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Introduction 

It is relatively uncommon in today's western society, for people infected by 
Mycobacterium tuberculosis (Mt), to develop active tuberculosis (TB). Ac-
cess to good health care, medicines and vaccines have effectively prevented 
the spreading of TB. This has led to the common belief that TB no longer 
poses a problem and is a disease of the past. However, when an outbreak of 
TB like the one that took place in a Swedish preschool outside Stockholm in 
2005, and affected 37 children, there were raised considerable concerns and 
questions about how well our society is protected and prepared against a TB 
epidemic.  
Despite outbreaks and alarming reports of antibiotic-resistant Mt, only 500 
new TB cases per year are registered in Sweden. This is a very low incidence 
seen from a global perspective. The World Health Organization (WHO) 
estimated that Mt infected more than 9 million people in 2008. The majority 
of these people live in developing countries where poverty is widespread. 
WHO further reports that TB alone accounts for more than 1.8 million 
deaths a year and that more than 2 billion people of the world's population 
today are carrier of the TB bacilli (World Health Organization 2009). In 
addition, multi-drug resistant (MDR-TB) and extensively drug-resistant 
(XDR-TB) strains of Mt are emerging. MDR-TB is defined by being resis-
tant to the first-line drugs isoniazid and rifampicin. This definition is ex-
tended for XDR-TB to include resistance to fluoroquinolones and to at least 
one of the second-line drugs kanamycin, capreomycin or amikacin (World 
Health Organization 2008). 

Over 500 000 new MDR-TB cases were registered in 2007 and the major-
ity of these emerged in India, Bangladesh, China, South Africa and the Rus-
sian Federation. The highest increases of MDR-TB were found in countries 
belonging to the former Soviet Union, where 22% of all new TB cases are 
related to MDR-TB and whereof 10% to XDR-TB (World Health Organiza-
tion 2008). 
The prognosis of survival for a patient with MDR-TB has been compared to 
patients suffering from cancer. The minimum duration time of treatment is 
18 months but can be prolonged for several years. Severe cases of MDR-TB 
and XDR-TB involve surgery for removal of damaged tissue or areas of 
persistent MDR-TB infection (Loddenkemper et al. 2010).  
With these facts and figures in mind we soon realize that the TB situation in 
the developing countries is totally different and should be seen as a catastro-
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phe. Therefore, it is of utmost importance that the research towards new 
effective drugs remains highly prioritized. The goals should be to make 
drugs that shorten the treatment time, that are cheap to produce, have high 
potency against emerging antibiotic-resistant strains of Mt, and can be of use 
in HIV-infected patients with TB (van den Boogaard et al. 2009).   
An initiative was taken by a group of scientists at Uppsala University with 
the aim to develop inhibitors against drug targets in Mt. The initiative was 
called RAPID (Rational Approaches to Pathogen Inhibitor Discovery) and 
gathered expertise from several scientific disciplines such as structural biol-
ogy, medicinal chemistry and computational chemistry. Along with this ini-
tiative important industrial contacts were established with AstraZeneca in 
India as one of the key partners.  
In this initiative, structural biologist characterize protein structures together 
with inhibitors based on computer models. By doing analysis of the key in-
teractions between ligands or inhibitors and their corresponding binding 
pockets conclusions can be made on how to modify and improve the com-
plementarity of inhibitors to better fit the shape and charge distribution in the 
active sites. Included in this work is development of kinetic assays for study-
ing the effects of the inhibitors. The whole approach is referred to as rational 
drug design or computer-aided drug design.   
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The scope of this thesis 

This thesis covers research made with the aim of studying enzymes from Mt 
and Mycobacterium smegmatis (Ms) that are crucial for its survival thereby 
have a potential to become targets for drug development: Caseinolytic prote-
ase 1 (ClpP1) and methionyl-tRNA synthetase (MetRS). Their relevance as 
drug targets is discussed from a structural viewpoint. Analyses were made 
on determined computer models based on X-ray diffraction data. Structural 
features unique for the enzymes and new insights into mechanistic function 
are also reported and discussed.   
The thesis starts with one chapter motivating the choice of targets, and ex-
perimental methods used for conducting the studies. The remaining part of 
the thesis is divided into two sections (Part I and II) where the studied en-
zymes are discussed separately.  
Part I covers studies on the enzyme ClpP1 from Mt (Paper I). Here we de-
scribe and discuss why Mt ClpP1 is in an inactive conformation and how this 
is related to a structural disorder. We also discuss structural differences in 
comparison to other homologous and how these can be useful for drug de-
velopment. 
Part II covers MetRS from Ms (Papers II and III). In this part we discuss 
structural features of two X-ray structures of Ms MetRS in complex with 
ligands and how the domains in those structures demonstrate flexibility. We 
also discuss about a mechanistic communication between the catalytic do-
main and the anticodon upon binding of substrate in the active site. Finally, 
differences in and around the active site that can be relevant for development 
of drugs are discussed.  
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ClpP1 and MetRS are potential antimicrobial 
targets in Mt 

The development of a compound with antimicrobial activity and which also 
has drug properties is a complicated process. Several criteria must be ful-
filled at several phases in the process of drug development. Initially, a selec-
tion of targets is made based on their essentiality in pathogens. A good target 
should show a relevant evolutionary divergence from counterparts in humans 
and from other microorganisms with symbiotic value for the human body. 
This analysis is not trivial and requires examination of determined protein 
structures, preferably in complex with ligands or inhibitors, for judging their 
potential as drug targets. In addition, analysis of sequence alignments and 
structural comparisons of the human counterparts to the target is important. 
Frequently, structure information on the human variant is not available. If 
this is the case, homology models can be made for comparison but these 
should be used with care and extracted information should only be seen as 
indicative and not as absolute. It is important to bear in mind that the homol-
ogy model is strongly biased towards the underlying template and should 
only be made if the sequence resemblance to the template is high enough. 
Another important aspect in target validation is that an enzymatic assay 
should be available that is suitable for high throughput screening (HTS). At 
this stage, inhibitors are searched for by using big compound libraries. Hits 
from these screens are further subjected to selection and validation proce-
dures. After this follows several stages of inhibitor optimization based on 
structural studies of interactions between the inhibitors and the targeted pro-
teins. The inhibitors potency is evaluated by IC50 and MIC values. If an in-
hibitor at this stage has good IC50 and MIC values it is given the status of 
lead-compound. Further optimization of lead-compounds into drugs used for 
chemotherapeutic purposes, involves animal studies, pharmacokinetics, 
pharmacodynamics and clinical trials, which are associated with industrial 
optimization and high costs.  

Optimum would be that the new anti-TB drug also was active against 
MDR-TB and XDR-TB. The main goal for finding a cure against TB should 
be high potency against MDR-TB and XDR-TB. New drugs should have a 
favorable toxicity profile and not overlap with other TB drugs or interfere 
with first-line drugs by cross-resistance, should be compatible with chemo-
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therapeutic treatment of HIV-infected patients. Furthermore, the drug should 
be active against dormant TB.  

