles
72°C
4 min
95°C
50 sec
65°C
45 sec 20 cycles
72°C
4 min
72°C
10 min
4°C
hold
The PCR product was analysed by agarose gel electrophoresis using standard low melting agarose
dissolved in 1% TAE buffer. The identified target band was cut out and the DNA was isolated with
the Gel extraction kit. Concentration and overall yield of the amplified sequence was determined at
260 nm as well as by comparing to a DNA mass standard. Pure and concentrated DNA was used
immediately for cloning procedures.
The plasmid DNA as well as the insert DNA were incubated with the selected restriction enzymes
separately for double digestion using the following protocol:
Insert (DR1709)
Buffer #2
BSA
HindIII
XhoI
ddH2O

30 µl (70 µg/ml)
5 µl
0.5 µl
1.5 µl
1.5 µl
11.5 µl

Plasmid (pGEX-6-P-1)
Buffer #2
BSA
HindIII
XhoI
ddH2O

4 µl (1.105 mg/ml)
3 µl
0.3 µl
1.0 µl
1.0 µl
20.7 µl

The aliquots were incubated at 37°C for 4 hours. The results of the double digestion was
investigated on a 1% agarose gel and the gel extraction kit was used to obtain the pure sticky ended
sequences. For ligation vector and insert were mixed in a 1 to 6 molar ratio and incubated over night
at 16°C. The protocol for the ligation set up is as follows:
Plasmid (pGEX-6-P-1)
Insert (DR1709)
10 x Ligation buffer
T4 DNA Ligase (Fermentas)
ddH2O

6 µl
1 µl
1 µl
0.5 µl
1.5 µl

The success of the ligation experiment was analysed with 1 µl of the ligation mixture using a 1%
agarose gel.
2 µl of the successful ligation mixture was used to transform the selected competent cell lines using
the following protocol:
1.
2.
3.
4.
5.

2 µl ligation mix to competent cell on ice
20 min incubation on ice
1 min incubation at 42°C
2 min on ice
add 250 µl SOC
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50 min incubation at 37°C
plate on LB-Agar plates with respective antibiotic and incubate at 37°C

2.2.7 Sequencing
Sequencing was carried out by the company GATC (www.gatc.de) in order to obtain the DNA
sequence of the target gene DR1709. The sequencing procedure was chosen to be primer walking in
publishing quality. The PCR primers were used for the initial sequencing step and all following
primers were designed by the company.
2.2.8 Expression
Rv0858c:
The target clone Rv0858c was transformed into E. coli BL21 Star (DE3) pRARE cells for
overexpression. The host cells containing the plasmid were grown at 37°C with amp (50 µg/ml) in
LB broth medium and 220 rpm. The induction with 250µM IPTG was started at an OD600 of
approximately 0.6. During induction the temperature was reduced to 20°C and cells were incubated
for 16 hours.
Nramp:
Different cell lines were tested for their expression potential of the target membrane protein, all of
them had been shown to be highly successful for expressing other membrane proteins. In addition,
they were readily available at the EMBL Hamburg Outstation. The cell lines used were BL21-DE3,
BL21-DE3 RIL and RossettaDE3. Test expressions were started by inoculation of 5 ml LB medium
per strain containing 100 µg/ml of ampicillin and 100 µg/ml of chloramphenicol. These set ups were
incubated at 37°C and 200 rpm in a shaker until the OD600 reached approximately 1. IPTG was
added at a concentration of 0.5 mM and cultures were incubated at 15, 25 and 37°C for 4 more
hours. Before induction and after every 1 hour an aliquot of 1 ml cell suspension was taken,
sedimented and the pellets stored on ice. All pellets were separated into cyto- and periplasmic,
membrane and inclusion body fractions. Therefore the samples were resuspended in 100 µl
lysozyme in 1 x PBS with 1 spatular tip of DNase and incubated for 15 min. The resuspended pellets
were sonicated in a water bath followed by a centrifugation step. The obtained supernatant contains
all cyto- and periplasmic proteins, which were stored on ice for further analysis. The remaining
pellet was incubated with 100 µl Triton in 1 x PBS for 20 min at 37°C, centrifuged and the
supernatant with all membrane proteins stored on ice. 8 M urea in 1 x PBS was added to the pellet
for inclusion body solubilization. The amount of expressed protein regarding cell line and induction
times and temperatures were investigated by 12% SDS gels following a coomassie brilliant blue
stain and western blotting with an Anti-GST-Antibody. Up-scaling to 2 L cultures was done by
using the same ingredients at the same concentrations.
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2.2.9 Solubilization
Cell pellets were disrupted by sonication with a TTB tip for 3 minutes with a pulse of 40% and 2030% cycles and incubated in solubilization buffer for 1 hour at room temperature by end-over-end
rotation with the detergents of choice, LDAO (4% w/v), DDM (2% w/v) and β-octylglucoside (90
mM) respectively. Membrane proteins were obtained in solution by centrifugation of the solubilized
cells at 40000 g. The solubilization rate of each detergent was investigated by 12% SDS-PAGE and
coomassie brilliant blue staining.
2.2.10 Purification
Rv0858c:
The cells were collected and harvested directly after 16 hours of induction. The pellets were
resuspended in lysis buffer and sonicated 3 times for 5 minutes with 0.4 s pulses at 4°C. This
suspension was centrifuged at maximum speed and the supernatant filtered through a 0.45 µm
membrane. The filtered solution containing all cyto- and periplasmic proteins was then loaded onto
Ni2+ beads, which were preequilibrated with 3 column volumes of wash buffer. The protein together
with the resin was incubated for 1 hour at 4°C by end-over-end rotation. The following washing
procedures were carried out at room temperature. Initially 15 column volumes of washing buffer
followed by 3 column volumes of a high salt wash and afterwards an imidazole wash of 3 column
volumes were applied. An imidazole gradient was employed in order to elute the target protein.
Each fraction was analysed by SDS-PAGE and the presence of the target protein was confirmed by
mass spectroscopy.
The selected protein fractions were pooled, concentrated and further purified by gel filtration. This
was carried out using a Superdex 200 16/60 (GE Healthcare) column and gel filtration buffer. The
target protein fractions with a distinct yellow colour were investigated by SDS-PAGE and the
oligomeric state as well as dispersity were confirmed by dynamic light scattering at a protein
concentration of 2 mg/ml.
Outer membrane proteins:
D. radiodurans R1 cells were grown to an OD600 of approximately 1.0 and 20 L of cell suspension
were harvested. The pellet was used for membrane preparations and protein purifications. 3 different
successful standard protocols from literature were tested, which are termed the Kreusch-protocol,
the Henderson-protocol and the Benz-protocol.
Kreusch-protocol (Kreusch, 1994):
Harvested cells were disrupted by using a French press in cell-disruption buffer. 3 passes were
carried out with a pressure of 20000 psi. Afterwards, the cells were centrifuged at 63000*g/45
min/4°C and the pellets washed with cell-extraction buffer 1. After the supernatant was discarded,
the cell membranes were solubilized in cell-extraction buffer 1 for 40 min at 40°C. This was
followed by a centrifugation step (50000*g/45 min/4°C). Then, the pellet was washed 4 times with
cell-extraction 1 buffer and centrifuged again (50000*g/45 min/4°C). The outer membrane proteins
were extracted by resuspending the pellet in Cell-extraction buffer 2 and incubated for 70 min at
37°C. After a final centrifugation step, the supernatant was diluted 1:4 with Elution buffer and
concentrated. Purification attempts were carried out by ion exchange chromatography.
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Benz-protocol (Lichtinger et al., 2000):
This protocol is based on a Methanol/Chloroform extraction method of the outer membrane proteins
out of the membranes. Harvesting of the cells was done as in the Kreusch-protocol and the
purification was carried out by ion exchange chromatography.
Henderson-protocol (Saidijam et al., 2003):
Disruption of the cells was carried out by using a French press. The solubilization procedure in this
protocol involved choosing different recommended detergents. The following purification procedure
was investigated by ion exchange chromatography.
The influence of different detergents (TritonX100, Genapol and LDAO) was analysed. All
membrane protein suspensions were analysed by SDS-Page and identified by Maldi-tof mass
spectroscopy.
Successful membrane protein purification procedures reported in the literature were applied, such as
ion exchange chromatography, with anion as well as cation columns. All buffers were made and all
procedures were carried out according to the published protocols. Further analysis was done by
SDS-Page and Maldi-tof mass spectroscopy. Therefore, the protein solutions were run on the gel
following the manual of EMBL Heidelberg and the target band was cut out from the gel and sent for
analysis.
Nramp:
A standard procedure for the purification of GST-tagged proteins from GE Healthcare was adapted
to the Nramp protein. GST-sepharose was packed into a column and washed following instructions
of the accompanying GE Healthcare manual.

Cell lysis (Lysozyme and sonication)
Centrifugation

Discard supernatant
Resuspend pellet in detergent
Centrifugation

Purify target protein from supernatant
Discard pellet
One step purification via Glutathione beads
Figure 2.1: Purification procedure of Nramp.
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After the incubation of the beads with washing buffer, the solubilized membrane fraction was
applied to the column and incubated for 4 h by end-over-end rotation at 4°C for enhanced binding.
Immediately afterwards, all non-bound proteins were eliminated by washing with 15 column
volumes of washing buffer. The target protein was eluted by on-column cleavage with Prescission
protease (GE Healthcare) at 4°C over night by end-over-end rotation following the instructions in
the manual. The untagged protein was eluted by applying the sepharose beads again to a coloumn
and washing with 1-2 coloumn volumes of washing buffer. The collected flowthrough was
investigated by SDS-PAGE and coomassie brilliant blue staining as well as by Maldi-tof mass
spectroscopy. All steps were carried out at room temperature unless mentioned otherwise.
Gel filtration columns of different types (Superdex and Superose, GE Healthcare) were used to
analyse the Nramp transporter in terms of running behaviour, oligomeric state and the presence of
aggregation.
2.2.11 Characterization
2.2.11.1 Maldi-tof mass spectroscopy
The matrix-assisted laser-desorption ionization (Maldi) spectroscopy is based on the precipitation of
a protein on UV-absorbing matrix molecules. This matrix is transferred into a vacuum and exposed
to a UV laser puls. As a result, the proteins are transferred into the gaseous phase without water or
counterions. The time of flight is actually dependent on the protein mass and charge. Therefore it is
possible to determine the protein mass as well as the oligomeric state in a highly accurate way
(Chait et al., 1992).
2.2.11.2 PIXE analysis
Proton induced X-ray emission (PIXE) is a tool for analysing the elemental composition of protein
samples. The protons induce a characteristic X-ray emission from all elements of the protein, which
can be interpreted in terms of the metal content of the molecule with a relative accuracy of between
10% and 20%. The sulphur atoms in the methionines and cysteines of the protein provide an internal
calibration so that systematic errors are minimised, provided that a sulfur-free buffer is used. As
such the technique is entirely internally self-consistent (Garman et al., 2005).
The protein sample for PIXE analysis was prepared with an additional dialysis step to keep the
solution sulfur free. Therefore the protein sample was applied to a chelex coloumn to exchange the
buffer to 50 mM TrisAcetate, pH 7.5. The PIXE analysis was carried out by Dr. Wolfgang Tröger
(Physik, Uni Leipzig).
2.2.12 Crystallisation
Hanging and sitting drop vapour diffusion
Crystallisation experiments were carried out using standard crystallisation kits from Hampton
Research and Jena Bioscience. The hanging drop set ups were all set up manually in 24 well Linbro
plates with siliconized glass cover slides using volumes of 1 µl of reservoir and protein respectively.
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The sitting drop method was applied at the EMBL Hamburg Crystallisation facility in 96 well plates
by using 500 nl of protein and 500 nl of reservoir. The plates were incubated at 4°C or 18°C.
Lipidic cubic phases
3 different lipids were chosen for setting up cubic phases. These were monoolein, monopalmitoyl
and phosphatidylcholin. A method applied by Dr. Hartmut Luecke in the PEPCII course at the
EMBL Hamburg Outstation was selected for preparing the cubic phases (see course manual).
Therefore an electric tooth brush was taken and a steril pipette tip was fixed on top. The smooth
rotation of the mixture allowed the fast preparation of the cubic phases without harming the protein
or the lipids. The lipid to protein ratio used was adapted according to the Nollert-protocol (Nollert,
2004).
Counter diffusion experiments, Granada boxes and gels
Counter diffusion and Granada boxes
Standard glass capillaries were ¾ filled with protein solution. A thin layer of 0.1% low melting
agarose was pipetted on top of the protein. After a few minutes the reservoir solution was added on
top of the agarose and both sides were sealed with bee wax. The capillaries were stored in Granada
boxes at 18°C.

Figures 2.2a – 2.2c: Granda box and scheme how to set up crystallisation experiments using this
approach (http://lec.ugr.es/GranadaCrystBox/GCB/How%20to%20use%20GCB.htm). Figure in the
middle: the box is filled with an protein/agarose gel mixture (red) and reservoir solution on top. This
leads to a gradient in the agarose gel. Figure on the left: The same Granada box with an agarose gel
(blue) and a reservoir solution (green) on top of the gel. The capillaries contain the protein solution
and are poked into the gel. The deeper the capillaries are poked inside, the longer the diffusion time.
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Granada boxes and Gels
The protein solution was mixed in a 1:1 ratio with low melting agarose and filled to ¾ into a
capillary. Immediately after the agarose became solid, the capillary was topped up with reservoir
solution. All capillaries were stored like the counter diffusion ones.
Dialysis
Dialysis buttons from Hampton research were filled with the protein solution and sealed with a
membrane (15 kDa cut off) on top. The buttons were incubated in 1 ml of reservoir solution in 24
well Linbro plates sealed with glass cover slides and incubated at 18°C
Rv0858c:
The pure protein was concentrated to 15 mg/ml. Without cleavage of the C-terminal His6-tag it was
set up for crystallisation using sitting and hanging drop vapour diffusion methods. Sitting drops
were set up in the High Throughput Crystallisation Facility at the EMBL Hamburg Outstation for
screening. 50 µl volumes were chosen for the reservoir solutions. Drops were set up by mixing 500
nL of protein solution with 500 nl of reservoir solution. All promising conditions were further
screened with hanging drop set ups and 2 µl of protein/reservoir mixture was equilibrated against
500 µl of reservoir solution in 24-well Linbro plates. The crystallisation condition, which was found
to be the best was 20% (w/v) PEG-3350, Tris-HCl pH 8.5 and 200 mM MgCl2. Diffraction quality
protein crystals grew out of this condition at room temperature within 2-3 days. The crystal
dimensions were in average about 600 x 120 x 100 µm3. In a similar condition (24% (w/v) PEG4000, Tris-HCl pH 8.0 and 200 mM MgCl2) a second diffracting crystal form grew with dimensions
of up to 800 x 150 x 150 µm3 at room temperature within 2-3 days.
Rv1201c:
The purified protein with the C-terminal His6-tag still present was set up at 20 mg/ml. First
crystallisation set-ups were carried out at the High Throughput Crystallisation Facility at the EMBL
Hamburg Outstation. The reservoir volume was 50 µl and each drop was set up by mixing 500 nl of
protein solution with 500 nl of reservoir solution. For optimisation the hanging drop vapour
diffusion method was used. Therefore, 1 µl of protein solution and 1 µl of reservoir solution were
equilibrated against 500 µl of reservoir solution in 24-well Linbro plates. Diffraction crystals grew
in the presence of 220 mM Mg acetate tetrahydrate, 100 mM sodium cacodylate pH 6.5, 12% (w/v)
PEG 8000 at room temperature within 5-7 days to a size of 250 x 250 x 200 µm3.
Nramp:
Protein samples were concentrated using 20 kDa cut off Amicon concentrators. The concentration
was determined by SDS-Page with a mass standard and the BCA assay method following the kits
manual (Pierce). The ready to set up protein sample was than ultracentrifuged for 30 min at
maximum speed in order to remove possible aggregates.
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2.2.13 Limited proteolysis experiments
4 different proteases (Elastase, Trypsin, Chymotrypsin and Thermolysin) were selected for limited
proteolysis of the untagged Nramp. The proteases were added in a 1:1000 mass ratio to the protein
(~10 mg/ml) and incubated at room temperature, at 4°C and 37°C. Samples were taken after
different time points (5, 10, 15, 30 min, 1, 2 and 16 h) and a silver gel was sent to the EMBL
Heidelberg for Maldi-tof mass spectroscopical analysis.

2.2.14 Data collection and processing
One of the most crucial steps in crystallography is to find the most suitable data collection strategy
for a respective crystal. Several different parameters such as the rotation angle, mosaicity or the
crystal to detector distance are of importance (Dauter, 1997).

2.2.14.1 Preparation of the crystals
The crystals were quick soaked in a cryo-protectant containing 15% (v/v) MPD in reservoir solution
for Rv0858c crystals and in 20% (v/v) MPD for Rv1201c respectively.
In order to carry out soaks with derivatives for MIR measurements, the obtained Rv1201c crystals
were additionally soaked quickly in 1 M Bromide (NaBr), 1 M Iodide (KI) and for 2 days in 30 mM
Potassium hexachloroplatinate (K2PtCl6) respectively.
Crystalline material of the Nramp protein, which was growing in hanging and sitting drop set ups as
well as crystals obtained in lipidic cubic phases were measured without cryo-protectant at room
temperature.

2.2.14.2 Mounting of crystals on the beamline
Rv0858c and Rv1201c crystals as well as Nramp crystals, which were obtained from vapour
diffusion and lipidic cubic phase experiments, were mounted in nylon loops, flash cooled in a liquid
nitrogen stream and centered at the EMBL Hamburg Outstation beamlines X11, X12 and X13.
Crystals of Nramp, which were grown and mounted in capillaries, were tested by fixing the capillary
on the goniometer head with plasticine. These crystals were investigated at room temperature.