ClpP is a key enzyme for ATP-dependent proteolysis  
Proteolysis mediated by ClpPs aims to remove dysfunctional proteins and 
maintain protein homeostasis in cells (Sauer et al. 2004; Bukau et al. 2006). 
Besides general proteolytic degradation, ClpPs function as regulators of pro-
teins involved in various cellular processes such as cell division, cell differ-
entiation, and sporulation (Gottesman 2003; Frees et al. 2007).  

ClpP consists of a double disc each with 7 identical subunits. This form of 
the enzyme has peptidase activity and can degrade peptides with a maximal 
length of 6 residues (Thompson et al. 1994). Degradation of longer peptides 
or polypeptides in ClpPs requires formation of a complex with ClpX or 
ClpA, which is a hexamer, and for its activity requires ATP. The function of 
the ATPase is to unfold and translocate the peptide down into the ClpP 
molecule. A deeper structural and functional discussion about ClpP and its 
ATPases will be given in Part I in this thesis. 

The pathway for cytosolic protein degradation going from intact or partly 
folded proteins to free amino acids can be ATP-dependent or ATP-
independent (Chandu et al. 2004). Human cells encode ClpP, Lon and the 
20S proteasome. ClpPs and their corresponding ATPases belong to the same 
group as the human orthologs Lon, ClpQ (HslUV) and 20S proteasome. 
Inhibition of the ClpP activity leads to toxic accumulations of protein aggre-
gates with attenuated cell growth or cell death as a consequence. ClpQ and 
Lon proteases are not encoded in Mt (De Mot et al. 1999). Instead two vari-
ants of ClpP are found, ClpP1 and ClpP2 (Chandu et al. 2004). Surprisingly, 
Mt along with other GC-rich members of Actinomycetes appears to encode a 
putative proteasome showing high resemblance to the 20S proteasome in 
eukaryotic cells (De Mot et al. 1999).  

In a study where a comparative analysis of the protease-coding genes was 
performed, the paralogs ClpP1 and ClpP2 showed to be conserved in Mt, 
Mycobacterium leprae, Mycobacterium bovis and Mycobacterium avium 
paratubercuosis strain K10 (Ribeiro-Guimaraes et al. 2007). Interestingly, 
M. leprae contained both proteases even though this mycobacterial variant 
has lost over 2000 genes during evolution. Comparison to the genome of M. 
leprae thus gives valuable information on, which genes are required for 
pathogenic virulence. According to a study by Sassetti, Boyd et al. (2003) 
only the gene encoding ClpP2 has been acknowledged as essential for bacte-
rial growth in vitro (Sassetti et al. 2003). However, the relevance of two 
ClpP paralogs together with their functional roles in Mt remains to be evalu-
ated.  
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As it was discussed previously, a good drug target must have an assay 
that is suitable for HTS. For ClpP this requirement is fulfilled. ClpP pepti-
dase activity can be measured using the fluorogenic peptide N-succinyl-Leu-
Tyr-7-amido-4-methylcoumarin (Maurizi et al. 1994). After cleavage, fluo-
rescence of the 7-amido-4-methylcoumarin molecule (excitation at 353 nm, 
emission at 442 nm) can be monitored.  

Reprogramming of ClpP proteins leads to uncontrolled 
proteolysis 
The classical bactericidal or bacteriostatic agents act as inhibitors to essential 
proteins in specific metabolic pathways, attenuating cell growth or promot-
ing cell death as a consequence. Recently, a different approach has been 
developed using natural products called acyldepsipeptides (ADEP) (Brotz-
Oesterhelt et al. 2005). This new class of antibacterial molecules targets 
ClpPs in microbial cells. ADEP cause a reprogramming of the ClpPs normal 
function leading to uncontrolled proteolysis and subsequent cell death 
(Kirstein et al. 2009). Interestingly, this target approach does not require that 
the ClpPs are essential.  
The mechanism of ADEP on ClpPs is still unknown. However, the binding 
of ADEP on the ClpP prevents the formation of the complete degradation 
complex of ClpP and ClpX or ClpA. The antimicrobial potency of ADEP is 
high and even better than some antibiotics on the market (Brotz-Oesterhelt et 
al. 2005). Two characteristics that speak for their potential as promising 
drugs in the future are their ability to pass across the cell wall of gram-
positive bacteria and their efficacy against infections in rodent models.  

Inhibition of aaRS leads to a stringent response in the 
cell 
The biosynthesis of proteins in the cell is directly dependent on the ability of 
aaRSs to aminoacylate tRNA molecules to provide the ribosome with sub-
strates for the peptide elongation. As a consequence of inhibition of the aaRS 
activity, uncharged tRNA molecules will accumulate, which in turn will 
cause a stringent response in the cell (Potrykus et al. 2008). This response 
will be accompanied by the production of hyperphosphorylated guanosine 
nucleotides pppGpp (Guanosine pentaphosphate) from GTP and ATP by the 
protein RelA in Mt. The same protein is also responsible for hydrolysis of 
pppGpp into ppGpp (Guanosine tetraphosphate). RelA in Mt possesses both 
(p)ppGpp 3´- pyrophosphohydrolase and pyrophosphoryltransferase activity. 
The molecules pppGpp or ppGpp inhibits the RNA polymerase, and down-
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regulates the energy intensive biosynthesis of macromolecules in the cell, 
including RNA, DNA and proteins (Svitil et al. 1993). As a result of this 
response the cell's capacity of growth and survival is attenuated. 

MetRS as a potential cellular drug target 
The pharmaceutical industry has for a long time been interested in the devel-
opment of inhibitors against aaRSs for eliminating pathogens in humans. 
There are several qualities of aaRSs that speak their suitability as drug tar-
gets (Hurdle et al. 2005). One of the most fundamental reasons is that they 
play a major role in protein biosynthesis, which makes them into critical 
factors for growth and survival of pathogens. Another advantage is that eu-
karyotic aaRS during evolution have diverged from bacterial homologs, 
which is of outmost importance since a drug must act specifically on the 
aaRS in the pathogen.  

A low mutation rate of aaRS in bacteria opens up for possibilities of de-
veloping drugs that can be directed against several pathogens simultane-
ously. In addition there are 20 aaRS in most bacteria, which represent 20 
independent antibacterial target molecules. For many of these there are al-
ready structure information available in the PDB, which can be used in an 
initial virtual screening of inhibitors and structure-based drug design. The 
aaRSs can easily be expressed recombinantly and purified in large quantities. 
Furthermore, there is a non-radioactive activity assay available that can be 
used in HTS. This assay is based on measurement of release of inorganic 
pyrophosphate in the amino acid adenylation step (Lloyd et al. 1995; Upson 
et al. 1996). In the first step in the assay, pyrophosphate is converted into 
two phosphate molecules by pyrophosphatase, which is used up in a second 
step when 2-amino-6-mercapto-7-methylpurine ribonucleoside is converted 
into ribose 1-phosphate and 2-amino-6-mercapto-7-methylpurine by purine 
ribonucleoside phosphorylase. The production of the two molecules leads to 
increase of the absorbance at 360 nm, which can be measured spectropho-
tometrically. 