2.2.14.3 Data collection strategy
The data collection strategy is of outstanding importance for a successful data collection. Different
parameters such as the ∆φ, the starting φ, the number of images, the detector distance and the
exposure time need to be chosen carefully to obtain the best possible data set and get most
information from the crystal. These parameters are connected to each other such as the number of
images depends on firstly the crystal symmetry, but also on the ∆φ value. The higher the symmetry,
the less number of images need to be collected. It is therefore imperative that the ∆φ values selected
do not result in overlapping spots. The starting φ is dependent on the symmetry, but also on the
orientation of the crystal with respect to the rotation axis used for data collection. Regarding the law
of symmetries a 180° data set, however, will cover all possibilities of space groups (Dauter, 1997).
This strategy is not applicable to any crystal in reality, unfortunately. Many crystals are suffering
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from radiation damage and therefore cannot be exposed for a long time. They will diffract poorly
and finally might loose any diffraction. Also the resolution of a diffraction pattern needs to be taken
into account, which will influence the detector distance. The higher the resolution the smaller the
detector distance, which is necessary so that important information of spots in the outer shell is not
lost.
In order to choose the right parameters, which is a rather complex process, many programs as e.g.
BEST are available to analyse one diffraction image inorder to receive a recommended data
collection strategy (Bourenkov et al., 2006; Popov et al., 2003).
For all crystals in this work a first image was taken and analysed with the program DENZO
regarding all the mentioned parameters.
Rv0858c crystals turned out to be either tetragonal or orthorhombic. The strategy for the crystals of
tetragonal space group was a detector distance of 300 mm, at a resolution of 3.2 Å, a ∆φ of 0.5° and
a total of 363 frames. Crystals of the same protein, but of orthorhombic space group were measured
at a resolution of 1.9 Å at a detector distance of 180 mm and with a ∆φ of 0.5°. A total of 360
frames were collected. One crystal of each space group was measured and analysed.
The target Rv1201c could be indexed in a cubic space group. 4 crystals, each of which soaked in a
different derivative, were measured. The best diffracting crystal was measured at 2.8 Å with a
detector distance of 280 mm and 0.3° steps for the ∆φ. In total 600 images were successfully
collected from this crystal. The 3 remaining crystals were handled similarly to this one. However,
for each crystal, which contained a derivative, the respective wavelength was used in order to be
able to calculate a Patterson map for detecting the peaks. Therefore a wavelength of 0.81 Å was
used for iodine and bromine and a wavelength of 1.5 Å for platinum and sulfur phasing.
All membrane protein crystals were exposed to X-rays at ∆φ of 0° and 90° with 8 degree steps of
rotation in between. For data collections and test diffraction experiments a MARCCD detector was
used.

2.2.14.4 Data processing
The data sets of each of the crystals were indexed and integrated by using the program DENZO
(Otwinowski et al., 1997). Integrated data were than analysed with SCALEPACK (Otwinowski et al.,
1997). The intensities were converted to structure factor amplitudes using the program TRUNCATE
(French et al., 1978; CCP4, 1994).

2.2.14.5 Indicator of data quality
The quality of a 3-dimensional structure is dependant on the quality of the data-set which was
collected. Several different parameters for data quality were established complementing each other
(Weiss, 2001). Some parameters such as true resolution, signal-to-noise ratio, completeness, optical
resolution or the Wilson plot are of outstanding importance to any crystallographic investigation.
An indicator for internal data quality is Rmerge. This value is calculated during the process of merging
all intensity measurements (Blow, 2005).
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Rmerge=

∑∑|Ii(hkl)- Ii(hkl)|
h,k,l i

∑∑ Ii(hkl)

h,k,l i

The Rmerge is dependant on the redundancy of a data set and thus not a highly significant indicator of
the data quality (Weiss et al., 1997). The redundancy-independent merging R-factor (Rr.i.m.) and the
precision-indicating R-factor (Rp.i.m.) are 2 additional R-factors, which describe the agreement
between individual reflections and the precision of an averaged measurement respectively. These
values are of importance regarding the data set interpretation. Since averaged values are used in the
process of structure determination, these values will give the most information about a data set
(Weiss, 2001). These R-factors were calculated using the program RMERGE (Weiss, 2001)
available at http://www.embl-hamburg.de/_msweiss/projects/msw qual.html).

Rr.i.m. =

∑[N/(N-1)]1/2∑|Ii(hkl)- Ii(hkl)|
h,k,l i

∑∑ Ii(hkl)

h,k,l i

Rp.i.m. =

∑[1/(N-1)]1/2∑|Ii(hkl)- Ii(hkl)|
h,k,l i

∑∑ Ii(hkl)

h,k,l i

An important decision needs to be taken about a useful resolution,which can be obtained from a data
set. This value is indicated by the I/σ and defines the limit at which the estimated mean intensity I
has fallen to twice the mean standard deviation of the measurements σ (Blow, 2005).

2.2.14.6 Scaling R-factor
Data sets from identical crystals of the same protein should be the same. This so called nonisomorphism is given as a ratio (Drenth, 1999). In reality, however, they can be slightly different
expressed as the scaling or isomorphous R-factor Riso.

Riso=

∑N||FPH|-|FP|
∑N|FP|
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Isomorphous R-factors of 5-10% show a good coherence of 2 structures.
For Rv1201c crystals, isomorphous replacement was carried out with different derivatives. This
method is based on the comparison of 2 crystals, whereas one has several stronger scattering centers
than the other. The stronger scattering is due to a heavy atom or another derivative, which binds
tightly to a specific sites of the protein. The bound atoms will slightly change the structure by
replacing some of the solvent at the binding site and therefore slight non-isomorphisms are present
in every structure, which is solved by this method. In order to make use of this method, each Bragg
reflection needs to get a phase so that FP, FH and FPH can be calculated.
The scattering by a derivative crystal, PH, which contains a heavy atom is the sum of the scattering
by the parent crystal, P, and the scattering by the heavy atoms H:

FPH(h) = FP(h) + FH(h)
The application of isomorphous replacement requires therefore a value for every FH in order to
assign the heavy atom positions (Blow, 2005).

2.2.15 Structure determination
The structure of a protein data set can only be determined, after obtaining phases and calculating an
electron density map. The electron density map, however, is a function of the structure factor
amplitude and the phase. Each diffracting spot of a data set contains information about all the
electrons of all the atoms within the protein molecule represented in the unit cell. The electron
density in turn can be calculated by summing all structure factors once the respective phases have
been determined (Rhodes, 2000). The structure factors can be described as follows:
N

F(s) = F(hkl) = ∑ fje

2πi(hx +ky +lz )
j

j

j

j=1

ρ(x, y, z) = ∑|F(hkl)| e -2πi(hx+ky+lz)+iα(hkl)
h,k,l

2.2.15.1 Substructure determination
For Rv1201c crystals the program SHELXD was applied in order to find out the derivative sites by
calculating a patterson function (Schneider et al., 2002).

2.2.15.2 Molecular replacement
Rv0858c:
The structure of Rv0858c with its cofactor PLP was solved with the program MOLREP (CCP4,
1994). The model structure was chosen to be an Pyrococcus horikoshii aminotransferase (PDB
entry:1DJU, Matsui et al., 2000). This model was used for the orthorhombic crystal form. Once the
orthorhombic crystal form was solved, this structure was used as a model for the tetragonal crystal

2. Materials and Methods

28

form. This data was used for final model building, which was carried out with the program COOT
(Emsley et al., 2004).

2.2.15.3 Electron density maps
Electron density maps were calculated for all data sets by applying the Fourier transformation to the
diffraction data. The quality however depends on the previously obtained experimental phases
primarily but also on diffraction data quality and the resolution limit. The difference maps were
calculated by using the Fast Fourier Transform to get both maps, (Fobs-Fcalc, αcalc) and (2Fobs-Fcalc,
αcalc)-electron density map. All regions in a (Fobs-Fcalc, αcalc)-electron density map, which contain
more observed than calculated density results in a positive electron density. In contrast the negative
electron density shows more calculated than observed intensities, which means, that regions are over
occupied. These additional positive or negative density regions are calculated and shown in the
(Fobs-Fcalc, αcalc)-electron density map. In addition to this the (2Fobs-Fcalc, αcalc)-electron density map
includes the electron density for the model derived from the data set. The most utilized electron
density map of the analysed data is shown in the (2Fobs-Fcalc, αcalc)-electron density map, which is
used during model building and refinement.

2.2.15.4 Manual model re-building
The procedures of model building and structural refinement are carried out to adjust a structure with
the best possible fit to the measured and calculated crystallographic densities. The program COOT
was used in order to build the models (Emsley et al., 2004). This procedure was also used to model
the cofactor PLP, the substrates and glycerol molecules in the structure.

2.2.15.5 Refinement
All refinement procedures for the structure in this work, were carried out by using the program
REFMAC5 (Murshudov et al., 1997). This algorithm is derived from maximum likelihood-methods
and tries to increase the fit of calculated and observed structure factor amplitudes (Brünger, 1992,
Brünger, 1993).

2.2.15.6 Indicators of refinement progress
Repeatedly applied refinement procedures were applied with the program REFMAC5 (Murshudov et
al., 1997), based on maximum-likelihood. Each refinement cycle shows a better fit of observed and
calculated structure factor amplitudes, resulting in a changing R-factor and Rfree values, which
decrease the better the observed and calculated structure factor amplitudes agree. The indicators for
the refinement progress are the R-factors, which drop as the agreement is improving (Brünger, 1992,
Brünger, 1993). However, the R-factor on its own is not significant enough for model quality, as the
R-factor may even drop without the model improving. Therefore the Rfree factor has been introduced
and calculated by selecting a randomly small fraction of reflections, which are deleted from the data
used for refinement. A decrease in this value is an unbiased way of estimating the quality of the
model (Brünger, 1992; Brünger, 1993).
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R=

∑||Fobs|-k|Fcalc||

h,k,l

∑|Fobs|
h,k,l

Rfree =

∑||Fobs|-|Fcalc||

test set

∑|Fobs|

test set

2.2.16 Structure validation
The protein structures were validated with the program PROCHECK (Laskowski et al., 1993). The
accuracy of the final model is shown in the values of different measures, such as the Rfree-factor,
r.m.s.d. values, the correct bond lengths, angles and proper dihedral angles. In addition, the
deviation of certain geometrical parameters from their ideal values are considered. A Ramachandran
plot is generated to show the distribution of Φ and Ψ conformational angles along the polypeptide
chain. Another independent quality information parameter is the B-factor. If the B-factor of a certain
atom is very high its coordinates give almost no information about the bond that connects it to a
better ordered atom (Blow, 2005).

2.2.16.1 Ramachandran plot
The distribution of the conformational angles of the main chain of the protein are shown by the
Ramachandran plot. This diagram is a very precise indicator of the quality of the structure. As
refinement improves, the conformational angles are more and more present in the “allowed” regions
(Ramachandran et al., 1963).

2.2.17 Small angle X-ray scattering
Small angle X-ray scattering is a method of structure determination of solutions. This method is
based on the elastic scattering of randomly oriented particles, which results in an isotropic
diffraction pattern. The relevant scattering pattern of the macromolecule Iexp (s) is obtained by
subtracting the scattering of the buffer (buf) at dialysis equilibrium. This measurement is carried out
separately from the solution (sol), whereas xs is the volume fraction of the solute in solution and e
the empty sample container. N is the number of photons, which is measured, I0 the transmitted direct
beam, which is monitored through a semi-transparent beamstop and DR represents the detector
response. Any non-isotropic scattering from the background is removed by this procedure as well
(Koch et al., 2003).
1
Iexp (s) = [(N(n)exp/I0sol – (1-xs)N(n)buf/I0buf - xsN(n)e/I0e)DR(n)]
c
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2.2.17.1 OmpF as a reference model
OmpF was measured at the concentrations of 5 and 15 mg/ml against a BSA standard. The protein
was measured in its purification buffer and the buffer curve was substracted from the protein
scattering curve.

2.2.17.2 Nramp
Nramp was meassured in analogy to the OmpF protein. 2 different concentrations (5 and 15 mg/ml)
were used for the protein in its washing buffer.
Measurements and data processing were performed by Dr. Dimiti Svergun, Dr. Maxim Petoukhov
and Dr. Petr Konarev.

2.2.18 Bioinformatic analysis
2.2.18.1 Homology modelling
This method is based on the fact that a protein of unknown structure is modelled onto a known
structure. This however is often not straight forward as highly flexible regions or poor homology
make the assignment of the sequence to be modelled onto the template difficult.
The Nramp membrane protein was suggested to be a member of the major facilitator family and
therefore similar to the solved membrane protein structures of LacY (Abramson et al, 2004) and
GlpT (Huang et al, 2003).

Figure 2.3a-2.3d: Overall structures of LacY and GlpT (Abramson et al., 2004).
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Both protein structures were used for a sequence alignment with the Nramp protein sequence.
However a strategy was chosen, which includes the use of different amino acid comparison matrices
using the program STAMP (Russell et al., 1992). These matrices used different characteristics of the
amino acids. One of them separating them into different groups and a second one was separating
them into different hydrophobicities. Based on the outcome of the sequence alignments a homology
model was attempted to be built.

2.2.18.2 Hydrophobicity plots
In order to investigate the membrane spanning parts of membrane proteins, the hydrophobicity of
amino acid streches is calculated. These hydrophobic patches are calculated by using the KyteDoolittle algorithm in a window of 10 amino acids and the results are displayed in a plot. Individual
amino acid hydrophobic free energies [kcal/mol] are computed. These values are obtained from their
relative equilibrium concentrations in a condensed vapour partition and plotted from –4 to 4
kcal/mol (Kyte et al., 1982).

2.2.18.3 BLAST
Homology search and ortholog clustering are useful methods for analysing sequences. The
enormous growth of sequences in databases makes homolog detection difficult and rapid and
accurate methods are required (Itoh et al., 2005). BLAST is the most used tool to query databases by
sequence similarity search (Bimpikis et al., 2003).

2.2.18.4 CLUSTALX, CLUSTALW and STAMP
The CLUSTAL series of sequence alignment programs are used for the multiple alignment of nucleic
acid and protein sequences, profile alignments as well as for preparing phylogenetic trees (Bork et
al., 1996; Chenna et al., 2003; Thompson et al., 1997; Thompson et al., 1994). However, the
calculated alignments have to be examined carefully, especially in conjunction with the underlying
phylogenetic tree. Sequences that have no close relatives as well as sequence fragments need to be
aligned with care as it should be done for sequences with long insertions or deletions respectively.
The algorithm is set up in a way to automatically delay the alignment of any sequences that are less
than 40% identical to any others until all other sequences are aligned (Higgins et al., 1996;
Jeanmougin et al., 1998). Finally the CLUSTAL series allows a quality analysis and realignment of
selected residue ranges to improve and refine difficult alignments and to trap errors in input
sequences (Thompson et al., 1994). In addition the program STAMP was applied to the sequences in
order to carry out a structure based alignment (Russell et al., 1992).

2.2.18.5 STRING
The interactions of proteins with each other provide a detailed insight into the complexitiy of
reactions taking place in biochemical reactions and pathways in cells (Iwata et al., 2004; Nagai et
al., 2003; Petry et al., 2005). The structure and function of protein complexes is therefore of
increasing importance. The structure and functional aspects of a complex might give further insight
into the reactions of interest compared with its single components (Floridi et al., 1978; Krause et al.,
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2003; Krause et al., 2004; Troy et al., 1979). However, the structural determination of protein
complexes is not straight forward experimental procedure. Similarly, the question whether given
target proteins within the same pathway might have the ability to develop complex formation (Law
et al., 2005; Mettu et al., 2005; Wiener, 2005).
In recent years new methods such as highthroughput techniques in molecular biology increased the
number of data available for which suitable bioinformatical approaches were required (Gilbert et al.,
2004; Pekurovsky et al., 2004; Pinhasov et al., 2004). Indeed one of the major aspects to work on
was how to measure the accuracy as well as to identify biases, strengths and weaknesses of different
algorithms (Kanehisa et al., 2003; von Mering et al., 2002).
These aspects point out the importance and requirement of a bioinformatical tool to investigate
sequences for their ability to form complexes (Bork et al., 2004; Huynen et al., 2003; von Mering et
al., 2002). The STRING database provides the possibility of analysing gene fusions as well as
carrying out neighbourhood analyses. Gene fusions are shown in the association between target
sequences and are a result of evolution. The neigbourhood analysis gives hints about possible
complex formations, which is shown in the expression of 2 proteins within the same operon (von
Mering et al., 2003). The database currently holds 730 000 proteins in 180 fully sequenced
organisms (Galperin et al., 1999; Mirkin et al., 2003; Natale et al., 2000; Tatusov et al., 2003;
Tatusov et al., 2000; Tatusov et al., 2001; von Mering et al., 2005).
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3. Results and Discussion
3.1 Rv0858c
3.1.1 Purification and characterization
The target protein Rv0858c was purified by affinity chromatography followed by size exclusion
chromatography. Dependant on the pH, the protein was either monomeric or dimeric. From the
elution volume of the size exclusion chromatography experiment as well as from the dynamic light
scattering experiment, the protein appeared to be monomeric in solution. This is to some extent in
contrast to what might have been expected for a member of the class I PLP-dependent enzymes
(Schneider et al., 2000), which typically occur as homodimers.

Figures 3.1a-b: Gel filtration profile of Rv0858c and 10% SDS-PAGE of the respective peak
fractions.
The analysis of the SDS-PAGE shows a band for the target protein at around 45 kDa. The protein
fractions containing the target protein were pooled, concentrated and used for crystallisation,
although 2 slight impurities were present. The concentrated protein shows a distinct yellow colour
resulting from its cofactor PLP. Aliquoted protein samples were flash frozen in liquid nitrogen and
stored at –80°C.
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3.1.2 Crystallisation
3.1.2.1 Orthorhombic crystal form
Rv0858c was set up for crystallisation at a concentration of 15 mg/ml and initial screening was
carried out using the following screens: Crystal screen, Crystal screen2, Index screen, PEG/Ion
screen, Grid Screen Ammonium sulfate (Hampton Research) and JBScreen 1-10 (Jena Bioscience).
After 2-3 days needles grew out of one condition. The crystal diffracted X-rays to 1.9 Å resolution
on the X13 beamline at EMBL Hamburg Outstation.
0.2 mm

Figures 3.2a-b : Orthorhombic crystal form with the space group P2221 grown from 20% (w/v) PEG
3350, 100 mM TrisHCl pH 8.5 and 200 mM MgCl2 and the corresponding diffraction pattern.
The major problem of the crystals was the presence of multiple lattices. The first step was to
optimise the needles with regard to their size and shape but also with the aim to get single crystals
instead of needle clusters. A range of different pH values, PEG and salt concentrations were tested,
but also the attempt of crystal growth at 4°C, macro- and microseeding and the use of the additive
screen. As a result the majority of the needles appeared to become bigger in size, but they grew as
clusters and sometimes with huge cavities. These crystals were then used for data collection to the
same resolution limit, although multiple lattices were still present. For the data collection, however,
a nicely separated part of a needle was broken off from the cluster and mounted in order to suppress
this problem as much as possible.