There is already one example of an anti aaRS chemotherapeutic drug 
agent with antibacterial activity. This drug agent is used for treatment of 
infections caused by Staphylococcus aureus, and is an ointment applied topi-
cally on the infected area (Boyce 2001). The active component in the oint-
ment, mupirocin, inhibits isoleucyl-tRNA synthetase.  

Inhibition of MetRS activates ClpP degradation 
There is an interesting biological link between the enzymes MetRS and 
ClpP, which is worth mentioning in this context. Inhibition of MetRS leads 
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to an arrest in charging tRNAMet molecules with methionine. This in turn 
results in a stop in the biosynthesis of polypeptides in the ribosome when 
methionine cannot be provided for peptide elongation. When this happens, 
the polypeptide needs to be released from the ribosome and tagged with a 
degradation signal (Karzai et al. 2000). An alanine-charged SsrA RNA binds 
to the ribosomal A-site and mediates a transpeptidation reaction where the 
alanine is added to the polypeptide chain. The binding of SsrA RNA releases 
mRNA from the ribosome and initiates translation of a short stretch of nu-
cleotides provided by SsrA RNA. This translation adds an eleven-residue 
long peptide to the polypeptide subject for release. The last five residues in 
this peptide are Tyr-Ala-Leu-Ala-Ala, which is a signal mediating degrada-
tion by intracellular proteases. FtsH and the ATPase ClpX and ClpA, are 
able to recognize the signal (Gottesman et al. 1998; Herman et al. 1998). 
ClpX and ClpA together with ClpP form the proteolytic degradation com-
plexes ClpAP and ClpXP (Wickner et al. 1999). These complexes carry out 
an ATP dependent degradation of the tagged substrate including unfolding 
and translocation. 
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Experimental procedures for Mt ClpP1 and Ms 
MetRS 

Methods and their implications discussed in this section will focus on the 
structure of Mt ClpP1 (2C8T) from Paper I and the structures of Ms MetRS 
M/A and of Ms MetRS M from Paper II and III. The other two structures of 
Mt ClpP1 (2CBY and 2CE3) in Paper I will not be discussed, since two 
research groups determined these structures independently from each other 
without any connection to our group. Only details that have not been de-
scribed in the papers or that need to be clarified will be covered here.  

Cloning and expression 

Cloning of ClpP1 
The full-length genes clpP1 and metG coding for the enzymes ClpP1 and 
MetRS, respectively, were isolated by PCR from total-genomic DNA. The 
H37Rv strain (Cole et al. 1998) was used for the Mt enzymes and MC2 155 
for the Ms enzyme. The MC2 155 strain was kindly provided by Mary Jack-
son, Institute Pasteur. The isolated genes were extended by subsequent PCRs 
to include an affinity tag used for purification and a linker sequence facilitat-
ing directional ligation to expression vectors.  
The isolated clpP1 gene was extended in the C-terminal end with an affinity 
tag consisting of four histidines. The decision to place the tag on the C-
terminal was based on knowledge from previous work on homologous struc-
tures showing that the N-terminal end plays an important role in the interac-
tion with ATPases and the translocation of substrate into ClpP. With the tag 
on the C-terminal end, seven evenly distributed affinity-tags were positioned 
on the outer perimeter of the heptameric discs with less risk of structural 
disturbance. This offered plenty of contact points for binding to the Ni2+-
NTA resin in the initial purification step. The number of His-tags on each 
molecule motivated our decision to shorten the tag to four histidines instead 
of the more common six. 
An additional construct was made at a later stage of the ClpP1 project with 
the aim of transforming the current inactive conformation into an active con-
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formation. The new construct aimed at mimicking the precursor state of Ec 
ClpP by extending the Mt ClpP1 N-terminus with the same sequence of 
amino acids as in the Ec pro-peptide. The cleavage of this pro-peptide by 
autoproteolysis is necessary for the activation of the Ec enzyme. The exten-
sion consisted of 12 residues with the following sequence SYS-
GERDNFAPH. This construct was successfully expressed and able to form 
crystals. However, the structure of this variant was identical to the previ-
ously inactive conformation, and the modification had no effect on either 
structure or activity. 

Cloning of MetRS 
Initially, an expression vector was constructed for expression of MetRS from 
Mt. An affinity tag consisting of six histidines was added to the N-terminus 
of the enzyme. The decision to place the tag at the N-terminus was based on 
the analysis of structures and alignments of homologous proteins. The C-
terminus was considered less suitable for this modification due to its location 
in the vicinity of the KMSKS domain and the active site. However, low ex-
pression levels and purification problems motivated the change from the Mt 
variant to that of Ms. Ms MetRS share 74% of sequence identity with Mt 
MetRS and has almost identical active sites except for a few residues. A 
similar construct was made with the His-tag on the N-terminus. Recombi-
nant expression of Ms MetRS was successfully yielding high concentrations 
of soluble material. 

The cloning and expression was based on the Champion pET Directional 
TOPO Expression technique (Invitrogen). PCR products were extended with 
a 5’ CACC linker for directional cloning into the pET 101/D-TOPO vector. 
Ec Top10 cells were used for cloning of plasmids and Ec BL21 Star (DE3) 
for recombinant expression. Transformants were selected by their resistance 
to ampicillin and cultured in LB supplemented with the same antibiotic. 
Positive clones were verified by DNA sequence analysis (Uppsala Genome 
Center, Rudbeck Laboratory).  Protein production was induced by IPTG. 
SDS-PAGE was used to confirm the expression levels and to monitor the 
purification.  

Purification procedures 
Enzymes were purified in two consecutive steps, involving immobilized-
metal affinity chromatography (IMAC) and size exclusion chromatography 
(SEC). Chelated and immobilized Ni2+ ions were used for immobilization of 
the his-tagged protein. Imidazole was used for subsequent release of the 
protein from the IMAC column. The eluate was subsequently subjected to 
SEC on a HiLoad 16/60 Superdex-200 column.  
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Purification of Mt ClpP1 on IMAC was performed according to a standard 
protocol. Interestingly, the elution profile showed that Mt ClpP1 was in a 
heptameric state instead of the expected tetradecameric. Notably, when 
ClpPs from Ec, Streptococcus pneumoniae, Plasmodium falciparum and 
Heliobacter pylori are heterologously expressed, they retain its tetrade-
cameric oligomerization state (Wang et al. 1997; Gribun et al. 2005; Vedadi 
et al. 2007; Kim et al. 2008). However, human ClpP and Mt ClpP1 are iso-
lated in heptameric form (Kang et al. 2005).   
The Ms MetRS material did not elute as expected on the IMAC column.  
Normally, the protein is immobilized in the presence of 10 mM imidazole. 
After this the matrix is washed with a buffer containing 20 mM imidazole 
and then the protein is eluted with 250 mM imidazole. However, the major-
ity of the MetRS material eluted already with the wash buffer. This indicated 
weak interaction with the IMAC matrix. A minor fraction of the material 
eluted at the high imidazole concentration. However, the latter material was 
less homogeneous than the material in the wash buffer and could not be puri-
fied to homogeneity. The material from the wash fractions was collected. 
The homogeneous fractions were pooled and concentrated. Further purifica-
tion with SEC led to a highly pure protein, which thereafter was concen-
trated to 10 mg/ml. This protein solution was later used for successful crystal 
production. 