3.1.2.2 Tetragonal crystal form
After several days the optimisation screen yielded nicely shaped single crystals of 800 x 150 x 150
µm3 in size. The crystals however diffracted X-rays to around 3.2 Å resolution only on the EMBL
Hamburg Outstation beamline X13.
Nevertheless, a data set was collected and processed. The diffraction pattern could be indexed in the
tetragonal system. Further attempts to optimise these single crystals were done in analogy of the
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orthorhombic crystal form of Rv0858c, but unfortunately it did not succeed. It is remarkable in fact
that also these nicely single appearing crystals show multiple lattices during diffraction.
0.3 mm

Figures 3.3a-b: Tetragonal crystal form with the space group P4122 or P4322 grown from 20% (w/v)
PEG 4000, 100 mM TrisHCl pH 8.0 and 200 mM MgCl2 and diffraction pattern respectively.

3.1.3 Data collection and processing
Data collection for orthorhombic crystals was carried out by breaking a single needle from a cluster.
As mentioned above the single needle exhibited a diffraction pattern with many lattices in similar
orientation. The diffraction limit extended to beyond 2.0 Å and a complete data set was collected.
Given the presence of many lattices it was still possible to select one. As a result of this, the
diffraction data is not excellent, which is supported by the relatively high merging R-factor (Table
3.1). The diffraction data was reduced in the space group P2221. The cell volume together with the
molecular mass of 42.210 Da for one chain suggest the presence of 2 molecules in the asymmetric
unit. The corresponding Matthews parameter VM is 2.24 Å3/Da and the solvent content is 45%. A
closer inspection of the self rotation function agrees with these calculations and the orientation of
the peaks to each other show in addition one homodimer of the protein arranged in a pseudotetragonal packing. This clearly agrees with the observation of biologically active forms of most
PLP-dependent enzymes being homodimers.
For the tetragonal crystal form, all procedures were carried out in analogy to the orthorhombic one.
Again multiple lattices were present although this crystal appeared to be single. A data set was
collected to 3.2 Å resolution and processed in space group in P41,322. The unit cell dimensions are
similar to the orthorhombic crystal form ones. In contrast however it could be figured out that only
one molecule per asymmetric unit is present (VM = 2.30 Å3/Da; solvent content 47%). Comparing
both crystal cell dimensions, which are quite similar, it becomes clear that both space groups are
related to each other. A closer inspection and comparison of the self rotation function supports this
idea. Since the tetragonal space group 41,322 is the minimal non isomorphic supergroup of the
orthorhombic space group P2221 (Hahn, 2002), the relation is obvious.
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Orthorhombic Form

Tetragonal Form

No. of crystals

1

1

Wavelength [Å]

0.8048

0.8048

Crystal-detector distance [mm]

180

270

Rotation range per image [°]

0.5

0.5

Total rotation range [°]

180

181.5

Resolution range [Å]

99.0-2.00 (2.03-2.00)

99.0-3.20 (3.31-3.20)

Space group

P2221

P41,322

Unit cell parameters [Å]

a = 54.34

a = 56.00

b = 56.13
c = 247.47

c = 248.16

Mosaicity [°]

0.54

0.64

Total No. of reflections

384,400

76,870

Unique reflections

52,277

7,208

Redundancy

7.4

10.7

I/σ(I)

18.5 (3.2)

24.9 (2.8)

Completeness [%]

99.8 (100.0)

99.8 (100.0)

Rmerge [%]

11.3 (64.7)

9.3 (76.5)

Rr.i.m. [%]

12.2 (69.5)

9.8 (80.7)

Rp.i.m. [%]

4.5 (25.4)

2.9 (25.3)

Overall B-factor from Wilson plot [Å2]

23.7

86.7

Optical resolution [Å]

1.56

2.40

Table 3.1: Data collection and processing statistics for 2 crystal forms of Rv0858c.
The asymmetric unit of the crystals contains 2 molecules and the inspection of the self-rotation
function revealed the presence of a non-crystallographic 2-fold axis in the xy-plane of the
orthorhombic crystal form, thus indicating a pseudo-tetragonal packing of the protein molecules.
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P41,322

P2221

¼
½
Figures 3.4a-b: Self rotation function of the P2221 crystals of Rv0858c and sketch of relationship
between both space groups.

3.1.3.1 Structure determination
Based on sequence similarities the structure of aromatic aminotransferase (PDB entry: 1DJU.pdb,
Matsui et al., 2000) was chosen as a search model. The monomeric model was prepared by stripping
off all solvent and cofactor atoms. The molecular replacement procedure implemented in the
program MOLREP was applied. All calculations were carried out to a maximum resolution of 3.0 Å.
A 2-body search yielded a solution with an R-factor of 55.9% and a correlation coefficient of 0.233.
After re-assembling the structure so that the 2 monomers formed a C2-symmetric homodimer, the
solution was refined using the rigid-body refinement procedure. 2% of all reflections (about 1000 to
the maximum resolution limit of 2.0 Å) were set aside for free R-factor calculations. After 20 cycles
of rigid-body refinement, the R-factor to 3.0 Å resolution was reduced to 53.4% and the free Rfactor to 52.5%, thus confirming the correctness of the solution. For further refinement, the
resolution was increased to the maximum resolution of 2.0 Å. 100 cycles of conjugate gradient
refinement in REFMAC5 yielded an R-factor of 41.5% and a free R-factor of 52.2%. Subsequently,
the model was inspected in the molecular graphics program COOT, using Sigma-weighted (2FobsFcalc, αcalc)- and (Fobs-Fcalc, αcalc)-electron density maps. The model was rebuilt to correspond to the
correct amino acid sequence and further refined. Non-crystallographic symmetry restraints were
used in the initial rounds of the refinement only. A total of 30 rounds of manual inspection,
rebuilding, adding of water molecules and further refinement reduced the R-factor to 16.4% and the
free R-factor to 21.3%. The relevant refinement parameters are listed in table 3.1. A refinement
procedure for the tetragonal crystal form was not applicable due to the low resolution limit. No
waters were built and side chains were not possible to fit accordingly.

3.1.4 Structure of Rv0858c
3.1.4.1 The overall structure
The refined model of Mtb-DAP-AT consists of residues 1-355 and 364-393 in subunit A, 1-355 and
364-392 in subunit B, 2 PLP moieties bound to Lys232 in each subunit, one sodium ion, 2 chloride
ions, 2 glycerol molecules and 457 water molecules. With R- and Rfree-values of 16.4 and 21.3%
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(Table 3.1) to 2.0 Å resolution, the model can be considered well refined. This is to some extent
surprising given the relatively mediocre quality of the underlying diffraction data, which arose from
the presence of multiple lattices in the diffraction pattern. However, with an overall B-factor of less
than 17 Å2, the structure is relatively rigid and consequently, a single model describes the diffraction
data sufficiently well so that such low R-factors are obtained. The quaternary structure of Mtb-DAPAT is a homodimer exhibiting approximate C2-symmetry (Figure 3.6). The 2 identical subunits are
related by a rotation of 180º with a root mean square deviation of 0.37 Å based on the superposition
of 384 Cα-pairs. Given the fact that no non-crystallographic symmetry restraints were used during
the last refinement cycles, this value is very low, but again, this may be a consequence of the overall
rigidity of the structure. The major significant difference between the 2 subunits is located in the
peptide bond Asp141-Gly142. In subunit A, this peptide bond is in the favorable transconformation, whereas in subunit B it is distorted exhibiting an ω-angle of -69º. The reason for this
is not clear. In both subunits the chain segments Asp141-Gly142-Arg143-Gly144 form a tight
reverse turn between 2 antiparallel β-strands. Also, neither of the 2 segments is involved in a crystal
contact. It might be, however, that the geometric requirements for forming this tight turn require
either the peptide bond to be significantly distorted such as in subunit B or the main chain dihedral
angles of Gly142 to adopt energetically unfavorable values (φ,ψ = 59º, -125º) such as in subunit A.
In the related structure of aromatic aminotransferase from Pyrococcus horikoshii (Matsui et al.,
2000), the residue corresponding to Gly142 is missing.
Each monomer of Mtb-DAP-AT consists of 2 structural domains (blue and red in Figure 3.7) with
an N-terminal extension (yellow in Figure 3.7). This arrangement is typical for class I of PLPbinding proteins (Schneider et al., 2000). In some members of this enzyme family, such as in garlic
alliinase (PDB entry 1LK9, Kuettner et al., 2002, Figure 3.7 right panel), the N-terminal extension
forms a separate structural domain, whereas in other cases, such as in the aromatic aminotransferase
(Matsui et al., 2000; Figure 3.7, central panels), the N-terminal extension is attached to the central
(blue in Figure 3.7) and C-terminal (red in Figure 3.7) domains. In this respect Mtb-DAP-AT is a
typical member of the aminotransferase family of the class I PLP-binding proteins. In contrast to the
N-terminal extension, the folds of the central and the C-terminal domain are very similar between
different members of this enzyme family. The central domain is characterized by a 7-stranded mixed
β-sheet surrounded by α-helices on both sides of the sheet. A unique feature of Mtb-DAP-AT here
is the presence of an 8th β-strand between strands 3 and 4 of the canonical sheet, hydrogen bonded to
strand no. 3 (Figure 3.7). The C-terminal domain is characterized by a 4-stranded β-sheet (in AAT it
is 3-stranded, in DAP-AT it is 4-stranded), which sometimes is extended by additional strands from
the N-terminal extension. Another typical feature of the C-terminal domain is the presence of αhelices flanking one or both sides of the sheet. A comparison of Mtb-DAP-AT with the open and
closed form of chicken mitochondrial aspartate aminotransferase (PDB entries 1OXO and 1OXP,
Markovic-Housley et al., 1996) revealed that the structure of Mtb-DAP-AT as reported is closer to
the closed than to the open form of aminotransferases (Figures 3.5a-b). This may appear surprising
to some extent since none of the substrates were present during crystallisation and the majority of
the molecules in the crystal lattice are found in the form of the internal aldimine (see below), but
similar observations have been made before, for instance in the case of garlic alliinase (Kuettner et
al., 2002).
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Figures 3.5a-b : Superimposition of Rv0858c with 1OXO.pdb (left) and 1OXP.pdb (right). The
r.m.s.d. value for 1OXO.pdb with Rv0858c is 2.77 for 321 Cα-pairs and the r.m.s.d. value for
1OXP.pdb with Rv0858c is 2.44 for 326 Cα-pairs. The superposition was carried out by using the
program ALIGN (Cohen, 1997).

Figure 3.6: High resolution structure of the Rv0858c dimer along the 2-fold axes. In yellow the
bound chloride ions are shown of one PLP molecule is shown in each active site.
In contrast to the orthorhombic crystal form, the tetragonal crystal form contains one monomer in
the asymmetric unit (Figure 3.7). The refinement of this dataset also shows one subunit including a
PLP in the binding site. However, the quality of the dataset did not allow to build any waters nor do
any detailed analysis of the structure. An overlay of both structures shows no significant differences
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between them. This probably results from the relation between the 2 space groups as discussed
above (Page 35).
Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Q-score
0.72
0.70
0.67
0.67
0.66
0.65
0.61
0.60
0.58
0.56
0.54
0.52
0.48
0.48
0.47
0.48
0.46
0.45
0.39
0.37
0.35
0.34
0.33
0.33
0.31
0.31
0.31

Z-score
13.7
13.9
11.8
14.0
13.8
12.1
11.6
11.3
11.2
11.7
10.5
10.6
9.1
9.2
9.3
10.3
8.1
6.6
7.3
6.3
5.5
6.2
6.1
5.9
5.9
7.7
6.0

r.m.s.d. [Å]
1.32
1.52
1.59
1.46
1.52
1.67
1.59
1.68
1.83
1.70
2.10
1.90
2.07
2.11
2.11
2.02
2.17
2.52
2.47
2.50
2.74
2.57
2.80
2.90
3.0
2.57
2.98

Naligned
349
360
356
366
364
349
334
343
346
333
334
339
339
314
331
333
300
305
294
315
289
307
295
316
299
295
296

Identity [%]
43.6
37.8
35.1
37.2
36.8
27.8
37.4
36.7
17.9
30.3
19.8
21.2
19.8
19.1
19.9
23.1
22.0
20.3
19.4
16.5
14.2
16.0
18.3
15.5
10.0
16.3
10.1

PDB code
1V2F
1U08
1GC4
1YIZ
1W7M
1O4S
1DJU
1GDE
1C7O
1J32
1D2F
1BW0
1YNU
1LC8
1WST
1VP4
1GEY
1UU0
2FM1
2CST
1SVV
1YAA
1MDX
1AJR
2FN6
1LK9
2FNI

Chain
B
A
B
A
A
A
B
A
C
B
A
A
A
A
A
B
A
B
C
A
A
C
A
B
A
B
B

Name
Gln-AT
YbdL (Met-AT)
Asp-AT
Kynurenine-AT
Kynurenine-AT
Asp-AT
Aromatic AT
Asp-AT
Cystalysin
Asp-AT
MalY
Tyr-AT
ACC synthase
Thr decarboxylase
Ms-AT
putative AT
His-P-AT
His-P-AT
allo-Thr aldolase
Asp-AT
Thr aldolase
Asp-AT
ARNB-AT
Asp-AT
AT
Alliinase
PseC-AT

Source
T. thermophilus
E. coli
T. thermophilus
A. aegypti
H. sapiens
T. maritima
P. horikoshii
P. horikoshii
T. denticula
P. lapideum
E. coli
T. cruzi
M. domestica
S. enterica
T. profundus
T. maritima
E. coli
T. maritima
T. maritima
G. gallus
L. major
S. cerevisiae
S. typhimurium
S. scrofa
H. pylori
A. sativum
H. pylori

Table 3.2: Structures related to Mtb-DAP-AT identified by secondary structure matching (SSM).

C

N
C

C

undefined

N
N

Figure 3.7: Monomers and topology plots of Rv0858c (left), 1DJU (middle) and 1LK9 (right).
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The topology of Mtb-DAP-AT (Figure 3.7, left panel) clearly identifies the enzyme as belonging to
the class I of PLP-binding proteins (Schneider et al., 2000) and more specifically as a member of the
aminotransferase branch of this family (Figure 1.4, central panel). A secondary structure matching
(SSM) search against all structures deposited in the Protein Data Bank using only one subunit of the
Mtb-DAP-AT homodimer yielded a total of 309 hits above a Q-score threshold of 0.3. After
removing redundancies, 27 entries from the PDB were left with Q-scores ranging from 0.31 to 0.72.
The closest match was found to the glutamine aminotransferase from Thermus thermophilus (PDB
entry 1V2F, Goto et al., 2000). Among the ten closest structural relatives (Table 3.2), 9 are
aminotransferases, clearly identifying the family Mtb-DAP-AT belongs to. The only slight surprise
is the relatively close structural relationship to cystalysin (Krupka et al., 2000, entry no. 9 in Table
3.2), which is not an aminotransferase but a Cβ-Sγ lyase. However, when the sequence identities are
taken into account, cystalysin scores way behind all other aminotransferases.

3.1.4.2 The active site of Rv0858c
During the refinement of the structure a strong electron density feature appeared in the vicinity of
Lys232 in both subunits. This additional electron density could be explained as a pyridoxal-5'phosphate (PLP) moiety covalently bound to the Lys232-NZ atom via a Schiff base, forming the socalled internal aldimine. This structure pinpoints the active site of the enzyme. As in other class I
PLP-binding proteins, the active site is located at the interface of the 2 subunits of the homodimer,
and residues from both subunits contribute to the architecture of the active site. Since during the
reaction catalysed by the enzyme the covalent bond between the enzyme and the cofactor is broken,
the cofactor must be bound tightly to the enzyme in order to avoid cofactor loss along the reaction
coordinate. A schematic view of the binding of PLP to the enzyme is shown in Figure 3.8a-b.

Figures 3.8a-b: MOLSCRIPT picture and scheme of the residues involved in the active site.
The pyridine ring of the PLP is sandwiched between the aromatic ring of Tyr119 and the isopropyl
group side chain of Val200, the latter forming a C-H...π hydrogen bond (Brandl et al., 2001; Weiss et
al., 2001) to the PLP heterocycle. The PLP ring is further bound by a rather short hydrogen bond
from the ring-nitrogen atom to the carboxylate group of Asp198. The phenolic oxygen atom of the
PLP ring is hydrogen bonded to the side chains of Asn170 and Tyr201 (Figure 3.8a-b). As reported
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previously (Kuettner et al., 2002), the loop containing Asn170 exhibits a somewhat strained
conformation, with for instance the peptide bonds between Ser167 and Pro168 and between Asn170
and Pro171 being in the energetically unfavorable cis-conformation and some of the adjacent
peptide bonds being significantly distorted from their trans-conformation. Whether this loop is
intimately involved in the function of the enzyme is not known, but there is some indication that
mutations in this loop may affect for the open/closed-equilibrium during catalysis (Kuettner et al.,
2002; Birolo et al., 1999). An analysis of the atomic displacement parameters (B-factors) of the 15
PLP atoms revealed that the average B-factor for the PLP-atoms in subunit A is 13.0 Å2 whereas it
is 15.1 Å2 in subunit B. Since the average B-factor of all protein atoms in both subunits is identical,
this may indicate that in subunit B the occupancy of the internal aldimine is slightly less than 100%

3.1.4.3 Water and glycerol in the active site
A total of 9 water molecules (denoted WA to WI in Table 3.3 and Figure 3.9), as well as one
glycerol molecule were found to be bound to both active sites of the dimer. One of the water
molecules (WI) was found in subunit B only. Although residual difference electron density
suggested a partially occupied water molecule in the same position in subunit A as well, an attempt
to model this molecule in subunit A was not successful, i.e. after refinement no electron density for
this water could be observed at the 1.0 σ level in the (2Fobs-Fcalc, αcalc)-electron density map. 8 of the
9 water molecules (WA-WG, WI) bound to the active site are intimately involved in a hydrogen
bonding network involving protein atoms and PLP-atoms. The water WH appears to be more
loosely bound with only one hydrogen bond to Asp120-N.