The weak interaction to the IMAC column suggests a different binding 
behavior than the expected his-tag based interaction. After the determination 
of the structure, five evenly distributed groups of paired histidines on the 
protein surface were discovered (Figure 1). The pairwise conformation of 
the imidazole side chains provides a possible interaction through chelation to 
the Ni2+ ions on the column. Normally, a his-tag should interact stronger and 
withstand the washing step. Since this did not happen in this case, a possible 
explanation can be that the tag has been removed by proteolytic cleavage. 
However, some of the proteins remained on the column after collection with 
the low imidazole concentration, suggesting that the solution was inhomoge-
neous and contained uncleaved proteins. During structural determination, no 
density could support the existence of a his-tag. 
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Figure 1. Structure of Ms MetRS showing the three pairs of histidines on the surface 
(H1: His19/His22, H2: His222/His225, H3: His403/His410). 

Assay for activity measurements of Ms MetRS 
A scintillation assay was used to detect the incorporation of tritium-labeled 
methionine to tRNA. Reaction mixtures (300 �l) containing 50 mM HEPES 
(pH 7.6), 100 mM MgOAc2, 1 mM ATP, 0.1 mM [3H]Met at 1000 
cpm/pmol, 20 nM Ms MetRS, and 15.9 �M Ec tRNAfMet were incubated 
between 5 min and 30 min at 37 �C. The reaction was stopped and [3H]Met–
labeled tRNA was precipitated with 20% (v/v) tricloroacetic acid (TCA). 
Tubes were centrifuged for 15 min and the supernatant, containing the non-
incorporated [3H]Met, was removed. Pellets were further washed with 50 �l 
of 7% TCA and centrifuged at 14000 rpm for 1 min. The remaining TCA 
was removed and pellets were resuspended in 150 �l of 0.5 M KOH at 37 
�C. The 150 �l solution was transferred into 1 ml scintillation vials (Quick-
safe Flow 2, Zinsser-Analytic). Vials were shaken for 2 minutes, and then 
placed in Beckman LS 6000 scintillation counter to measure the radioactiv-
ity. 

Crystallization of Mt ClpP1 and Ms MetRS 
Crystallization conditions for both Mt ClpP1 and Ms MetRS were initially 
screened by using sparse matrix screens JBHScreen HTS I (Jena Biosci-
ence), Wizard I and II screens (Emerald BioSystems), Crystal screens I and 
II (Hampton) and PACT (Qiagen). Drops were prepared as a sitting-drop 
vapor diffusion experiment at 293 K. Hits from those screens in the Mt were 
optimized by grid-screening using combinations of different pH, PEG con-
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centration and protein concentration. The final crystallization condition for 
crystals of Mt ClpP1 was 100 mM trisodium citrate, pH 5.2, and 4% PEG 
4000. Drops were prepared for hanging drop vapor diffusion at 293 K by 
mixing 1.5 �l of reservoir solution (800 �l) with 0.5 �l of protein solution (7 
mg/ml). Drops were streak-seeded with nuclei from crystals produced in 
previous grid screens. Crystals measured approximately 0.2 � 0.2 � 0.3 mm 
after 48 h.  

In the Ms MetRS project, one of the hits from the initial screens (Wizard I 
and II) produced crystals already in the first screen. This condition contained 
1.2 M NaH2PO4, 800 mM K2HPO4, 200 mM Li2SO4 and 100 mM CAPS, pH 
10.5. Large-scale crystal production was done with the hanging-drop vapor 
diffusion technique by mixing 1 �l of reservoir solution with 1 �l of protein 
solution (11 mg/ml). Well-diffracting crystals were produced with streak-
seeding using nuclei from crystals in the initial hit. The crystals measured 
approximately 0.5 � 0.08 � 0.08 mm after two weeks. The buffer compo-
nents 3-cyclohexylamino-propane-1-sulfonic acid (CAPS) and phosphate 
were later observed in the crystal structures bound to cavities of the MetRS 
surface. The phosphate molecule did not participate in the crystal packing 
and has probably only a stabilizing effect on the protein. The CAPS mole-
cule is more interesting, since the molecule was found in the packing inter-
face of symmetry related proteins in the crystal lattice.  

Data collection and data processing 
Diffraction data from one single crystal of Mt ClpP1 were collected at the 
ID14-3 station at the European Synchrotron Facility in Grenoble, France 
(PDB ID: 2C8T). The mounted crystal diffracted out to 2.9 Å. The data were 
cut at an �I/�(I)� value of 1.9 and used for refinement in the range of 59 Å 
to 3 Å. The completeness for this range was 100% and the scaled data had an 
Rsym value of 40% in the high-resolution shell.   

The I911-2 station at MAX-lab in Lund, Sweden was used for data collec-
tion on Ms MetRS crystals. The best crystals of Ms MetRS M/A (PDB ID: 
2X1L) and Ms MetRS M (PDB ID: 2X1M) diffracted out to 2.2 Å and 2.7 
Å, respectively. Data were cut at an �I/�(I)� value of 2.0 in both cases. 
Model coordinates were refined using data in the range of 30.0 Å to 2.3 Å 
for the M/A complex with a completeness of 97% and 96% in the low and 
the high-resolution shells, respectively. Scaled data had an Rmerge value of 
38% in the high-resolution shell. In the M complex data were scaled and 
refined in the resolution range of 20.0 Å to 2.8 Å. The values of the com-
pleteness for this range were approximately 99% in both resolution shells. 
Scaled data for the M complex had an Rmerge value of 36% in the high-
resolution shell. 
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The data set for Ms MetRS M was truncated at 120� from the original 
200� data collection range. An analysis of the batches in the data set showed 
that the Rmerge value started to increase after 100� of collection. This was 
accompanied by a continuous decrease of the �I/�(I)� values. A divergence 
between the two parameters clearly indicated that the crystals suffered from 
radiation damage. A lower Rmerge in the high-resolution bin was obtained by 
cutting the data at 120� without compromising with the completeness of the 
data. Data-collection and refinement statistics and programs used for proc-
essing data can be found in the included papers.  

The power of NCS averaging in structural determination  
Density maps based on phases from the molecular replacement were initially 
too noisy for model building. By using different kinds of density modifica-
tions the level of noise can be lowered. One of those modifications is non-
crystallographic symmetry (NCS) averaging. The principle of this technique 
is that if the crystal AU contains more than one copy of the protein, the elec-
tron densities associated to these molecules can be averaged. This leads to 
improvements of the signal-to-noise ratio of the order N1/2, where N is the 
number of independent copies. Preparations for NCS averaging requires that 
a mask is defined around the repeating independent protein in the AU, and 
that the operators describing the transformation from one unit to the other 
are calculated.  

In the structural determinations of Mt ClpP1 (2CT8), a 14-fold NCS aver-
aging was done. The effect of the averaging was very powerful due to the 
high NCS symmetry. Tight NCS restraints were chosen during all refine-
ments (Murshudov et al. 1997). TLS (Translation, Liberation and Screw-
rotation) parameterization was added in the final rounds of refinement by 
defining each monomer in Mt ClpP1 tetradecamer as a TLS group (Winn et 
al. 2001).  

NCS was used for improvement of the initial maps of the Ms MetRS 
complex with methionine and adenosine. The crystal AU contained in this 
case three molecules. SigmaA weighted maps 2m|Fo|-D|Fc| from REFMAC5 
were initially processed in O by cyclic NCS-averaging for rebuilding (Read 
1986; Jones et al. 1991; Murshudov et al. 1997). The principle of cyclic 
averaging is that averaged maps are transformed back by a Fourier transfor-
mation into structure factors, which then are combined with the original 
phases associated with the initial structure model, to finally generate a new 
map. Programs used for model building and refinements for all projects have 
been described in the included papers of this thesis.  
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Part I 
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Caseinolytic protease 1 from Mycobacterium 
tuberculosis 

ClpP belongs to the family S14 of serine type endopeptidases with a classi-
cal catalytic triad in the active site consisting of the residues serine, histidine, 
and aspartate in that order (Rawlings et al. 1993). ClpP is a highly conserved 
protease through out the kingdoms of bacteria and eukaryotes. To date, no 
homologous of ClpP have been found among the archaeas (Yu et al. 2007).  

ClpP is the degradative component of a bigger complex including chaper-
ones from the Clp/Hsp100 family belonging to the AAA+ (ATPase associ-
ated with various cellular activities) superfamily (Neuwald et al. 1999). 
Those ATPases oligomerize into hexamers and form hetero-oligomeric 
complexes together with ClpP. In this state, intact or partly unfolded proteins 
can be degraded. The process requires energy in the form of ATP. The func-
tion of the ATPase oligomer is to unfold and translocate the polypeptide into 
the proteolytic chamber of ClpP. Apart from this function; the ATPases pro-
vide substrate specificity and activation of the ClpP proteolytic activity 
(Gottesman et al. 1997). 

Mt possesses two paralogs of ClpP (ClpP1 and ClpP2) and four ATPases 
called ClpX, ClpC1, ClpC2 (ClpX´) and ClpB (Ribeiro-Guimaraes et al. 
2007). So far, none of the ATPases have been characterized by crystal struc-
tures or biochemical analysis. The following section will provide a deeper 
discussion of ClpP1 from Mt based on the findings reported in Paper I.  
An alignment of mature peptide sequences of Mt ClpP1, Sp ClpP, Ec ClpP 
and Hs ClpP shows a high degree of similarity. The percentage of identical 
residues between Mt ClpP1 and the other four homologous is 51.3% for Ec 
ClpP, 45.4% for Sp ClpP and 42.2% for Hs ClpP (Figure 2). 
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Figure 2. Alignment of ClpP from Mt (gi:13882259), Sp (gi:116076792), Ec 
(gi:3318866) and Hs (gi:963048). The numbering of residues refers to Mt ClpP1. 
Residues marked with “*” belong to the catalytic triad. Boxed residues correspond 
to the disordered region in the handle domain. The symbol � represents a hydropho-
bic residue in the consensus sequence ��P���E. Secondary structure elements 
correspond to the structure of Mt ClpP1. The alignment is shaded according to the 
percentage of identical residues. The sequence alignment was generated by 
CLUSTAL W and edited in JALVIEW (Larkin et al. 2007; Waterhouse et al. 2009) 

Structural organization of monomers, heptamers and 
tetradecamers of Mt ClpP1  

The gene product of Mt clpP1 consists of a compact globular protein of 
200 residues. Two domains named head and handle build up the structure of 
the Mt ClpP1 monomer. The head domain is characterized by six 	-helices, 
of which five (B, C, D, F and G) are wedged between two perpendicular �-
sheets (Figure 3A). The first sheet consists of �1, �3, �5, �7 and �11, and 
the second sheet of �4, �6 and �8. In our structure �2 and �4 are fused to-
gether with �1 and �3, respectively, into single strands. However, the nam-
ing convention is kept according to the labeling in the Ec ClpP structure 
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(Wang et al. 1997). As it will be discussed later in this thesis the helix A has 
another direction than the other helices in the head domain.  

 
Figure 3. Structural organization Mt ClpP1. (A) Mt ClpP1 monomer showing the 
naming of secondary structure elements, asterisks indicate the disordered region in 
the handle domain; (B) Top view of the Mt ClpP1 heptamer, for clarifying purposes 
one subunit was colored green; (C) Tetradecameric organization of Mt ClpP1; and 
(D) Tetradecameric organization of Ec ClpP, one subunit of one heptamer and its 
corresponding binding partner of the other heptamer are highlighted in purple. 

The topology of the handle domain has been characterized in other ClpP 
structures as a beta-turn-helix motif (�9 and helix E). This domain protrudes 
from the head domain. However, parts of this motif were disordered in Mt 
ClpP1 and as a consequence, residues corresponding to the �9 and to the tip 
of helix E could not be built in the structure (Figure 3A). The handle domain 
is connected to the head domain by helix E, which is anchored to the helices 
D, G and F.  
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Mt ClpP1 monomers oligomerize into heptamers, which are stabilized by 
packing of hydrophobic patches on the head domains (Figure 3B). The bur-
ied patches constitute approximately 30% of the total surface of each sub-
unit. Two heptamers stack to each other to form tetradecamers in the packing 
of the crystal lattice.  

In Ec ClpP, handle domains from one heptamer intercalate with the 
equivalents from the other heptamer (Figure 3D). Opposite to this, the inter-
action area between heptamers in Mt ClpP1 is not so well defined in the 
structure (Figure 3C). Consequently, part of the interaction area in Mt ClpP1 
is formed by the disordered part of the beta-turn-helix motif, which contains 
mainly hydrophobic residues; packing of two heptamers into a tetradecamer 
would be driven by a hydrophobic effect in this area. The non-directional 
nature of hydrophobic forces might explain the lack of a defined structure in 
this region and a more compact tetradecameric structure when compared 
with Ec ClpP.  

Conformational changes cause plasticity in the handle 
domain  
In Paper I we suggest that the plasticity in the handle domain ultimately 
depends on conformational changes around a hinge affecting the head and 
handle domain (Figure 4A). The hinge axis is perpendicular to both the pore 
axis and a radial axis lying in the plane of the heptameric disc. The distance 
between its position and the pore axis is approximately 49 Å. 