Figure 3.9a-b: Schematic representation of the active site of Rv0858c with water and hydrogen bond
network and superposition of Rv0858c with 2AY3.pdb.
The remaining residues around this water are the side chains of Phe14, Tyr119 and Phe351. Since all
of these water molecules occur in exactly the same positions in the 2 active sites of the dimer, it is
tempting to speculate that they identify positions that are reserved for the polar atoms of the
substrate molecules.
In addition to the 9 water molecules a glycerol molecule was found in both active sites. A
superposition of DAP-AT with the inhibitor complex of aromatic amino acid aminotransferase from
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Paracoccus denitrificans (PDB entry 2AY3, Okamoto et al., 1999) revealed that the glycerol
binding site is in the vicinity of the inhibitor binding site in 2AY3.pdb.
Water

A

B

Ligand atom

WA

93

50

WB

35

13

WC

264

378

WD

58

39

WE

15

7

WF

87

33

WG

61

49

WH
WI

206
-*)

151
331

Ala231-N
Cys236-O
Lys240-N
Ile241-N
WB-O
Thr237-OG1
Lys240-NZ
PLP-OP1
PLP-OP3
WA-O
Tyr57*-OH
Tyr119-OH
WD-O
WI-O
Tyr57*-OH
Lys240-N
WC-O
WE-O
Thr95-OG1
Tyr119-OH
WD-O
WF-O
Gln259-O
WE-O
Glycerol-O2
Asn170-ND2
Arg371-NH1
WI-O
Asp120-N
Gly32-O
Tyr201-OH
PLP-O
WC-O
WG-O

Distance [Å] in subunit A Distance [Å] in subunit B
3.31
3.05
3.09
3.03
2.68
2.79
3.36
3.31
2.81
2.68
2.78
2.82
3.03
3.32
2.93
3.03
2.80
2.65
2.60
2.80
2.58
2.72
2.71
2.92
3.23
2.99
2.76
3.18
3.26
3.23
3.35
-

3.26
3.27
3.08
2.79
2.80
2.68
3.24
3.38
2.82
2.80
3.01
2.79
3.03
3.23
3.30
2.76
3.03
2.76
2.65
2.65
2.76
2.70
2.82
2.58
2.90
3.27
3.07
2.74
3.01
3.15
3.49
3.34
3.21
2.74

Table 3.3: Water molecules in the active site of Mtb-DAP-AT and their ligand atoms. The first
column denotes the water molecule name in the text and in Figure 3.9, the second and third columns
indicate the numbering of the water molecules in the corresponding PDB file. The distance threshold
was set to 3.4 Å. *) not built in subunit A of the final refined model. The distances given are to the
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orthogonal coordinates (x, y, z) = (17.42, 5.96, 41.68) Å, which is the hypothetical position of water
molecule WI in subunit A based on the superposition of subunit B onto subunit A.

3.1.4.4 A model of the structure in complex with its substrates L-glutamate and N-succinyl-εketo-aminopimelate
After refinement of the structure as internal aldimine with full occupancy, residual electron density
appeared in the active site of subunit B of the enzyme. Since this density is located in between the
PLP ring and the guanidinium group of Arg371 it may indicate the position of the carboxylate group
of the external aldimine of one or both substrates. Taken this density and some of the conserved
water and glycerol positions into account, models for the external aldimine with the amine donor
Glu (Figures 3.10a-b) and with the amine acceptor N-succinyl-2-amino-6-keto-pimelate (Figure
3.11) were built. The external aldimine with Glu was modeled in 2 alternative conformations. The
canonical one is depicted in Figure 3.10a (left panel). In this conformation, which has been
described for instance in the structure of phosphoserine aminotransferase from E. coli in complex
with α-methyl-l-glutamate (Hester et al., 1999), the α-carboxylate group of glutamate points
towards and is stabilized by the guanidinium group of Arg371. Consequently, the Glu side chain
carboxylate group points into the other direction and is held in place by hydrogen bonds to Lys240NZ, Thr95-OG1 and Tyr199-OH. The side chain carboxylate oxygen atoms are placed on the
positions of water molecules WD and WE. However, in this conformation, the α-carboxylate group
of Glu does not quite reach the additional difference electron density. Also, the distances of the αcarboxylate to the guanidium group of Arg371 are at 4.2 Å a bit too long for a direct hydrogen bond
interaction. An alternative model for the external aldimine with Glu is depicted in Figure 3.10b
(right panel).

Figures 3.10a-b: Schematic representation of the 2 putative models of the external aldimine of MtbDAP-AT with glutamate. Figure 3.10a (left panel): The canonical conformation with the αcarboxylate group pointing towards the guanidinium group of Arg371. Figure 3.10b (right panel):
The reversed conformation with the side chain carboxylate group pointing towards the guanidinium
group of Arg371.
In this conformation, the side chain carboxylate group of Glu points towards the guanidinium group
of Arg371 such that it comes into hydrogen bonding distance and is able to form a double hydrogen
bond. It also reaches into the observed difference electron density mentioned above. One of the side
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chain carboxylate oxygen atoms assumes the positions of water molecule WG and engages into an
additional hydrogen bond with water WH. The α-carboxylate group is wedged in between Tyr57*OH from the other subunit and Tyr119-OH and is engaged in the intimate hydrogen bonding
network with water molecules WD and WE, which are the water molecules which were replaced by
the side chain carboxylate oxygen atoms in the canonical conformation of the external aldimin (see
above). It is currently not clear, whether the canonical conformation or the reversed conformation of
the external aldimine of Mtb-DAP-AT with glutamate is the physiologically relevant conformation,
or whether both are utilized. Both conformations exhibit reasonable binding and a reasonable
environment and based on the available data none of the 2 can be favored. Further experimental
evidence is needed to answer this particular question.
Based on the model of the external aldimin with glutamate, it was also possible to build a model of
the external aldimin with N-succinyl-2-amino-6-keto-pimelate, the amino acceptor (Figure 3.11).
The ε-carboxylate group of N-succinyl-2-amino-6-keto-pimelate can be modeled in the place of the
α-carboxylate group of glutamate of the second alternative for the external aldimin with Glu
described above and depicted in Figure 3.10b. However, because of the longer pimelate chain, this
carboxylate group is pushed to the left in Figure 3.10b, so that the oxygen atoms of the carboxylate
group assume the same water positions (WD and WE) as the side chain carboxylate atoms of Glu in
the canonical orientation (Figure 3.10a).

Figure 3.11: Schematic representation of the putative model of the external aldimine of Rv0858c
with N-succinyl-2-amino-6-keto-pimelate.
This way, there is enough space between the PLP ring and the guanidinium group of Arg371 so that
the α-carboxylate group can be hydrogen bonded to the guanidinium group of Arg371 in a similar
way as the side chain carboxylate group of the glutamate. The succinyl group then bends around
rendering the whole molecule U-shaped. The amino group is hydrogen bonded to water molecule
WG and the succinyl group then occupies the site at which the glycerol molecules were found to be
bound. The site of the glycerol molecule is also overlapping the inhibitor binding site in aromatic
amino acid aminotransferase from Paracoccus denitrificans (PDB entry 2AY3, Okamoto et al.,
1999). Thus, our model of the binding of the second substrate to the enzyme is able to explain the
inihibitory action of 3-(3,4-Dimethoxyphenyl)propionic acid in this enzyme. Nevertheless, further
experimental proof is needed in order to establish whether our model is of physiological relevance.
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Figures 3.12a-c: View of one monomer into the active site. From right to left: L-lysine 232, which is
coloured red is completely hidden in the active seite, PLP coloured in blue is slightly visible and
PLP in blue and L-glutamate in green are visible in the active site.

3.1.4.5 Chloride binding helices
A chloride ion has been identified to be bound to the N-terminus of the α-helix 178-191 in both
subunits. The chloride ion is hydrogen bonded to Thr179-N (3.3 Å and 3.4 Å in subunits A and B,
respectively), Thr179-OG1 (2.9 Å and 3.2 Å) and a water molecule (2.9 Å and 3.0 Å). In addition,
the helix-dipole of the α-helix 178-191 certainly helps to stabilize the binding of a negative charge
at its N-terminus. Both chloride positions are found close to crystal contacts, although there are no
direct hydrogen bonds to a second protein molecule. The amino acid sequence of the chloride
binding helix is peculiar (Ala178-Thr-Glu-Leu-Ala-Ala-Ile-Ala-Glu-Ile-Ala-Val-Ala-Ala191) since
it contains a relatively high proportion of solvent-exposed non-polar residues. It is of course
tempting to speculate that this helix together with the anion binding site may constitute a docking
site, potentially for another protein. However, currently this speculation is not supported by any
experimental evidence.

Surface
direction

Figure 3.13: Chloride binding helix with the sequence
LSATELAAIAEIAVAANL. The residues in green
are hydrophobic.
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3.1.4.6 Sodium binding site
A sodium ion has been has been identified at the C-terminal end of the chloride binding helix in
subunit B. The ion is directly bound to only one protein atom (Ala191-O) at a distance of 2.7 Å. In
addition, it binds to 4 water molecules at distances 2.1, 2.3, 2.4 and 2.5 Å, respectively. This part of
the structure is also involved in a crystal contact, but there are no direct contacts of the Na+ ion to
any atoms of the symmetry-related molecule. Since the corresponding position in subunit A does not
bind an ion, the binding of the Na+ ion is probably a consequence of the crystallisation conditions
rather than a characteristic structural feature of the protein. Given the fact that the crystallisation
contained a high concentration of both NaCl and MgCl2, it may be possible that this cation position
is at least partially occupied by Mg2+ rather than Na+. However, given the distances to the metal
ligands, the assignment of Na+ to this site seems more plausible.

3.1.5 Reaction mechanism
The reaction mechanism of Rv0858c was reconstructed in agreement with previous studies on PLPbinding enzymes of class I. The active enzyme exposes lysine 232 in the active site, which enables
the formation of a Schiff´base with the cofactor PLP.
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This internal aldimine is very stable with a covalent bond between the enzyme and the cofactor. A
following nucleophilic attack of the 1st substrate L-glutamate results in a rearrangement of the
electrons towards the nitrogen of the PLP, also known as electron sink. However, the break of the
covalent bond does not lead to a dissociation of the PLP. Although the PLP is covalently attached to
L-glutamate in this external aldimine, the non-covalent protein/aldimine-complex is still stabilized
by enough hydrogen bonds as well as the PLP sandwich. Further, a water network in the active site
keeps this non covalently bound external aldimine fixed in its position. A deprotonation of the
glutamate results in a quinonoide intermediate, which is then reprotonated to form a ketimine. A
further nucleophilic attack of water from the surrounding solution leads to a separation of both, the
catalysed 2-Oxoglutarate and the PMP. However, the subsequent elimination of the PMP from the
Ketoacid is separating both and replacing the 2-Oxoglutarate with the second substrate in the next
step. At this stage the first half of the entire reaction cycle is finished, and the second half starts. In
fact the second half is exactly the same reaction mechanism as seen in the first half in reverse
direction.
In the last step of the reverse reaction, the second substrate is substituted again by lysine 232 and
therefore the entire reaction mechanism can be considered to be a cycle rather than a forward and
backward reaction. Most interestingly, the cofactor changes its appearance in between 2 forms in
this reaction, PLP and PMP. However, the cofactor can be considered to be completely recovered
within the reaction mechanism and re-used for several cycles of catalysis. Although the theoretical
reconstruction of this reaction is just a suggestion based on the overall idea of protein
transamination, it can be considered as physiologically relevant. The additionally observed electron
density suggests that the enzyme was crystallised within a reaction of step one to step 2 and
therefore contains both aldimine forms. The weakness of the additional density, however, does not
allow any further interpretation, except for modelling of the substrates. In addition the density for
the PLP cofactor certainly shows some additional features, just like 2 PLP molecules where one of
them is slightly inclined with respect to the other. This can be explained when modelling the
external aldimine in this region. This is mainly due to the fact, that the lysine will still keep its
position, whereas the PLP will replace this residue by the first substrate. Both of them form a
covalent bond with the same carbon atom of the PLP. This is only possible if the cofactor is slightly
inclined horizontally along its x-axis in order to bind one or the other. This explains the extended
thickness of the PLP electron density, which appears to be just a snapshot of a mixture of 2 PLP
molecules flipped against each other. Nevertheless, further investigations might bring more insight
into the detailed changes of the electrons.

3.2 Rv1201c
3.2.1 Crystallisation
Purified protein with an N-terminal His6-tag still present was set up at a concentration of 20 mg/ml
for crystallisation experiments. First crystallisation set-ups were carried out at the High Throughput
Crystallisation Facility at the EMBL Hamburg Outstation. For optimisation the hanging drop vapour
diffusion method was used. For this 1 µl of protein solution and 1 µl of reservoir solution were
equilibrated against 500 µl of reservoir solution in 24-well Linbro plates. Crystals grew in the
presence of 220 mM Mg acetate tetrahydrate, 100 mM sodium cacodylate pH 6.5, 12% (w/v) PEG
8000 at room temperature within 5-7 days to a size of 250 x 250 x 200 µm3 and diffracted to X-rays
to 2.8 Å resolution. Further improvement of the crystal size was not successful so far. The methods
used for improvement of size were the same like for the target Rv0858c. These crystals are
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extremely fragile and when keept for longer than 4 weeks in their reservoir they seem to crack
easily. In addition a major problem turned out to be that during crystal growth the crystals tended to
stick to the cover slides even in hanging drop procedures with siliconized cover slides.

0.25 mm

Figures 3.15a-b : Rv1201c crystal with space group I23 grown from 10% (w/v) PEG 8000, 100 mM
NaCacodylate, pH 6.5 and 200 mM Mg acetate tetrahydrate and its diffraction pattern.
Native

Iodide

No. of crystals

1

1

Wavelength [Å]

0.8142

1.5

Crystal-detector distance [mm]

300

180

Rotation range per image [°]

0.3

0.3

Total rotation range [°]

200

200

Resolution range [Å]

250-2.85 (2.92-2.85)

250-3.2 (3.27-3.20)

Space group

I23

I23

Unit cell parameters [Å]

215.78

217.10

Mosaicity [°]

0.47

0.35

Total No. of reflections

890971

2233169

Unique reflections

39262

28169

Redundancy

22.7

20.9

I/σ(I)

34.1 (8.9)

7.8 (2.3)

Completeness [%]

100 (100)

99.9 (100)

Rmerge [%]

11.1 (45.1)

47.8 (>1)

Rr.i.m. [%]

n.d.

n.d.

n.d.

n.d.

Overall B-factor from Wilson plot [Å ]

n.d.

n.d.

Optical resolution [Å]

n.d.

n.d.

Rp.i.m. [%]
2

Table 3.4: Data collection and processing of a native and a derivative data set of Rv1201c.
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Bromide

Platinum

No. of crystals

1

1

Wavelength [Å]

0.8142

0.8142

Crystal-detector distance [mm]

319

300

Rotation range per image [°]

0.75

0.5

Total rotation range [°]

135

200

Resolution range [Å]

99.0-3.9 (4.1-3.9)

250-5.0 (5.12-5.0)

Space group

I23

I23

Unit cell parameters [Å]

a = 215.40

a = 217.45

Mosaicity [°]

0.85

0.63

Total No. of reflections

170239

181862

Unique reflections

17894

7560

Redundancy

9.5

24.1

I/σ(I)

48.1 (15.8)

16.1 (4.1)

Completeness [%]

97.3 (59.5)

99.9 (100.0)

Rmerge [%]

45.6 (>1)

25 (>1)

Rr.i.m. [%]

n.d.

n.d.

n.d.

n.d.

Overall B-factor from Wilson plot [Å ]

n.d.

108.1

Optical resolution [Å]

n.d.

3.5

Rp.i.m. [%]
2

Table 3.5: Data collection and processing of 2 derivative data sets of Rv1201c.

3.2.2 Data collection and processing
Data collection was done by using one single crystal for every data set. One crystal was mounted
into a cryo loop, soaked quickly in 20% (v/v) MPD in reservoir solution and flash cooled in a
nitrogen stream to 100 K. For this crystal a native data set was collected at the beamline X11
(EMBL Hamburg, Germany). A second crystal was soaked in a mixture of 1 M Iodide, 20% (v/v)
MPD and reservoir solution for 10 seconds and a data set was collected at the beamline X12 (EMBL
Hamburg, Germany). For a third data set one crystal was soaked in 1 M Bromide, 20% (v/v) MPD
and reservoir solution for 10 seconds and data collection was carried out at the X11 beamline
(EMBL Hamburg, Germany). A 4th crystal was soaked for 2 days in a mixture of 30 mM Potassium
hexachloroplatinate, 20% (v/v) MPD and reservoir solution. This data set was collected at the X11
beamline (EMBL Hamburg, Germany). For data collection a MARCCD detector was used and the
data sets were collected at the beamlines X11 and X12 (EMBL Hamburg, Germany). Indexing and
integration procedures of the data was done by using the program DENZO (Otwinowski et al., 1997)
followed by scaling the data with SCALEPACK (Otwinowski et al., 1997).
The data could be reduced in the space group I23 with 5 molecules in the asymmetric unit. A closer
inspection of the self rotation function revealed the presence of icosahedral symmetry. A look at the

3. Results and Discussion

51

section of 180° clearly shows 5 peaks, each of which with 72° of distance to the next one. In
addition the 72° section presents all 5-fold axes in the crystal, which agrees with the 5 molecules in
the asymmetric unit. This symmetry can only be explained by the presence of a body of point group
235, whereby a non-crystallographic 5-fold axis is combined with the crystallographic 2- and 3-fold
axis. However, none of the homologous sequences show a structure with icosahedral symmetry and
none of the icosahedral structures show sequence based similarity to this protein.

Figure 3.16: Self rotation function of Rv1201c.
In order to explain the packing and the self rotation function, lumazine synthase (PDB entry: 1C2Y,
Persson et al., 1999) was used, because it occurs with icosahedral symmetry. Diffraction data were
simulated in space group P1 using the Rv1201c unit cell dimensions. Then, a self rotation function
was calculated. The molecule was rotated in a way so that the corresponding self rotation function
became identical to the one from Rv1201c. Afterwards, the model was positioned in the cell so that
2-fold axis fell on top of the x, y and z-axes and the 3-fold axes on the diagonals. At last the
lumazine synthase model (PDB entry: 1C2Y, Persson et al., 1999) was inflated so that the
neighbouring protein spheres touched each other. Assuming now I23-symmetry and 5 molecules per
asymmetric unit reproduces the observed self rotation function exactly.
The icosahedral symmetry together with 5 molecules in the asymmetric unit lead to the fact that the
target protein crystallizes as a 60 mer. In fact the crystal space group is I centered, which means that
2 60 mers have to be present in the unit cell.

Figure 3.17: A model of the pentamer in the asymmetric unit and within the complete crystal model.
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Several biochemical as well as enzymatical essays have been published, but the results of the 3dimensional structures published so far (PDB entries: 1TDT.pdb and 1KGT.pdb, Beaman et al.,
1997; Beaman et al., 2002) do not agree with our results (Binder et al., 1996; Beaman et al., 2002).
Although the homologous proteins of Rv1201c are present in closely related species like
Mycobacterium bovis, the sequence similarity is very low. Interestingly enough, none of the similar
proteins, show an icosahedral packing in the crystal. A BLAST search shows the amino acid
sequence of the structure 1TDT of Mycobacterium bovis as a first hit and therefore the one with
highest homology with an e-value result of 1.000e-4. This information was used as the basis for a
molecular replacement solution that was carried out with the structure 1TDT as a reference model.

Figure 3.18: Model of Rv1201c and of lumazine synthase (PDB entry: 1C2Y, Persson et al., 1999)
in comparison.
Interestingly the amino acid homology between both proteins was less than 30%. None of the
similar structures do agree with the sequences based homology analysis. Therefore, the
unconventional approach by using lumazine synthase (PDB entry: 1C2Y, Persson et al., 1999) was
attempted, but no experimental phases could be obtained. Therefore, the crystals were soaked in
heavy metal derivatives in order to solve their structure.

3.2.3 Heavy atom soaks
In order to solve the structure of the target protein Rv1201c, the crystals were soaked in the different
derivatives Iodide, Bromide and Platinum. Both halogenides were used for a quick soak, whereas
Platinum was applied for 48 hours. Several data collections (Tables 3.4 and 3.5) showed no
significant peaks for any of the derivatives. However, the application of the program SHELXD
(Schneider et al., 2002) showed a few potential peaks, which could not be confirmed. It is
remarkable nevertheless, that the Iodine soak resulted in the best measured data set with 2.8 Å of
this protein so far. In addition the cell dimensions were smaller compared to previous data sets. This
leads to the assumption that the salt might be responsible for the smaller cell dimensions and
therefore for a tighter packing. From these observations a higher salt concentration was used for
crystallisation, but as a result only salt crystals and no protein crystals appeared anymore.
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3.3 Rv1293
The structure of Rv1293 was refined against a processed data set to 2.3 Å resolution. 9 rounds of
refinement were carried out. A closer inspection of the active sites revealed 2 sulfate molecules in
the subunits A and B and 2 PLP molecules in the subunits C and D. Further, each dimer within the
structure contains a disulfate bond, which keeps the monomers connected to each other.

3.3.1 The overall structure
The refined model of Mtb-DAP-DC consists of residues 2-447 (the residue numbering is according
to the amino acid sequence derived from the Mtb genome) in all 4 subunits A-D, 2 PLP moieties
covalently bound to Lys72 in subunits C and D, 2 sulfate ions bound in the active sites of subunits A
and B, and 393 water molecules. Only the 3 N-terminal amino acids Met-Ala-Val (the 2 extra amino
acids Met and Ala are the result of the cloning procedure) as well as the 18-residue C-terminal
extension Gly-Val-Pro-Arg-Gly-Lys-Leu-Ala-Ala-Ala-Leu-Glu-(His)6 harboring the thrombin
cleavage site were not visible in the electron density map. With R- and Rfree-values of 19.3% and
24.4% (Table 3.6) to 2.33 Å resolution, the model can be considered well refined. Also, the
geometrical parameters of the model (Table 3.6) are in the range of what can be expected for a
structure refined to that resolution. Owing to the fact that non-crystallographic symmetry restraints
were used throughout the refinement, the 4 protein subunits in the asymmetric unit are essentially
identical. They can be superimposed with r.m.s.d. values of 0.12-0.16 Å based on 446 matched Cαpairs. A comparison with the previously determined structure of Mtb-DAP-DC at a somewhat lower
resolution and in a different crystal form (Gokulan et al., 2003) yields r.m.s.d. values of 0.32-0.36 Å,
also based on 446 matched Cα-pairs. This is still approximately the same as the expected coordinate
error based on the refinement R-factor, which is 0.35 Å.
Space group
Cell dimensions, a, b, c [Å], β [°]
Resolution limits [Å]
Completeness [%]
Data cutoff [F/σ(F)]
Number of reflections

P21
75.78, 106.88, 121.93, 104.99
30.0-2.33 (2.39-2.33)
99.9 (100.0)
0.0
78557

working set

76960

test set

1597

Rcryst [%]

19.3 (26.9)

Rfree [%]

24.4 (36.0)
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Number of atoms
protein

54
13733
13300

PLP (without NZ from Lys)

30

sulfate ions

10

water molecules

393

R.m.s. deviations
bonds [Å]

0.019

angles [°]

1.82

Average B factors

16.6

protein [Å2]

34.9

PLP [Å2]

52.1

sulfate ions [Å2]

28.4

water molecules [Å2]

33.3

Ramachandran plot
most favoured [%]

91.3

allowed [%]

8.2

Table 3.6: Refinement and model statistics for Rv1293.

3.3.1.1 Superposition with 1HKV
A superimposition of 1HKV to the orthorhombic structure was carried out with the program
LSQKAB. Therefore a dimer of the structure was used as a template and 1HKV was rotated onto it.
Both structures agree with each other.

Figure 3.19: Superimposition of 1HKV and the here reported Rv1293.
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The PLP binding sites clearly overlap the sulfate binding sites, whereas the sulfates occupy exactly
the position of the phosphate part of PLP. Further, the here reported structure was purified along
with its cofactor, whereas 1HKV used to be soaked, with both, PLP and lysine.

3.3.1.2 The tertiary structure of Rv1293
The overall structure of the Mtb-DAP-DC homodimer is shown in Figure 3.20, and the structure of
the Mtb-DAP-DC monomer in Figure 3.22. Each subunit of the dimer consists of 23 β-strands and
10 α-helices and can be subdivided into 2 structural domains delineated in red and blue in Figure
3.22. Domain 1 is composed of residues 2-47 and 303-447 and consists of predominantly β-sheet
structure. The N-terminal segment of the chain is arranged in a small 3-stranded mixed β-sheet (β13). After an α-helix (α1) and a β-strand (β4), the polypeptide chain leaves the first domain and
enters the second domain, which consists of residues 48-303 and is described in detail below.
The C-terminal segment of domain 1 forms an almost closed β-barrel consisting of 6 β-strands (β1318). The β-strands at which the barrel is left unclosed, β15 and β17, are approximately 7.5 Å apart
from each other, thus making direct hydrogen bonding impossible. In some instances, weak
difference electron density in between the 2 β-strands indicates the presence of water molecules,
which may saturate the hydrogen bonding potential of the 2 open end strands of the barrel. One
strand of the β6-barrel (β13) is much longer than the other barrel-strands and participates
additionally in a 4-stranded mixed β-sheet involving the strands from the N-terminal (β4) and the Cterminal segment (β19 and β20) of the polypeptide chain. As mentioned above, domain 2 constitutes
an insertion into domain 1. It forms an α/β-barrel consisting of 8 parallel β-strands in the barrel (β512) and 8 α-helices surrounding the barrel (α2-9).

Figure 3.20: The overall structure of the Mtb-DAP-DC homodimer viewed down the 2-fold axis
relating the 2 subunits of the homodimer. One monomer is represented in red, the other monomer in
grey. The 2 intermolecular disulfide bonds between Cys93 from one subunit and Cys375 from the
other subunit are represented as ball-and-stick models.
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In contrast to the typically observed (β/α)8-barrels, the barrel observed here starts with an α-helix
and should be named (α/β)8-barrel accordingly. The observed barrel is actually a circularly
permuted canonical (β/α)8- or TIM-barrel. This means that the first helix in Rv1293 occupies the
same position of the last helix in a canonical TIM-barrel.

N
N

C

C

Figure 3.21: Topology plots of the canonical TIM-barrel (left side) and the α/β-barrel of Rv1293.
The green colored bond is shifted and exchanged with the red colored bond to arrive at the circular
permutation.
After the fifth strand of the barrel (β9), 2 extra β-strands denoted β9a and β9b are present, where
strand β9a can be considered an extension of strand β9. Strands β9a and β9b associate to form an
antiparallel β-hairpin. Similarly, strand β10 continues into another strand denoted β10a, which
associates with the β9a/β9b-hairpin to form a mixed 3-stranded β-sheet. This sheet constitutes an
extra feature of the barrel, and it is of particularly interest, because it is this structural feature which
is intimately involved in the formation of the tetramer as discussed below. The structural description
presented here differs in some aspects from the one previously published by Gokulan et al. (2003).
The reason for this may be that the some of the secondary structure assignment may have been
ambiguous, owing to the lower resolution of the structure.

Figure 3.22: Monomer structure and topology plot of Mtb-DAP-DC. One domain is depicted in red,
the other domain in blue. The sulfate ion bound to the active sites of subunits A and B is depicted as
a cpk-model.
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3.3.1.3 The quaternary structure of Rv1293
2 subunits of Mtb-DAP-DC associate tightly to form a homodimer. Upon association a large surface
area of approximately 3,600 Å2 per subunit are buried. This constitutes about 20% of the total
surface area of one monomer. In addition, a covalent linkage between the subunits is formed by an
intermolecular disulfide bond between Cys93 and Cys375. Accordingly, it appears as if this dimer is
also the physiological oligomer. This is corroborated by the fact that Mtb-DAP-DC in solution
occurs also as a dimer (Kefala et al., 2005b). However, as had already been suggested earlier based
on the inspection of the self rotation function, 2 homodimers of Mtb-DAP-DC associate in the
crystal and form a homotetramer exhibiting D2-symmetry.

Figure 3.23: Self rotation function of Rv1293 in a monoclinic space group at Kappa 180° (Kefala et
al., 2005b).
This association happens through the pairing of the strands β9b of 2 adjacent subunits. This strand is
part of the mixed 3-stranded β-sheet consisting of the strands β9a, β9b and β10a, the extra structural
feature of the (α/β)8-barrel discussed above. Upon pairing the strands, 6 new hydrogen bonds form
(Table 3.7) and a 6-stranded β-sheet is created across the new 2-fold axis.

Atom 1

Atom 2

His171-O
Phe173-N
Phe173-O
Ser175-N
Ser175-O
Ala177-N

Ala177-N
Ser175-O
Ser175-N
Phe173-O
Phe173-N
His171-O

Distance
(Interface A-C)
[Å]
3.12
3.08
2.97
2.96
3.34
3.55

Distance
(Interface B-D)
[Å]
3.57
3.21
2.86
2.91
3.04
3.08

Table 3.7: Hydrogen bonds formed between amino acid residues participating in the formation of
the weak interface between subunits A and C or B and D, respectively.
In addition to the main chain hydrogen bonds the side chain of Ile174 is involved in a hydrophobic
interaction with its symmetry mate and the side chains of Ser175 and Phe173 interact via a C-H...π
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hydrogen bond (Brandl et al., 2001; Weiss, 2001). 3 views of the resulting tetramer are shown in
Figure 3.24, each view along one of the 3 perpendicular 2-fold axes.

Figure 3.24: Different views of the D2-tetrameric arrangement of Mtb-DAP-DC. Subunits A, B, C
and D are colored in red, pink, bright green and dark green, respectively. On the left panel, the view
along the same dyad as in Figure 3.20 is shown. The tight association between subunits A and B as
well as between C and D is apparent. A rotation about the horizontal dyad by 90º relates the left
panel to the central panel. The comparatively loose association between subunits A and C and
between B and D is clearly discernible. A rotation about the vertical axes by 90º relates the central
panel to the right panel. The weak interface between subunits A and C and between subunits B and
D is formed by the antiparallel arrangement of strands β9b from the 2 neighbouring subunits.

Oligomer
A
B
C
D
AB
AC
AD
BC
BD
CD
ABCD

Total ASA (Å2)
18887
18934
18700
18747
30549
36780
37502
37534
36823
30077
58731

Buried SA (Å2) / monomer

3636
404
66
50
429
3685

Table 3.8: Calculated buried surface areas of Rv1293.
The buried surface area of this new dimer/dimer-interface is only slightly larger than 900 Å2 per
dimer, to which mainly the interfaces A/C and B/D contribute. However, because of its peculiar
structure, it seems unlikely that this interface is merely a crystallisation artefact, despite its small
size. As mentioned above, the protein appears to be dimeric in solution (Kefala et al., 2005b), but it
may be that in the crowded environment inside the cell the equilibrium between the dimeric and the
tetrameric form is shifted more towards the tetramer. Support for this hypothesis comes from the
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inspection of the previously determined Mtb-DAP-DC structure (Gokulan et al., 2003). Even though
the a different construct was used and the protein was crystallised in a different crystal packing, the
very same tetramers exist in the crystal. In this case, the association of the 2 dimers occurs across a
crystallographic 2-fold axis. It is probably for this reason that this association into a tetramer has
previously been overlooked.

3.3.1.4 Comparison with other aminotransferases
The topology of Mtb-DAP-DC (Figure 3.22) clearly identifies the enzyme as belonging to the class
III of PLP-binding proteins together with alanine racemase and ornithine decarboxylase (Schneider
et al., 2000).
A secondary structure matching (SSM) search against all of the structures deposited in the Protein
Data Bank using only one subunit of the Mtb-DAP-DC yielded a total of 38 hits above a Q-score
threshold of 0.35. After removing redundancies, 8 entries from the PDB were left with Q-scores
ranging from 0.38 to 0.99 (Table 3.9).
The closest match, excluding the previously determined structure of Mtb-DAP-DC (Gokulan et al.,
2003), was to the DAP-DCs from M. jannaschii (Ray et al., 2002) and E. coli (Levdikov et al.,
unpublished results). With amino acid sequence identities of just under 30% it seems that the
various bacterial DAP-DCs appear to be a bit more heterogeneous in terms of amino acid sequence
and structure than other enzymes of the lysine biosynthetic pathway, such as dihydrodipicolinate
synthase (DapA, Rv2753c). Further matches comprise Btrk decarboxylase and ornithine
decarboxylase. Alanine racemase, which also belongs to the class III of PLP-binding proteins was
also found in the SSM search, although below the set Q-score threshold. A structure-based sequence
alignment of the 8 entries of Table 3.9 revealed that the sequence stretches harboring the residues
forming 3-stranded β-sheet responsible for the formation of the tetramer belong to variable regions
in the sequences. The region corresponding to strand β9b in Mtb-DAP-DC is an α-helix in M.
jannaschii DAP-DC and a loop in E. coli DAP-DC. This suggests that the extra β-sheet and the
tetramerisation mechanism described occur only in Mtb-DAP-DC.
Rank

Q-score

Z-score

1
2
3
4
5
6
7
8

0.99
0.67
0.54
0.51
0.49
0.45
0.42
0.38

22.8
15.5
12.6
12.0
11.3
11.3
11.0
8.4

r.m.s.d.
[Å]
0.32
1.46
1.80
2.20
2.14
2.18
2.15
2.46

Naligned
446
399
370
368
340
343
340
343

Identity
[%]
99.8
30.8
28.1
25.0
20.3
19.2
19.7
13.4

PDB code

Chain

1HKV
1TWI
1KO0
2J66
2TOD
7ODC
1D7K
1M9V

A
D
A
A
C
A
A
B

Name

Source

DAP-DC
DAP-DC
DAP-DC
Btrk-DC
O-DC
O-DC
O-DC
O-DC

M. tuberculosis
M. jannaschii
E. coli
B. circulans
T. brucei
M. musculus
H. sapiens
P. falciparum

Table 3.9: Structures related to Mtb-DAP-DC identified by SSM secondary structure matching
(Krissinel et al., 2004). The list is sorted by the Q-score. Other quality indicators of a structural
alignment are also given such as the Z-score, the r.m.s.d. value between the aligned stretches, the
number of aligned residues and the percent identity.
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3.3.1.5 Implications for the Reaction Mechanism
The Mtb-DAP-DC tetramer forms a donut-like structure. Access to its inside is only possible along
one of the 3 2-fold tetramer axes (Figure 3.25). The opening of the channel is approximately 12 by
24 Å if the vdW radii of the atoms lining the channel opening are taken into account. In this
structure, all of the 4 active sites of the tetramer face the interior of the donut, meaning that the
substrate must diffuse into the channel to access the active sites and that the product has to diffuse
out again. Such a mechanism bears the inherent possibility of regulating enzyme activity by either
regulating oligomerization of by regulating the access to the active site.