 
Figure 4. Rotation around a hinge in Mt ClpP1. (A) Superimposition of one mono-
mer of Mt ClpP1 (blue) onto one monomer of Ec ClpP (yellow) showing the inward 
rotation around an axis (red dot). The pore axis is colored in green; (B) Superimposi-
tion of monomer A of the Ec ClpP (PDB ID: 1TY6) onto monomer A of the Mt 
ClpP1 structure (PDB ID: 2CBY). 
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A superimposition of two monomers in the heptameric discs of Mt and 
Ec, discloses that subunits in Mt are rotated around the hinge axis towards 
the center of their discs (Figure 4B). This rotation was calculated from a 
reference plane related to the Mt heptamer generated by superimposition of 
all monomers in both heptamers of Ec and Mt. Angles between non-parallel 
planes were analyzed by superimposing all the monomers separately in the 
Mt disc onto a reference monomer in the Ec disc. Only residues in the head 
domain were used in those operations. The averaged value was 
13�. 

A similar operation revealed the position of the hinge axis in the mono-
mer of Mt ClpP1. It is important to note that the template (Ec ClpP, PDB ID: 
1YG6) in this operation is biologically active. As a starting point for this 
analysis, residues from the head domains of Mt (21 to 116) and Ec (20 to 
115) were superimposed (r.m.s. deviation 0.56). The rotation of the Mt struc-
ture from this position to a position where the handle domains are superim-
posed (r.m.s. deviation 0.56) defines a rotational axis (the hinge axis). The 
residues used in the second operation were 136 to 159 for Mt and 135 to 158 
for Ec in helix E. The generated hinge axis goes through a region where the 
main chain carbonyl oxygens of Phe157, Gly184 and Ala105 positioned in 
the C-terminal ends of helix D, G and E, respectively, are coordinated by the 
conserved Arg112 (Figure 5). Asp187 stabilizes the position of Arg112 by 
an ion pair interaction. This arrangement forms a hinge that allows rotation 
of the head and handle domain relative to each other.  

 
Figure 5. Hinge region of Mt ClpP1. (A) The location of the hinge axis in a mono-
mer of Mt ClpP1 between the head domain and the handle domain. The hinge axis is 
indicated by a red dot (B) A detailed view of the hinge region. Three carbonyl oxy-
gens coordinate Arg112. Dashed lines represent hydrogen bonds. 
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The interface between the head domain and the handle domain under the 
hinge axis is exclusively hydrophobic. This suggests that conformational 
changes are possible in this region. The S1 pocket, which provides substrate 
specificity, is positioned in the interface between the two domains. A com-
parison between the S1 pockets of Mt ClpP1 with that of Hs ClpP (mit), 
shows that the pocket is partly closed in Mt  (Figure 6A and 6B). This partly 
closed conformation might restrict the substrate binding and consequently, 
explain the lack of Mt ClpP1 activity.  

 
Figure 6. Surface representation of Mt ClpP1 (A) and Hs ClpP (mit) (B). A circle 
was used to point out the closed and open form of the binding pocket S1, respec-
tively. (C) The hydrogen-binding network around the N-terminal part of helix E in 
Ec ClpP. An ion pair interaction is fromed between the two key residues Asp134 
and Arg170. Gln123, which is next to the catalytic residue His122, is coordinated by 
Thr133. (D) No hydrogen-binding network is formed in the equivalent region in Mt 
ClpP1, due to the disordered part of its handle domain. 
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The disordered part of the handle domain in Mt ClpP1 comprises the resi-
dues 127 to 135. Opposite to the handle domains of Hs and Ec, it is not pos-
sible to trace the equivalent �-strand 9, and helix E in the Mt structure. This 
indicates that a supporting framework for the beta-turn-helix motif is missed, 
with disorder of this part of the structure as consequence. Ec ClpP has an 
intricate hydrogen-bonding network supporting the N-terminal part of helix 
E (Figure 6C). Interestingly, some of those residues are strictly conserved. 
Among the strictly conserved residues in Ec, Asp134 and Arg170 seem to be 
the key residues in the stabilization of this region. Arg170 is positioned at 
the C-terminal part of helix F and it is bound to Asp134 in the N-terminal 
end of helix E in the neighboring subunit in the same heptameric disc. Two 
other highly conserved residues, Gln131 and Thr133, in the N-terminal end 
of helix E form important hydrogen bonds to residues Gln123, Lys146 and 
Glu169 of a subunit in the opposite heptameric disc. Lys146 and Glu169 are 
highly conserved, whereas Gln123 is strictly conserved. However, Gln131, 
Thr133 and Glu169 are corresponds to Ser132, Ala134 and Asp170, respec-
tively, in Mt. Interestingly, Gln123 in Ec is next to one of the catalytic resi-
dues His122 in the active site. The corresponding residues in Mt are Gln124 
and His123. 

Comparing with Ec ClpP, residues Asp135 and Arg171 (Asp134 and 
Arg170, Ec ClpP numbering) are farther from each other in Mt; Arg171 is 
pointing in a totally different direction and Asp135 could not be built be-
cause of the disorder in this region (Figure 6D). Likely the ion pair interac-
tion between Asp136 and Arg171 in Mt ClpP1 is important for stabilization 
of a correctly folded helix E.   

The unwinding of helix E and the relaxation of strand 9 in Mt give rise to 
small openings in the equatorial wall of the tetradecamer in line with the 
catalytic residues in the active site. It has been hypothesized that these open-
ings can assist the release of substrate after cleavage (Figure 7) (Gribun et 
al. 2005; Sprangers et al. 2005). However, it is important to bear in mind that 
the openings are partly filled with the disordered residues.  

Movements around the hinge axis in Mt ClpP1 are probably needed for an 
activation of the enzyme. The closed S1 pocket suggests that the handle do-
main and the head domain should be separated for opening of the pocket and 
allow substrate binding. 
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Figure 7. Surface representation of tetradecamers of Ec ClpP (A) and Mt ClpP1 (B). 
Note how the lack of electron density is reflected by openings in the equatorial wall 
of Mt ClpP1. 

Relaxation of �-strand 9 causes a shift of His123 in the 
catalytic triad   
The active site in Mt ClpP1 is located in the junction between the head and 
handle domain and includes the three catalytic residues Ser98, His123 and 
Asp172. The specificity pocket S1 is placed next to Ser98 and should ac-
commodate large hydrophobic residues in line with the chymotrypsin-like 
pocket. Because of the rotation of the subunits and the conformational 
changes of helix E in Mt ClpP1, the catalytic triad is more exposed to the 
environment outside the tetradecamer than equivalent triads of Hs and Ec 
ClpP. 