Figure 3.25: Surface representation of Mtb-DAP-DC in the same orientation as the central panel of
Figure 3.24. The access channel to the interior of the tetramer is clearly discernible. The
approximate dimensions in the channel opening is about 12 x 24 Å taking vdW radii of the channel
delineating atoms into account.
The tetramer model therefore fits well with the other oligomeric states of the structures of other
enzymes from the M. tuberculosis lysine biosynthetic pathway, which have been determined by us
or by others. Dihydrodipicolinate synthase is a tetramer (Kefala et al., 2006; Kefala et al.,
unpublished results), dihydrodipicolinate reductase is also a tetramer (Cirilli et al., 2003; Kefala et
al., 2005a, Janowski et al., unpublished results) and succinyldiaminopimelate aminotransferase is a
dimer. However, whether this model is indeed physiologically relevant has still to be further
investigated.
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3.4 The 9 annotated target enzymes
3.4.1 The 9 annotated target enzymes
The reference pathway of the lysine biosynthesis in the KEGG database contains 9 enzymes in
Mycobacterium tuberculosis. These enzymes are predicted to catalyze their reactions in a
consecutive manner. The enzymes as well as their substrates and products respectively are shown in
Figure 1.4. The fact that each enzyme is dependant on the product of the preceding one might lead to
the assumption, that always 2 neighbouring enzymes could form a complex to pass on their
particular product. Complex formation is not necessarily present amongst the enzymes within the
same pathway, but the fact of such an ability would increase the effectiveness of a pathway
dramatically. Further, the rather unstable nature of some of the intermediate products almost
requires that they are passed over from one active site to the other in a protein complex. Therefore it
was of vested interest to use established computer programs on the sequences to get further details
about possible complex formation. In addition it was of interest, if this pathway includes the proper
amount of proteins (all 9 have been annotated in the Mtb genome), which might be not the case due
to sequencing errors resulting in wrong annotations. The strategy to investigate the mentioned
questions includes as a first step a BLAST search to learn about the homology of sequenced proteins.
This initial step is essential for the proper interpretation of the results from the STRING and SMART
servers. Alignments with CLUSTALX of the sequences show the most important stretches, such as
binding sites or active sites. As a second step the sequences are analysed by the STRING and
SMART servers to get further details about possible complex formation as well as possible incorrect
numbers of proteins present.

3.4.2 BLAST searches
The BLAST searches of each protein sequence show the ubiquitous presence of each of the enzymes.
The fact that between 100 and 575 hits for each of the enzymes were obtained, improves the
situation for further bioinformatical investigation.

Target

Description

Aspartate Kinase
Rv3709c
(Ask, LysC)
Aspartate Semialdehyde
Rv3708c
(Asd)
Dehydrogenase
Dihydrodipicolinate
Rv2753c
(DapA)
Synthase
Dihydrodipicolinate
Rv2773c
(DapB)
Reductase
Succinyltransferase
Rv1201c
(DapD)
N-succinyldiaminopimelate
Rv0858c
(DapC)
aminotransferase
Succinyl-diaminopimelate
Rv1202
Desuccinylase

No of protein
sequences with Evalues 0.0
6

No of
Blast
Hits
575

Structure
available

1

500

No

0

500

Yes

0

485

Yes

0

108

In progress

2

500

In progress

1

500

No

No
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Diaminopimelate Epimerase
Rv2726
(DapE,DapF)
Diaminopimelate
Rv1293
(LysA)
Decarboxylase

62
0

427

No

12

500

Yes

Table 3.10: BLAST results for the enzymes in the lysine biosynthetic pathway of Mycobacterium
tuberculosis (06.03.2006).
Further, the observation of sequences with low e-values and therefore high degree of
homology/identity is an additional positive factor for further investigations such as complex
formation by comparison to other organisms (John et al., 2004; Rost et al., 2002; Zhang et al.,
2005). Since 4 out of these 9 structures have been solved by X-ray crystallography, a
bioinformatical approach by complex modelling might give further hints towards the biophysical
and biochemical behaviour of these proteins (Gokulan et al., 2003; Kefala et al., 2005a; Kefala et al.,
2005b; this work).

3.4.3 The programs CLUSTALX and STAMP
As an additional bioinformatical step, CLUSTALX was used to perform alignments of the sequences
of which structures have already been obtained but not further investigated or which are in progress.
The result was compared with a structural alignment done with the program STAMP (Russell et al.,
1992). Both alignments agreed perfectly with each other. This step is of outstanding importance to
find out, if the sequence homologies/identities from the BLAST searches are based on highly
conserved functional regions, such as active sites or co-factor binding sites.
The multiple sequence alignment of the target protein Rv0858c shows functional residues well
aligned to those of other structures, which are investigated in further detail. In addition the important
residues turn out to be highly conserved as they go coherent with protein sequences of less
homology but of the same class.
Therefore, it can be concluded that this sequence is probably correctly annotated (Doerks et al.,
2004). In consequence of the achieved outcomes these sequences will be analysed with the program
STRING to learn more about the possibility of complex formation.
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1lk9
1v2f
1u08
rv0858c
1dju
1gc4

KMTWTMKAAEEAEAVANINCSEHGRAFLDGIISEGSPKCECNTCYTGPDCSEKIQGCSAD
------------------MRLHPRTEAAKESIFPR-------------MSGLAQRLGAVN
-----------------PLIPQSKLPQLGTTIFTQ-------------MSALAQQHQAIN
-------------------ATVSRLRPYATTVFAE-------------MSALATRIGAVN
-------------------ALSDRLELVS-------------------------AKDVIS
-----------------MRGLSRRVQAMKPDAVVAVN--------AKALELRRQGVDLVA

1lk9
1v2f
1u08
rv0858c
1dju
1gc4

VASGDGLFLEEYWKQHKEASAVLVSPWHRMSYFFNPVSNFISFELEKTIKELHEVVGNAA
LGQGFPSNPPPPFLL---EAVRRALGRQDQ-----YAPPAGLPALREALAEE-------LSQGFPDFDGPRYLQE--RLAHHVAQGANQ-----YAPMTGVQALREAIAQKTER--LYG
LGQGFPDEDGPPKMLQ--AAQDAIAGGVNQ-----YPPGPGSAPLRRAIAAQRRR--HFG
LGIGEPDFDTPQHIKE--YAKEALDKGLTH-----YGPNIGLLELREAIAEKLKK--QNG
LTAGEPDFDTPEHVKE--AARRALAQGKTK-----YAPPAGIPELREALAEKFRR--ENG

1lk9
1v2f
1u08
rv0858c
1dju
1gc4

AKD---RYIVFGVGVTQLIHGLVISLSPNMTATPDAPESKVVAHAPFYPVFREQTKYFDK
FAVE-PESVVVTSGATEALYVLLQSLV--------GPGDEVVVLEPFFDVYLPDA--FLA
YQPDADSDITVTAGATEALYAAITALV--------RNGDEVICFDPSYDSYAPAI--ALS
VDYDPETEVLVTVGATEAIAAAVLGLV--------EPGSEVLLIEPFYDSYSPVV--AMA
IEADPKTEIMVLLGANQAFLMGLSAFL--------KDGEEVLIPTPAFVSYAPAV--ILA
LSVT-PEETIVTVGGSQALFNLFQAIL--------DPGDEVIVLSPYWVSYPEMV--RFA

1lk9
1v2f
1u08
rv0858c
1dju
1gc4

KGYVWAG------------NAANYV-NVSNPEQYIEMVTSPNNPEGLLRH----------GAKARLVRLDLTPEGFRLDLSALEKALTP-RTRALLLNTPMNPTGLVFGERELEAIARL
-GGIVKRMALQP--PHFRVDWQEFAALLSE-RTRLVILNTPHNPSATVWQQADFAALWQA
-GAHRVTVPLVPDGRGFALDADALRRAVTP-RTRALIINSPHNPTGAVLSATELAAIAEI
-GGKPVEVPTYEE-DEFRLNVDELKKYVTD-KTRALIINSPCNPTGAVLTKKDLEEIADF
-GGVVVEVETLPE-EGFVPDPERVRRAITP-RTKALVVNSPNNPTGAVYPKEVLEALARL

1lk9
1v2f
1u08
rv0858c
1dju
1gc4

AVIKGCKSIYDMVYYWPH-YTPIKYKA-------DEDILLFTMSKFTGHSGSRFGWALIK
ARAHDLFLISDEVYDELY-YGERPRRLREF--APERTFTVGSAGKRLEATGYRVGWIV-G
IAGHEIFVISDEVYEHINFSQQGHASVLAHPQLRERAVAVSSFGKTYHMTGWKVGYCV-A
AVAANLVVITDEVYEHLVFDHARHLPLAGFDGMAERTITISSAAKMFNCTGWKIGWAC-G
VVEHDLIVISDEVYEHFIYDDARHYSIASLDGMFERTITVNGFSKTFAMTGWRLGFVA-A
AVEHDFYLVSDEIYEHLL-YEGEHFSPGRV--APEHTLTVNGAAKAFAMTGWRIGYAC-G

1lk9
1v2f
1u08
rv0858c
1dju
1gc4

DESVYNNLLNYMTKNTEGTPRETQLRSLKVLKEVVAMVKTQKGTMRDLNTFGFKKLRERW
PKEFMPRLAGMRQWTSFSAPTPLQAGVAEALKL---------ARREGFYEALREGYRRRR
PAPISAEIRKVHQYLTFSVNTPAQLALADMLR-----------AEPEHYLALPDFYRQKR
PAELIAGVRAAKQYLSYVGGAPFQPAVALALD-----------TEDAWVAALRNSLRARR
PSWIIERMVKFQMYNATCPVTFIQYAAAKALKD---------ERSWKAVEEMRKEYDRRR
PKEVIKAMASVSRQSTTSPDTIAQWATLEALTN--------QEASRAFVEMAREAYRRRR

1lk9
1v2f
1u08
rv0858c
1dju
1gc4

VNITALLDQSDRFSYQELPQSEYCNYFRRMRPPSP-SYAWVKCEWEEDKDCYQTFQ---DLLAGGLRAM-GLRVYV---------------PEGTYFLMAEL-------PGWDAFRLVE
DILVNALNES-RLEILP---------------CEGTYFLLVDYSAVSTLDDVEFCQWLTQ
DRLAAGLTEI-GFAVHD---------------SYGTYFLCADPRPLGYDDSTEFCAALPE
KLVWKRLNEM-GLPTVK---------------PKGAFYIFPRIRDT-GLTSKKFSELMLK
DLLLEGLTAL-GLKAVR---------------PSGAFYVLMDTSPI-APDEVRAAER-LL

1lk9
1v2f
1u08
rv0858c
1dju
1gc4

NGRINTQNGVGFE----ASSRYVRLSLIKTQDDFDQLMYYLKDMVKAK--EARVALIPASAFYL-EDPPKDLFRFAFCKTEEELHLALERLGRVV-----EHGVAAIPLSVFCA-DPFPHKLIRLCFAKKESTLLAAAERLRQL------KVGVAAIPMSAFCDPADVWNHLVRFTFCKRDDTLDEAIRRLSVLAE----EARVAVVPGSAFG---KAGEGYVRISYATAYEKLEEAMERMERVLKERKLV
EAGVAVVPGTDF-----AAFGHVRLSYATSEENLRKALERFARVL------

Figure 3.26: CLUSTALX multiple sequence alignment of Rv0858c with homologous sequences as
well as more distant sequences from the same class of proteins. Functional residues or sequence
stretches are in color. Blue residues show highly conserved amino acids, which are involved in PLP
binding. The green colored lysine is covalently bound to the PLP and part of the internal aldimine.
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The orange sequence stretch is the chloride binding loop, in light green the conserved strained loop
and in red the stabilizing helix.

3.4.4 The program STRING
The following figures show the outcome of the STRING database search for each of the proteins.
The gene sequences which are present within the same operon including their paralogues and
orthologues respectively are shown in the neighbourhood search.

Figure 3.27: STRING search example for Rv3709c.
The bioinformatical investigations by using the STRING database show no significant fusion for any
of the 9 submitted sequences. In some orthologues there appear to be gene fusions though, but none
of the closely related species within the tree of life show any of these.
In a next step the possibility of complex formation was examined. For this the neighbourhood of
each of the 9 enzymes was examined to find out which genes are directly adjacent. In addition it was
compared to the neighbourhood of closely as well as less related species to Mtb. Since the
expression of genes within the same operon is a hint for coexpression – especially if sequences are
right next to each other this might lead to the assumption of complex formation.
The neighbourhood of the targets Rv3709c and Rv3708c appears to be conserved. Regarding the
annotation numbers, both targets are supposed to be present next to each other in the same operon
and so do these sequences shown in this analysis. Although there is no specific order of both of
these sequences it is most likely that the sequences are in the proper order within the lysine
biosynthetic pathway. Further this could be observed from other species, that within the same
operon of these targets the adjacent protein to the aspartate-semialdehyde dehydrogenase (Rv3708c)
is shown to be the enzyme dihydrodipicolinate synthase (Rv2753c), which is the third enzyme of the
pathway.
This would agree with the predicted Mtb pathway, although the neighbourhood of Rv3708c does not
show Rv2753c as the following sequence within the operon. Rv2753c shows no prediction of any
adjacent sequence in the neighbourhood. However, the results of orthologous sequences show a
dihydrodipicolinate reductase adjacent to this enzyme, which would be Rv2773c in Mtb
respectively. Likewise the 2 targets Rv2753c and Rv2773c are not listed to be in a specific order
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after each other from these investigations. Nevertheless it seems as if the first 4 annotated steps of
the lysine biosynthetic pathway agree with these results. Regarding the enzyme Rv2773c there is no
predicted border sequence for this target either. The analysis of orthologous sequences showed the
presence of a tetradihydrodipicolinate n-succinyltransferase.

Figure 3.28: Fusions search example of Rv3709c in all bacteria and specifically in Mycobacteria
(small window).
This would confirm the target Rv1201c in Mtb to be a candidate directly downstream to Rv2773c
within the operon. However, both sequences are several genes away from each other and therefore
their direct neighbouring is questionable. Although there is no neighbourhood prediction for Mtb but
concerning the results of orthologous species for the Rv2773c it can be concluded that the order of
steps 3 to 5 within the pathway is fixed and probably correct. Step 5 of the pathway is the target
Rv1201c,which shows no border sequences up or downstream in the operon either. Orthologous
sequences in different less related species express aminotransferases downstream. Regarding step 6
of the pathway, that is carried out by an aminotransferase (Rv0858c) it is likely that the occurrence
of this protein might be simply transferred from other species to Mtb. Interestingly this target
enzyme shows no neighbourhood for Mtb nor any predicted enzymes of the pathway in orthologous
sequences. There is no hint which sequence might be up or downstream to this target nor if this
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enzyme is really annotated to the proper step within the pathway. It should be mentioned in addition
that also for the previous enzyme Rv1201c it is not absolutely certain that it is in the proper position
as the prediction for it is very vague compared to the other sequences. The same outcome and
therefore the very questionable correct position in the pathway has been obtained for the target
Rv1202. The last 2 steps within this pathway are carried out by the enzymes Rv2726 and Rv1293.
Both enzymes do not show any adjacent sequences. In addition there is no conserved pattern within
the orthologuous sequences. Nevertheless the target Rv1293 is confidently annotated to the last step
as this enzyme exhibits L-lysine producing activity.

Figure 3.29: Neighbourhood search example of Rv3709c and specifically in Mtb as before.
The lysine biosynthetic pathway of Mtb is annotated with 9 enzymes carrying out all reactions from
aspartate to lysine. The aim was to find out if all 9 enzymes are annotated properly, if there are too
many or too few respectively. Therefore, different bioinformatic tools were applied to investigate
these questions for the whole pathway. There is no hint that any of the 9 annotated enzymes is mis-
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annotated. However, the results of the STRING database might lead to the assumption, that it is
questionable if 1st the enzymes of the pathway are in the proper order and if 2nd there might be
enzymes missing. Nevertheless the question of missing enzymes cannot be confidently addressed by
our approach.
In addition the possible complex formation of proteins within this pathway was discussed. The
neighbourhood search option in the STRING database was performed to investigate this issue in
further detail. There are several strong indications for complex formation within the pathway,
although the results were not completely coherent with the annotated order of reaction steps. Hence
it will be of outstanding interest to investigate the mentioned issues in further detail.

3.4.5 Modelling Rv1201c
Several attempts to obtain a model for Rv1201c have been made. One major hurdle however was an
appropriate protein structure, which shows a feasible amino acid identity of at least 30%. The most
important finding seems to be a central β-strand repeat, which somehow shows to be the central
structure element. This finding indeed agrees with preliminary data collection results. A major goal
why the structure of this protein would be of outstanding interest to the pathway is the fact, that all
adjacent structures were already solved by crystallography. Therefore a pathway based analysis
would be much more reliable based on structural knowledge. However, because of the weak
homology between the sequences, neither the termini could be modelled and therefore a decent
working model of this enzyme could not be obtained for molecular replacement. The poor sequence
homology between Rv1201c and the most homologue sequence 1TDT.pdb (Beaman et al., 1997) is
shown in the following alignment and explains, why a molecular replacement solution does not
work in this case.
1TDT.pdb
Rv1201c

-------------MQQLQNVIESAFERRADITPANVDTVTREAVN----QVIGLLDSGAL
VSTVTGAAGIGLATLAADGSVLDTWFPAPELTESGTSATSRLAVSDVPVELAALIGRDDD
:. : .::
.::* :...:.:* **.
:: .*:. .

1TDT.pdb
Rv1201c

RVAEKIDGQWVT----------HQWLKKAVLLSFRINDNKVMDG-------AETRYYDKV
RRTETIAVRTVIGSLDDVAADPYDAYLRLHLLSHRLVAPHGLNAGGLFGVLTNVVWTNHG
* :*.* : *
::
: ***.*:
: ::.
::. : ::

1TDT.pdb
Rv1201c

PMKFADYDEARFQKE-----------------------GFRVVPPATVRQGAFIARNTVL
PCAIDGFEAVRARLRRRGPVTVYGVDKFPRMVDYVVPTGVRIADADRVRLGAHLAPGTTV
* : .:: .* : .
*.*:. . ** **.:* .*.:

1TDT.pdb
Rv1201c

MPS-YVNIGAYVDEGTMVDTWATVGSCAQIGKNVHLSGGVGIGGVLEPLQANPTIIEDNC
MHEGFVNYNAGTLGASMVEGRISAG--VVVGDGSDVGGGASIMGTLSGGGTHVISIGKRC
* . :** .* . .:**:
:.* . :*.. .:.**..* *.*.
::
* ..*

1TDT.pdb
Rv1201c

FIGARSEVVEGVIVEEGSVISMGVYLGQSTRIYDRETGEIHYGRVPAGS--VVVSGNLPS
LLGANSG--LGISLGDDCVVEAGLYVTAGTRVTMPDSNSVKARELSGSSNLLFRRNSVSG
::**.* :: *: : :..*:. *:*: .**:
::..:: .:...* :. ..:..

1TDT.pdb
Rv1201c

KDGSYSLYCAVIVKKVDAK-- 259
AVEVLARDGQGIALNEDLHAN 317
:
*. : * :

Figure 3.30: Sequence alignment of Rv1201c and 1TDT.pdb (Beaman et al., 1997) by using the
program CLUSTALW (Thompson et al, 1994).
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3.4.6 Investigation of possible complex formation
Different ways of handing over intermediate products within a pathway from one enzyme to the
following are known. Amongst these are complex formation or tunneling. In fact, the presence of a
complex is a hypothesized occurrence of enzymes, especially to pass over a product/substrate from
one to another. The presence of such complexes are not always straight forward to prove, because of
their stability. While some complexes appear to be rather stable, it is also known that others are
transient. For such transient complexes the standard laboratory methods like gel filtration procedures
or native gel analysis are not appropriate.
Therefore, a bioinformatical approach was chosen for further investigations towards complex
formation. As a first step, a DALI (Holm et al., 1995) search was carried out with each of the 9
annotated sequences for which no structure has been obtained so far. Therefrom, the most similar
structures, which are available in the PDB and from a closely related organism, like Mycobacterium
bovis, were selected. Secondary structures were predicted for these structures as well as for the
already solved ones (Rv2753c, Rv2773, Rv0858c, Rv1293).
Target
PDB Mtb
Rv3709c
Rv3708c
Rv2753c 1xxxA
Rv2773c 1p9lA
Rv1201c

PDB DALI
2ap9A
1ys4A

Seq. Ident.%
22
32
100
100
1qreA/1kgq 22/21
A
Rv0858c 2O0R
100
Rv1202
1vgyA
31
Rv2726c
1gqzA
27
Rv1293 2O0T/1hkvA
100/100

E-value
0
0
0
2e-85
1.6e-05
1e-07
0
0
2e-41
0/0

Model Score
1
1
1
1
0.88/0.76
1
1
1
1

Target Region
2-257
1-339
5-300
1-245
145-282
102-315
4-394
9-341
1-280
2-447

Table 3.11: Summary of the data for all 9 targets from most similar structures in the PDB.
The obtained PDB codes were necessary for a PFAM (Sonnhammer et al., 1997) analysis to see if
the proteins turn out to be similar on the family level. Further a SCOP (Murzin et al., 1995) search
for all enzymes was carried out and the SCOP codes were applied for a following 3DID (Stein et al.,
2005) analysis, which shows interacting domains of known 3-dimensional structures. In fact, only
the interactions within the proteins (e.g. 2 monomers showing the dimer formation) was
investigated, but not between different proteins.
The overall interaction including fold, subfamily, family, fold vs. family and fold vs. subfamily was
analysed and most of the interactions are taking place on the family level. Further investigations for
certain complexes, which were indicated either by laboratory experiments or by the STRING server
were carried out in addition. All the results together do not allow a significant prediction of any
possible complex with the here used methods. Further improvement of bioinformatic prediction
programs as well as obtaining the still unknown 3-dimensional structures might give further insight
into this question.
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3.4.7 Open questions about the pathway
The bioinformatical analysis of all 9 annotated enzymes within this pathway gives rise to the idea
that the real pathway may differ from the predicted pathway in the KEGG database. Physiological as
well as biochemical investigations suggest the presence of more than 1 aminotransferase. This does
not agree with the KEGG pathway which only has one aminotransferase (Rv0858c) listed. Also the
position of the enzymes 5, 6 and 8 could not be confirmed. The enzyme Rv1201c is questionable to
be in this pathway at all, because of very insignificant BLAST results compared to the remaining 8
annotated enzymes. Further the preliminary analysis of X-ray data shows to be unusual and very
unlikely for this enzymes to be in this pathway.
In fact reconstruction work of the order of the enzymes showed some gaps. These gaps are
tightening the idea of additional enzymes between Rv0858c and Rv1202 and a second one between
Rv1202 and Rv2726. From the reaction mechanism it seems to be likely that one more
aminotransferase, maybe an acetylornithine aminotransferase, uses the product from Rv0858c for
further catalysis. The new proposed pathway in order of the reactions taking place might look as
follows:
1. Rv3709c
2. Rv3708c
3. Rv2753c
4. Rv2773c
5. Rv1201c ?
6. Rv0858c ?
7. 1 missing enzyme ?: maybe acetylornithine aminotransferase?
8. Rv1202
9. 1 missing enzyme ?
10. Rv2726
11. Rv1293
This newly suggested pathway is in fact exclusively based on the interpretation of bioinformatical
results, which in certain steps have to be supported by laboratory experiments. Therefore no
significant prove can be given of this pathway to be correct or the KEGG pathway to be incomplete.
Once further laboratory experiments will be perfomed on this, the question of the order and the
completeness of the KEGG pathway will be answered.

3.5 Outer membrane proteins
3.5.1 Using Deinococcus radiodurans R1 as host organism
Deinococcus radiodurans R1 has been selected as a donor organism, because this organism has led
to a breakthrough in ribosome structure work (Yonath, 2002). Its extreme restistance to a wide range
of stress situations, e.g. heat, cold and radiation, may mean that it´s proteins are more stable than
proteins from other organisms. In addition the strain R1 of this organism was completely sequenced
(White et al., 1999). Unfortunately, however, it turned out that the completely sequenced genome
was Micrococcus radiodurans instead of Deinococcus radiodurans R1 (Corrections, 2004).
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As shown in Figure 3.31 the taxonomy of the bacterial strains Deinococcus radiodurans R1 and
Micrococcus radiodurans shows different families for both bacteria, although the sequences show a
82% identity on amino acid basis. Nevertheless, the relation to other commonly known bacteria like
E. coli is of the same distance. Anyhow, the tree shows a surprisingly close relation of the sequenced
genome of M. radiodurans and M. tuberculosis, which is of special interest regarding potential drug
targets.
Aquificae

(Eu)Bacteria

Actinobacteria - Actinobacteria - Actinomycetales
Deinococcus /
Thermus
Proteobacteria -

Deinococci

Mycobacteriaceae
Micrococcaceae

- Mycobacterium tuberculosis
- Micrococcus (radiodurans ?)

Corynebacteriaceae - Corynebacterium diphteriae
- Deinococcales - Deinococcaceae
- Deinococcus radiodurans R1

Gammaproteo - Enterobacteriales - Enterobacteriaceae - Escherichia coli
bacteria

Figure 3.31: Taxonomy and relationship of Deinococcus radiodurans R1 and Micrococcus
radiodurans. The organisms used in this work are highlighted in blue.
Several different parameters were varied in order to optimise bacterial growth. 3 different media
(LB + Glucose, Terrific Broth and TGYM) were tested with LB + Glucose giving the best growth
rate. Apart from this, the temperature (25, 30 and 37°C) as well as the growing time (12, 24 and 36
h) were adapted. 30°C for 36 h yielded the best results. These results are similar to those established
in many labs world wide and the growing conditions which are provided in the DSMZ manual.
However a slight difference in the combination of the separate conditions was established within this
work.
One of the main problems encountered whilst working with this wild type bacteria is the
contamination potential, especially with E. coli. Before setting up any wild type culture, all the
necessary equipment such as glass bottles were autoclaved twice and the shaker exposed to UV light
over night. Nevertheless, the cultures got contaminated with E. coli frequently and very easily.

3.5.2 Selection method
E. colis

Deinococci
0s

10 s

20 s
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1 min UV

Figure 3.32: UV selection method for Deinococcus radiodurans R1.
A selection method for D. radiodurans R1 was established using its ability of being highly resistant
to UV light. Before inoculation, each colony was picked from the agar plate and placed on the same
position on 5 different agar plates. The plates were exposed for different times (0 sec, 5 sec, 10 sec,
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30 sec and 1 min) to UV light and all of the plates were incubated at 37°C over night. Beside the
fact that D. radiodurans R1 colonies are of pink colour, the presence of colonies, surviving 1 minute
of UV exposure were treated as D. radiodurans R1.
3.5.3 Outer membrane preparations

The selected protocols for membrane preparations are used from literature of successful samples in
terms of crystallography. 2 different solubilization patterns emerged, the same pattern with the
protocol of A. Kreusch (Kreusch, 1994) and P. Henderson (Saidijam et al. 2003) and a different one
for the one of R. Benz (Lichtinger et al., 2000). Potential Omp targets were selected by identification
of the expressed and solubilized amount of protein. This was judged by simply looking for the
thickest protein band on the SDS gel.
All selected candidate targets for outer membrane proteins (arrows) were cut out from the gel and
sent for Maldi-tof mass spectroscopy for identification. From all of the chosen candidates, only
DR0989 was predicted as a hypothetical outer membrane protein. Therefore this target was analysed
further.
Triton
LDAO
M

DR0989

Ice

RT 30°C

Figures 3.33a-b: SDS-Page results of the different membrane preparations. The results of the
Henderson and the Kreusch protocols showed the same protein pattern on the gel (left side). From
left to right there is a marker in lane one followed by 8 lanes of TritonX-100 solubilized membrane
proteins and 3 lanes by LDAO solubilized protein. The Benz protocol (right side) exhibits 2
additional membrane protein bands. Again from left to right there is a marker in lanes 1 and 10 and
in between 8 lanes with the membrane protein extract. In fact the sample of lane 5 was concentrated
1:100 before loading the gel.
3.5.4 Characterization

The potential Omp DR0989 was analysed by applying different bioinformatical programs. First of
all an alignment with different Omps of known structure was carried out (Figure 3.35). As shown
from the result, there is no significant homology present to any of the 7 chosen alignment partners.
In any case a hydrophobicity plot was applied by using the program DAS (Cserzo et al., 1997). The
outcome (Figure 3.34) shows 9 peak maxima with one of which is predicting a transmembrane
strech. This result is most surprising as hydrophobicity plots predict transmembrane helices, but the
analysed target is a β-barrel. Recent findings of the application of hydropathy plots show that the
algorithms might not be sufficient enough for membrane protein analysis. An advanced method,
which includes the calculation of eigenvalues has shown to be more precise for membrane protein
prediction (Mandell et al., 1997; Selz et al., 1998).
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Figure 3.34: Hydrophobicity plot with the program DAS (Cserzo et al., 1997) of DR0989.

Figure 3.35: Sequence alignment of the Omp candidate DR0989 with 7 known Omp´s (OmpF,
OmpK36, OmpX, Maltoporin, OmpA, Omp32 and Porin). The alignment was carried out with the
program CLUSTALW (Thompson et al, 1994).
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Therefore 2 additional programs were applied, both of which are used to predict membrane proteins
(Boyd et al., 1998; Diederichs et al., 1998). The algorithm of Boyd and co-workers as well as the
Omp prediction program of Diederichs and co-workers did not confirm this target to be a membrane
protein. It is the extremely small size of this protein which makes it´s natural environment in the
membrane questionable.
3.6 Inner membrane protein – Nramp (DR1709)
3.6.1 Cloning

The target gene DR1709 was successfully amplified by PCR from genomic DNA. Nevertheless, the
PCR heating protocol had to be adapted to primers designed for the Micrococcus radiodurans strain,
which had to bind to the Deinococcus radiodurans R1 gene.
In retrospect because of the accidentally sequenced Micrococcus radiodurans strain, the reverse
primer was not able to anneal at the calculated temperature. However, by using touch down PCR the
target sequence could be successfully amplified and further cloned into the pGEX-6-P-1 vector from
GE Healthcare.
Positive colonies were isolated with the Miniprep kit (Quiagen, Germany) and double digested for
first proof of a successful construct. Afterwards the positive clones were sent for sequencing to
MWG (Germany). All clones were stored at –20°C.
PCR

Double digest of positive colonies

M

M

Nramp DR1709 in pGEX
Nramp DR1709

Figure 3.36: Results of PCR and double digest of positive colonies of DR1709. The agarose gel on
the left side shows 2 different DNA-ladders in the first 2 lanes followed by the PCR product of 2
different PCR aliquots. Both lanes show the amplified taerget gene at ~ 42 kDa. After the cloning
procedure a test digest of the plasmids of grown colonies was carried out, which is shown on the gel
on the right side. The first 2 lanes show markers again. On lane 5 a plasmid with the target gene
inside is visible followed by its double digested version and therefore the gene is visible at the
expected moleculrar weight. All empty lanes are unsuccessful cloning procedures, which resulted in
false positive colony growth.
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3.6.2 Sequencing

The target gene DR1709 was sent for sequencing immediately after the publication of the
Micrococcus radiodurans genome being sequenced instead of the Deinococcus radiodurans R1
strain. Full length primer walking was carried out in publication quality and carried out at GATC
(Germany). However, the starting primers were the initially designed ones from this thesis.
Therefore the first approximately 20 nucleotides of both ends should be treated with respect to this
fact. A second round of sequencing from inside the gene towards both ends might be of further
interest to get the 100% proper sequence of the gene.
A sequence alignment with the program CLUSTALW (Thompson et al, 1994) was performed to
compare the Deinococcus radiodurans R1 Nramp gene with the one from Micrococcus radiodurans.
The pairwise analysis shows a score of 80 and an identity of both sequences of 82.3%. Although the
sequences show a high identity it is remarkable that the last approximately 100 nucleotides are
highly variable from each other. This means that almost 25% of the sequence is not conserved. This
also explains the difficulties during amplification of this gene by PCR.

Figure 3.37: Alignment of the Micrococcus radiodurans sequence (TIGR, USA) and the
Deinococcus radiodurans R1 sequence (GATC, Germany) by using the program CLUSTALW
(Thompson et al, 1994).
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3.6.3 Expression

Small scale test expressions were set up with 3 different E.coli strains (see Figure 3.38), which were
so far successful for recombinant membrane protein expression. All 3 strains were set up in double
to analyse possible promotor leakage at first place. Therefore, each strain was treated the same way
concerning the protocol except the fact that 1 culture was not induced whereas the second one was
induced. Overexpression was judged by SDS-PAGE and is shown in Figure 3.38. The gel shows
clearly a band for the Nramp with attached GST-tag in lane 2. In comparison to the other strains, the
Rosetta DE3 host was clearly the strain of choice for this target.
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Figure 3.38: Testexpression of DR1709 in E. coli host strain. The bands contain the following
strains: 1: Rosetta DE3 UI, 2: Rosetta DE3 I, 3: BL21DE3 UI, 4: BL21DE3 I, 5: BL21DE3RIL UI,
6: BL21DE3RIL I. UI stands for uninduced and I for induced.
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Figure 3.39: Testexpression with variation of time. The fractions were separated into Supernatant
(SN) which is equal to cytoplasmic and periplasmic proteins, membrane proteins (M) and inclusion
bodies (IB). A SDS gel marker is visible in the first 2 lane on the left and on the lane most right.
The test expression procedure was continued by finding the time of induction, which produces the
highest amount of the target protein without inclusion body formation. For this reason all fractions
were separated into cyto- and periplasmic fractions (SN), into the membrane fractions and possible
inclusion bodies. Samples were taken before induction and after each single hour. The results are
shown on the SDS gel in Figure 3.39. The membrane fractions showed the Nramp already after the
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first hour of induction. The amount of protein increased with time annd reached a maximum after 4
hours. However, after 4 hours the bacterial cells started to produce inclusion bodies (with the target
protein. Therefore an induction time of 4 hours was used for further expression of the protein.
The increase of protein over a time course of 4 hours did not have a toxic effect to the host cells
either, which can be observed frequently with membrane proteins as targets. From the gel it is also
visible that no other host protein was co expressed and demanding a special purification strategy. It
is remarkable that the protein together with the GST-tag was expressed and inserted into the inner
membrane of a host organism. This is extraordinary in terms of the size, given the fact that the tag of
~ 25 kDa is approximately half the size of the protein. This might be one reason to explain the
expression tests in different hosts. Most probably not all host organisms contain the necessary
“machinery” to direct the protein to the membrane and help to incorporate it.
All results were confirmed by Western blotting and the use of an Anti-GST-Peroxidase-Antibody.
The results of the blot confirm that there is no promotor leakage. Further the increase of protein over
time is shown in better fine tuning indicating the maximum at around 4 hours. Between hour 1 and 2
there is a strong increase of the amount whereas between hours 2 and 3 a plateau in terms of
concentration is emerging.
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Figure 3.40: Western blot with Anti-GST-Peroxidase-Antibody of test expression. Shown are the
membrane fractions before induction after 1, 2 and 3 hours.
3.6.4 Solubilization

A wide range of detergent proved their feasibility in physiological and structural work with
membrane proteins. However, the choice of the proper detergent is still trial and error and a
commonly used approach is to test a member of several different groups, which succeeded in past
experiments. For this reason the 3 different detergents DDM, LDAO and βOG were tested for their
solubilization ability for the Nramp. A small scale purification procedure with GST-sepharose beads
was set up and samples for each detergent test purified.
The results were analysed by SDS-PAGE and are shown in Figure 3.41. One sample per step for
each of the detergents was analysed and a clear band for the GST-Nramp is visible in the solubilized
pellet fraction. Several impurities could be washed away, although most were already eliminated
during the flow through. Regarding all these results the question remains where the target protein
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was left since no band at the approximate height is present in the elution fraction. However, as has
been realized before, membrane proteins are frequently lost during purification, because the use of
detergents might lead to no or very weak binding to the resin. Further the concentration of purified
protein is usually very low and therefore the SDS-PAGE might be a not sensitive enough method for
this purpose. A western blot was chosen to be the method for investigating the destiny of the Nramp.
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Figure 3.41: Binding assay of GST-Nramp to GST-sepharose beads in the presence of different
detergents (DDM, LDAO, βOG).