Superimposition of the catalytic triads of Mt ClpP1, Ec ClpP and Hs ClpP 
showed that the C	 of residue His123 is shifted away 
1.7  (Figure 8). This 
shift is a direct cause of the disordered secondary structure in the handle 
domain. His123 is located only two residues from the N-terminal of the 
missed �-strand 9. 
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Figure 8. The catalytic triad of ClpPs (Mt blue, Hs red, Ec gold and Sp green). The 
lables correspond to Mt ClpP1. The histidine in Mt is shifted significantly in com-
parison to the other catalytic triads. 

The shift in His123 causes an interruption of its interaction with Ser98 
and a misalignment of the residues in the catalytic triad. This Mt ClpP1 
structure is evidently in an inactive conformation, which is manifested 
through the lack of enzymatic activity, failure to bind the inhibitor PMSF to 
Ser98, and the observation that the S1 pocket is closed. 

A key residue for the correct position of His123, is the strictly conserved 
Gln124. The corresponding Gln in Ec forms an interaction with the Thr133 
of helix E from a subunit in the opposite disc in the tetradecamer (Figure 
6C). However, due to the replacement of Thr for Ala in Mt ClpP1, this inter-
action is missing (Figure 6D). Through out that region of the Mt ClpP1, the 
only polar amino acid is the Ser132. It is a matter of speculation if the 
Gln124 can adopt an alternative conformation and interact with the Ser132, 
shortening in this way the displacement of His123 and turning the enzyme 
into a active conformation. 

For the approach of designing specific Mt ClpP1 inhibitors, comparisons 
need to be made with the human variant. ClpP in eukaryotic cells are located 
in the mitochondria and are not found in the cytoplasm (Bross et al. 1995). A 
superimposition (r.m.s. deviation 0.48) of the head domain of Mt ClpP1 (20 
to 116) onto the equivalent domain in mitochondrial Hs ClpP (19 to 115) 
shows that differences exist in the specificity pocket S1. There are four pairs 
of residues that differ significantly (Hs ClpP/Mt ClpP1): Ser100/Glu101, 
Leu101/Phe102, Leu149/Met150 and Tyr153/Asn154. Those differences 
generate a unique binding site that possibly may be used for development of 
a specific drug. 
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Mt ClpP1 has a different N-terminus compared to 
homologous proteins 
In the process of oligomerization of Mt ClpP1 monomers into heptamers, the 
N-terminal ends are gathered in the center of the disc. In homologous struc-
tures including Ec ClpP, Hs ClpP and Sp ClpP, the N-terminals form a loop 
protruding out from the surface that folds back and extends down into the 
opening of the disc (Kang et al. 2004; Gribun et al. 2005; Bewley et al. 
2006; Szyk et al. 2006). The loop is important for stabilizing the protein and 
for binding to its cognate ATPases.  

In the mature state of those homologous, and after cleavage of pro-
peptides (Ec and Hs ClpP), the N-terminal sequences comply with the con-
sensus sequence ��P���E (Kang et al. 2005). The symbol � represents an 
arbitrary hydrophobic residue. In Mt ClpP1, the same sequence diverges 
significantly from this consensus (Figure 2). The divergence is manifested 
by a difference in the structural organization of the N-terminal end in com-
parison to Ec ClpP, Hs ClpP and Sp ClpP (Figure 9). Instead of forming a 
loop as in the homologous, helix A is extended with one turn in the Mt struc-
ture. As a consequence, the diameter of the pore becomes much smaller, 
especially if the remaining unstructured residues on the N-termini are taken 
into account. Mass spectrometry analysis of the crystallized Mt ClpP1 mate-
rial confirmed that all the unstructured residues were present.  

 
Figure 9. A comparison of the C	 backbone of ClpP monomers corresponding to Mt 
(blue), Sp (green), Ec (yellow), Pf (violet) and Hs (red). Amino acids from the head 
domain (28-124 and 160-190) in Mt ClpP1 were used for thev superimposition. The 
N-terminal helix is one turn longer than in the other compared homologous mono-
mers. No loop is visible in this region in Mt ClpP1. 
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The genomic organization of ClpP1, ClpP2 and ClpX in Mt is similar to 
that in Streptomyces coelicolor (Sc) (Viala et al. 2002). The existence of two 
paralogs of ClpP in Sc has been shown to be necessary for processing of 
each other’s N-termini. It is intriguing to think that a similar cross-
processing step may take place in Mt leading to conformational changes in 
the N-terminal part of this enzyme and to ClpP1 as a whole. Whether these 
unstructured residues in Mt ClpP1 form loops, alternative interactions to the 
corresponding ATPase, or undergo processing by cleavage remains to be 
elucidated. 

Future perspective of the Mt ClpP1 project 
A continuation of the project requires a solution to the problem with the 
inactivity of the enzyme. Efficacy of inhibitors or their interaction way with 
the active site cannot be analyzed without an active enzyme. Therefore, we 
suggest that priority should be given to experiments involving ClpP2 or 
some of the ATPases that exist in Mt to test if those molecules have an effect 
on the activation of ClpP1. The most interesting ATPase to analyze in this 
case is ClpX, since the gene coding for the ATPase is positioned in the vicin-
ity of the ClpP operon including ClpP1 and ClpP2.  

The idea of the experiment involving ClpP2 would be in line with what 
was reported about the cross processing between ClpP1 and ClpP2 in Sc, 
where both enzymes were needed for mutual cleavage of their N-termini 
(Viala et al. 2002). The experimental procedure would require a co-
expression of ClpP1 and ClpP2. It should also be tried to express and purify 
the two enzymes separately, and then to combine the two proteins in an ac-
tivity assay. The same experimental approach could also be used in the 
analysis of the ClpX molecule. 

In the early stages of this project attempts were made to express and pu-
rify ClpP2. However, the enzyme turned out to be insoluble. Whether the 
presence of ClpP1 might aid in solubilization of ClpP2 remains to be shown. 

The gatherings of 98 unstructured residues in the center of the heptameric 
disc are forced to share the space over the opening. This disordered region 
can have an effect on the conformations of the individual monomers in the 
discs. A variety of N-terminal truncations can be a good way to evaluate if 
this is the case and a key to obtain an active conformation of the enzyme.   

An intriguing experiment would be to try different types of ADEP to-
gether with Mt ClpP1. If activation of the Mt structure can be detected, the 
next step would be to crystallize the complex. A crystal structure might pro-
vide valuable information about the mechanism that controls the activation 
of ClpP1. 
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Part II 
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Methionyl-tRNA synthetase 

The aminoacyl-tRNA synthetases play an important role in the protein syn-
thesis by transference of information from RNA sequence into protein se-
quence (Schmeing et al. 2009). Their function is to load amino acids onto 
their cognate tRNA molecules and by that provide substrates for the ribo-
some.  

The enzymatic reaction involves two consecutive steps (Figure 10) (Ibba 
et al. 2000). The first step is the aminoacylation step where an amino acid is 
covalently linked to adenosine. In the next step the amino acid is covalently 
linked to the 3’ end of tRNA. 