Samples:
1: Pellet from Triton sample
2: Solubilized protein (Triton)
3: Eluate (βOG)
4: Eluate (DDM)
5: Eluate (LDAO)
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Figure 3.42: Western blot of binding assay and choice of different detergents (DDM, LDAO, βOG).
The samples for western blotting were cross-checked by Triton solubilization. Triton-X 100 was
already tested successfully to solubilize Nramp, but it is not a feasible detergent for structural work,
because it is typically harmful to the protein. However, it was used as a “reference”. As the results in
Figure 3.24 show, Triton solubilised the protein completely out of the pellet. The GST-Nramp band
of sample 2 fits exactly into the gap of sample 1, which in fact should not have any protein inside.
The samples 3, 4 and 5 show the elution fractions of the different detergents. In comparison to the
test expression, the SDS-PAGE at the elution fractions showed no protein, but the western blot
could identify the protein. Thus, the elution fractions were simply too diluted to show the target
membrane protein on a SDS gel.
The test expressions and small scale purifications revealed that purification with GST-sepharose
beads is a feasible approach and that the detergent LDAO is suitable for solubilization.

3. Results and Discussion

78

3.6.5 Purification

A 1 step purification procedure using GST-sepharose beads (see 3.43) was carried out based on the
protocol available from GE Healthcare. The GST-tag was removed by on-column cleavage, so that
the pure protein was eluted and the purification procedure was kept as short as possible. The results
of the upscaled purification procedure are shown in Figure 3.43. This clearly shows that the wash
steps remove the present impurities and that the tagged protein remains pure enough for setting up
crystallisation trials. In fact the protein seems to be ~ 90% pure based on a silver stained gel (not
shown).
M

Wash Nramp +
step GST-tag

Figures 3.43: Purification results of Nramp by SDS-PAGE.
3.6.6 Gel filtration analysis

The protein was analysed with respect to its aggregation behaviour. Different standard gel filtration
columns were tested and a sepharose 16/60 was found to be the most feasible one. However the
elution fractions of the protein left the column only after 2 column volumes. The reason for this
atypical elution profile is probably due to the fact the the protein is highly hydrophobic and that it
therefore interacts with the resin material. The gel filtration curve shows a clean peak for the protein.

Figure 3.44: Gel filtration profile of the Nramp protein.
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All impurities or aggregates left the column before the protein. Peak fractions were identified by
Maldi-tof mass spectroscopy. The analysis shows that the protein doesn´t tend to aggregate very
much. In fact it is known that the gel filtration and following protein concentration might be the
cause for aggregation. This was taken into account when setting up the routine protocol to obtain
this protein at crystallisation quality. An ultracentrifugation step was carried out instead of an
additional gel filtration procedure in order to eliminate any kind of aggregations.
3.6.7 PIXE analysis

Nramp is known to transport divalent metal ions. Physiological and biochemical studies in the
literature show that this protein seems to be able to transport the whole range of divalent metals.
There seems to be a variation of the preferences depending on the species. Therefore the PIXE was
used as a method to determine the metal/s, which are present in the protein. In addition, there are
cases, which show a stabilization of structures by metals.
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Figure 3.45: Results of the PIXE analysis.
The results of this analysis clearly states that 6 different elements are present in the protein.
However, it is most likely that Ca, Cu and Ni play a role in binding to the protein, rather than K, Fe
and Zn, which are more likely due to contaminations, given their comparatively low intensity values
in the PIXE analysis. This would contradict the often mentioned presence of Mn and also Fe within
the protein. The presence of Ca, Ni and Cu agree with the fact of a wide range of different ions. And
it may be possible that the bound ions differ depending on the host organism and the activation state
of the protein.
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3.6.8 Crystallisation
3.6.8.1 Hanging and sitting drop vapour diffusion

Crystallisation of Nramp was initially attempted by setting up hanging and sitting drops. All set ups
were inspected regularly for changes and after different times several crystalline looking objects
were visible (Figures 3.46a-c). All promising conditions were screened further in order to optimise
results. All crystalline looking objects were then identified by X-rays. Unfortunately no protein
crystals grew out of any condition. Some of the microcrystals, which could not be optimised nor
analysed because of their limiting size, were screened further using different techniques. Some of
the salt and detergent crystals are shown below (see Figures 3.46a-c).

Figures 3.46a-c: Salt crystals in hanging drop, detergent crystals in hanging drop and again salt
crystals in sitting drops of Nramp set ups
3.6.8.2 Lipidic cubic phases

Membrane proteins are surrounded by lipids, which are necessary to keep their highly hydrophobic
surface away from aqueous environments. The lipid composition however varies depending on the
organism but also on the type of membrane. In order to isolate these proteins and keep them stable
during experimental procedures the lipids have to be replaced by detergents. However detergents are
sometimes not feasible for crystallizing membrane proteins due to their complexity. For this reason
a method called lipidic cubic phase was developed some years ago (Nollert, 2004). This method is
based on mixing the protein and detergent solution with lipids. This procedure results in the protein
being embedded into lipids, which might drive crystallisation of the protein.

~60µ
~100µ

Figure 3.47: Nramp crystals in a lipidic cubic phase set up.
Nramp was set up with 3 different lipids and after a time course of 5-7 days crystals appeared. These
crystals were tested for X-ray diffraction at room temperature (see 3.6.15). Additionally the crystals
were washed, run on a silver gel and identified to be protein crystals by Maldi-tof mass
spectroscopy.
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3.6.8.3 Counter diffusion experiments, Granada boxes and gels

The crystallisation condition (100 mM CaCl2, 100 mM MgCl2, 100 mM MnCl2, 100 mM ZnCl2, 5%
(v/v) Glycerol, 3% (v/v) MPD, 10% (v/v) PEG-400, 2% (v/v) Heptane-1, 2, 3-triol and 3% (v/v)
Benzamidine), which did not result in any diffraction of the crystals was set up by using the counter
diffusion technique. However, many of the membrane protein batches resulted in detergent crystals
as shown in Figure 3.48b. Therefore the detergent was exchanged to DDM (1 x CMC) by dialysis
and the protein was set up in capillaries. After approximately 1 week protein crystals of reasonable
size grew out of the gel and were tested for diffraction in the beam. The loss of diffraction might
also result from freezing procedures, therefore the capillaries were mounted immediately on the
goniometer head and the crystals were exposed to X-rays at room temperature. One major strategy
was to test different orientations of and positions within the crystal, because diffraction properties
can change dramatically along the crystal.

Figures 3.48a-b: The picture on the left side (3.48a) shows a diffracting Nramp crystal. On the right
side (3.48b) detergent crystals grew out of the same condition with the detergent LDAO.
The Nramp membrane protein could be successfully crystallised in one condition. However, the
detergent for crystallisation plays a major role. Using LDAO for crystallisation means that no
crystals appear from the here tested conditions. Most probably this is due to the fact that LDAO
builds huge micelles, which come from the long tail. Regarding the detergent nature and screening
successful detergents for structural biology so far, the choice of exchange was to DDM. Since
LDAO remains still the most powerful detergent for solubilisation, the decision was taken to
exchange this detergent to DDM immediately before crystallisation set ups. The results show that
DDM seems to be more feasible for crystallisation compared to LDAO. It was observed that LDAO
tends to build up micelles with several Nramp molecules, so that very large particle were present in
the crystallisation set ups. In contrast DDM included only one Nramp molecule per micelle and
smaller particles exist in the crystallisation set ups. The size of micelles is very important, because it
influences the accessibility of protein surface parts for forming complexes. Nevertheless LDAO
proved to be successful for some membrane proteins in the past. This explains why it is the first
choice as a detergent for crystallization. Additional detergent exchanges mean additional stress to
the sample and the crystals are very soft and fragile maybe due to loose packing.
3.6.8.4 Dialysis

As an additional method dialysis was used, especially as a potential method to increase the size of
crystals, because a total volume of up to 10 µl can be set up. None of the set ups, however, resulted
in any protein crystal. Instead, salt crystals appeared.
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Figure 3.49: Dialysis button showing salt crystals at the rim below.
3.6.9 Limited proteolysis experiments

Many attempts in crystallography are done to improve the crystallisation behaviour of proteins. One
major technique, which was established over the years is limited proteolysis. This technique is based
on the fact that floppy parts of a protein might decrease the probability for crystallisation. These
floppy and easily accessible parts of proteins may be removed by adding exo- or endoproteases of
different types.
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Figure 3.50: Silver stained SDS gel for the Nramp protein after limited proteolysis digest.
The results shown in Figure 3.50 show the samples after different times of protese digestion and a
positive control (undigested Nramp). The results for all 4 different proteases (Trypsin,
Chymotrypsin, Thermolysin and Elastase) are identical. None of the proteases is able to digest
Nramp. Additionally, the different temperatures did not affect the outcome of the experiment. As a
conclusion, there is no affect of the proteases over a time frame of 16 hours and 3 different
temperatures. Given the fact that this organism is extremely stress resistant also against cold and
heat, this might explain the outcome of the set up. However, it might be possible that there are no
flexible parts to cut or that they might be well covered within the micelles.
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3.6.10 Diffraction experiments

When trying to dissolve the lipids by lipase digestion, the crystals dissolved. Most probably the
lipids are necessary to stabilise the crystals. For that reason crystals were mounted by pulling them
out of the cubic phase with a loop for testing. No diffraction was obtained in any orientation. Due to
the rough procedure, which was applied for mounting, it is possible that the soft and fragile crystals
lost their diffraction power. As a result the same condition was used to try a different method and
check the diffraction with it.
The Nramp crystal shown in Figure 3.48a was tested for diffraction as described before. Only 1
position along the crystal diffracted at an angular orientation of 0° and 16°. A 1° diffraction image
was collected every 8°. The exposure time was 120 seconds at the beamline X11 (EMBL Hamburg,
Germany). Further rotation of the crystal resulted in complete loss of any diffraction. Both
diffraction patterns show a very low resolution diffraction of around 30 Å just around the beamstop.
A closer inspection of both patterns show a significant difference nevertheless. At 0° the diffraction
is extremely anisotropic with a low peak to background ratio. The spots are not single nor is it really
possible to identify a lattice, it seems as if multiple lattices would exist in addition.

Figures 3.51a-b: Diffraction patterns of a Nramp crystal at 0° and 16° of rotation.
In comparison the diffraction at 16° shows a different pattern, although the resolution limit is
approximately identical. In this frame clear single spots are visible with a much better peak to
background ratio. It should be taken into account that the crystal shape is reasonable in 2 directions
but not in the third one. This means that the measured crystal was rather plate-like than in 3
dimensions. From these results it can be concluded that first an improvement of size and tighter
packing of the crystals might have a positive influence to the diffraction behaviour.
3.6.11 Homology modelling

Several attempts for homology modelling the Nramp based on the 3-dimensional structures of GlpT
(Huang et al., 2003) and LacY (Abramson et al., 2003) were tried, but the major difficulty was that
the existing 3 dimensional structures, which are published, are not closely enough related to Nramp.
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3.7 The Outer membrane protein F of Escherichia coli K12 as a model for small angle X-ray
scattering
3.7.1 Setting up small angle scattering experiments for membrane proteins

One of the main bottlenecks for structure determination of membrane proteins is to obtain
diffracting crystals, in order to be able to determine the structure. However, solution scattering
experiments can be done with protein in solution. A pilot experiment to use SAXS for obtaining low
resolution structural information on membrane proteins was carried out by selecting a reference
protein of known structure. Therefore the outer membrane protein F (OmpF) was expressed,
isolated, purified and concentrated to 15 mg/ml (Phale et al., 2001). The concentration of the
detergent C8E4 was chosen to be as low as possible (0.7%) to avoid micelles disturbing the
measurements.
3.7.2 OmpF as a reference model

From the measurement an initial model could be built. The model corresponds well to the published
3-dimensional structure of OmpF (Phale et al., 2001). However, some rearrangements in solution
might have taken place. Already in the initial model the pores were visible and the protein forming a
trimer as its physiological nature implies. These results also agree with the crystal structure well. In
contrast to the crystal structure the solution scattering model seems to have different dimensions at
first sight. The overall superposition of the SAXS model and the crystal structure shows that the
protein seems to have a larger diameter compared to the crystal structure.
-experimental data
-fit ab initio model
(mon04r.pdb)
-fit atomic model
(ompf.pdb)

Figures 3.52a-c: The pictures show from left to right the measurement of the OmpF, the SAXS
model (yellow beads: detergent and grey beads: protein) and the crystal structure.
One possibility might be that the polyoxyethylene detergent was not taken into account when
building the initial model. Later data evaluation with the detergent girdle around the protein trimer
shows a much better agreement of both structures. In addition, the fact of such a protein as a
dynamic system should be kept in mind. It might be possible that because of certain movements of
the trimers the entire protein “system” seems to have a different diameter because of its movement.
For this reason the diameter might not be actually different of the crystal structures ones, but is in
fact misleading. In conclusion, the overall experiment was set up successfully and SAXS proved to
be a new potential method in structural analysis of membrane proteins.
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3.7.3 Nramp

Protein

After the successful pilot project with OmpF, the procedure was tried for Nramp. The protein was
kept in its solubilization detergent LDAO and tested in analogy to OmpF.

Protein
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Figures 3.53a-b: Measurement of Nramp and scheme of discs (on top) and single particles (bottom).
The measurement of the Nramp sample was less successful. The maximum of the peak at higher
angles supports the notion of detergent interference. It seems as if the detergent LDAO enhanced the
formation of discs instead of keeping the protein molecules single and surrounded by their micelle.
This observation means that a wide range of different detergents might have to be tried for their
feasibility in SAXS experiments. It is not yet clear whether the detergent LDAO itself is
inappropriate for this technique or whether it is just the detergent in combination with this particular
protein. Further measurements will answer these questions.
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This work was carried out with the aim of determining the 3 dimensional structures of proteins of
the lysine biosynthetic pathway at high resolution. 3 target proteins were focused on, which were
Rv0858c, Rv1201c and Rv1293.
The high resolution structure of Rv0858c was solved by X-ray crystallography at 2.0 Å and 3.2 Å
resolution in 2 different crystal forms. The protein contained the co-factor PLP, one glycerol
molecule in each subunit and one chloride ion bound to the protein. The glycerol molecules appear
to occupy potential inhibitor binding sites. The chloride ions bind to helices, which expose a highly
hydrophobic surface. These may be possible sites for complex formation. Both crystal forms are
related to each other, with the orthorhombic one being a subgroup of the tetragonal. This tetragonal
structure is identical to the orthorhombic model despite the fact that it is present as a monomer. The
active site residues which are responsible for co-factor binding are highly conserved.
The second target protein Rv1201c was crystallised and first attempts towards structure
determination were carried out. Although a 2.8 Å resolution data set was collected, the major
attempt was to identify the derivative peak positions. From the symmetry of the space groupand the
self rotation function, it could be deduced that Rv1201c crystallises as a 60 mer exhibiting
icosahedral symmetry (point group 235).
The structure Rv1293 had been solved from the same organism previously. Nevertheless the
structure was refined against a data set from a different crystal form and extended to a higher
resolution. Aside from the different space group there is also a difference in the oligomeric state of
both structures. This may have some implications with respect to the reaction mechanism.
All 3 molecules carry out major steps within the lysine biosynthetic pathway. Therefore these target
proteins are potential candidates for an inhibitor screen in order to design new anti tuberculosis
drugs.
The overall direction of the structural analysis of membrane proteins of Deinococcus radiodurans
R1 were the first steps towards the structural analysis of outer membrane proteins and the inner
membrane protein Nramp. The proteins of this organism were selected by their sequence annotation.
After all possible attempts of isolating an outer membrane protein failed, a highly conserved inner
membrane protein was chosen. The steps for this target including PCR, cloning, expression,
purification and crystallisation were established during this work. The obtained crystals could be
improved to get first diffraction patterns by X-rays. These first diffracting crystals of the Nramp
protein lead to the suggestion of testing more detergents in order to improve the diffraction quality.
In addition, a first SAXS experiment was successfully set up to broaden the range of techniques for
structure determination of membrane proteins. This technique however could not be applied for
Nramp yet. Nevertheless initial measurements of the OmpF are promising towards this application
for inner membrane proteins.
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Rv0858c:
An important question still to be investigated is, if the glycerol molecules are occupying the real
inhibitor binding site. An inhibitor screening and co-crystallisation with inhibitor candidates should
be performed in order to answer this most important question. In addition an activity assay might be
important to set up in order to show the proteins activity of each single step.
In addition the 3-dimensional structures of the external aldimine with both substrates will bring
more insight into the reaction mechanism of this protein.
The most important experiment, however, will be the investigation of possible complex formation
with previous and next enzymes.
Rv1201c:
A derivative should be found for this target in order to solve its 3 dimensional structure. Therefore
not only the derivative itself but also its concentration and soaking time should be adapted properly.
The future goals for this protein will certainly be to determine its 3-dimensional structure at high
resolution abut also to assign the real function of this protein.
Rv1293:
This last enzyme of the pathway shows a high agreement with a previously solved structure. Further
investigations should be carried out to find a suitable inhibitor in order to design a potential anti
tuberculosis drug. Therefore a high-throughput screening with an inhibitor library will be performed
and the crystallisation with potential inhibitors in complex with Rv1293 will be attempted. An
activity assay for this protein will be established beforehand.
It is also of great interest to establish the tetramer formation in solution for this enzyme.
Membrane proteins:
The next step for the Nramp protein might be to set up more crystallisations using different
detergents. The focus will certainly be on improving the diffraction properties of the crystals.
A further improvement of the SAXS technique should be carried out by measuring more samples of
membrane proteins, which are already solved by X-ray crystallography, in order to obtain a
significant standard. In addition a detergent screening for SAXS experiments should be carried out.
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