 
Figure 10. The enzymatic two-step reactions of aaRS (aa: amino acid, ATP: adeno-
sine triphosphate, aa-AMP: aminoacyl adenosine monophosphate, PPi: inorganic 
pyrophosphate, aa-tRNA: aminoacyl-tRNA).  

In the majority of the cells there are 20 aaRSs, which reflects the number 
of standard amino acids that can be loaded onto their corresponding tRNAs. 
In some organisms (mainly gram-positive bacteria and archaea) and organ-
elles, charging of tRNA molecules is performed with a smaller subset of 
aaRSs (Kim et al. 1998; Akochy et al. 2004).  

The aaRSs are divided into two classes depending on characteristic struc-
tural features (Eriani et al. 1990; Burbaum et al. 1991; Cusack et al. 1991). 
Class I enzymes have the catalytic site in a Rossmann fold domain. Further-
more this class is characterized by two conserved signature motifs: His-Ile-
Gly-His (HIGH) and Lys-Met-Ser-Lys-Ser (KMSKS) (Barker et al. 1982; 
Webster et al. 1984; Hountondji et al. 1986). Class II enzymes, have a cata-
lytic core built up by an antiparallel �-sheet containing the three signature 
motifs: g�xx�xxp�� (motif 1), (F/Y/H)Rx(E/D) followed by 4 to 12 residues 
and then (R/H)xxxFxxx(D/E) (motif 2) and �x�g�g�eR����� (motif 3) 
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(Eriani et al. 1990). The symbol � stands for a small residue (Pro, Gly, Ser or 
Thr), letter x for an arbitrary residue, � for residues with hydrophobic char-
acter, letters with big caption are strictly conserved and finally letters with 
small caption are highly conserved. Each class is further divided into three 
subgroups a, b and c depending on the conformational characteristics of an 
inserted domain in the Rossmann domain (Table 1) (Cusack 1995).  

 

Table 1: Structural classification of aaRSs. The Greek letters 	 and � describes the 
structural organization of aaRSs on the quaternary level. GlyRS and PheRS are the 
only enzymes that have heterogeneous compositions of subunits. 

Class I  Class II 

Subclass Ia Subclass Ib  Subclass IIa Subclass IIb 

CysRS (	) GluRS (	)  HisRS (	2) AspRS (	2) 

ValRS (	) GlnRS (	)  AlaRS (	,	4) AsnRS (	2) 

LeuRS (	) LysRS-I (	)  ProRS (	2) LysRS-II (	2) 

IleRS (	) Subclass Ic  SerRS (	2) Subclass IIc 

ArgRS (	) TyrRS (	2)  ThrRS (	2) PheRS (	2�2) 

MetRS (	,	2) TrpRS (	2)  GlyRS (	2,	2�2)  

 
MetRS belongs to class Ia along with isoleucyl-, leucyl-, valyl-, cysteinyl- 

and arginyl-tRNA synthetase. A characteristic for synthetases in this class is 
that they are monomeric. However, MetRS can exist either as a monomer or 
a homodimer. 

Dimerization of MetRS requires an additional domain appended to the C-
terminus of the core unit (Cassio et al. 1971; Mellot et al. 1989; Crepin et al. 
2002). In the PDB, there are structural representatives that are dimeric in 
solution; MetRSs from the organisms Pyrococcus abyssi (Pa MetRS) (PDB 
ID: 1RQG) (Crepin et al. 2002; Crepin et al. 2004), Escherichia coli (Ec 
MetRS) (PDB ID: 1QQT) (Mechulam et al. 1999) and Thermus thermophi-
lus (Tt MetRS) (PDB ID: 1A8H) (Kohda et al. 1987; Sugiura et al. 2000). 
However, none of these crystal structures included the dimerization domain. 
Truncation of the domain was necessary for the production of the crystals. A 
representative of the monomeric MetRS already published in PDB is from 
Aquifex aeolicus (Aa MetRS) (PDB IDs: 2CT8, 2CSX) (Nakanishi et al. 
2005). Ms MetRS thus provides with additional information on this class of 
the enzyme (PDB IDs: 2X1L, 2X1M) (Paper II and III). An alignment was 
made of primary sequences from homologous MetRSs, including Ms, Mt, Tt, 
Aa, Ec and Hs (Mit) (Figure 12). Four domains build up the core unit of 
MetRS: the Rossmann-fold domain (Rossmann domain), connective peptide 
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domain (CP domain), KMSKS domain and anticodon-binding domain (anti-
codon domain) (Figure 11) (Deniziak et al. 2001).  

 
Figure 11. The core unit of the crystallographic model of Ms MetRS M/A: The 
Rossmann domain in red, the CP domain in green, the KMSKS domain in yellow 
and the anticodon domain in blue. The intervening helices �2 and �8 in the 
Rossmann domain are colored in cyan. The linking �-helix �13 between the 
KMSKS domain and the anticodon domain is colored in purple. The two ligands 
Met and Ade bound to the active site are represented in grey.  
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Figure 12. Alignment of MetRSs from Ms (gi:118469128), Mt (gi:15608147), Tt 
(gi:55981267, truncated in the C-terminal to residue 509), Aa (gi:78101750), Ec 
(gi:16130052, truncated in the C-terminal to residue 544) and Hs (mitochondrial) 
(gi:14318634, the first 38 residues are truncated ). The domain borders are marked 
in the sequence alignment. Secondary structure elements correspond to the structure 
of Ms MetRS. �-sheets are represented by arrows and �-helices are represented by 
helical ribbons. The alignment was shaded according to the percentage of identical 
residues. The numbering refers to Ms MetRS. The alignment was generated by the 
CLUSTAL W method and edited with JALVIEW with the structural information at 
hand (Larkin et al. 2007; Waterhouse et al. 2009). 
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An overview of the four domains in Ms MetRS  
The Rossmann domain (1 to 115 and 228 to 292) harbors the majority of the 
catalytic residues. Its structural organization is based on a �-sheet consisting 
of five parallel �-strands �1, �2, �3, �9 and �10 interconnected by seven 
helices 	��	���	���	���	���	��and 	��(Figure 11). The helices 	��and�	� in 
this domain are normally not included in the otherwise conserved 
Rossmann-fold topology (�3	3 � �2	2) (Sugiura et al. 2000). Helix 
	��and�	� are specific features of the synthetases in class Ia. 

The CP domain (116 to 227) contains two subdomains. One of the sub-
domains forms an arch-like structure with only �-strands and the other one 
forms a flanking motif consisting of a helix-loop-helix. The arch consists of 
two long anti-parallel �-strands, �4 and �8, which extend from the 
Rossmann domain and cover the entire active site (Figure 11). There is a 
smaller arch consisting of antiparallel �-strands, �6 and �7, at the tip of the 
longer arch. Strand �5, flanking the C-terminal part of �4, links the two per-
pendicular arches together.  

It has been suggested that the CP domain is involved in the positioning of 
the acceptor stem of tRNAMet upon binding and in the guiding of the 3´ end 
of tRNA into the active site (Fourmy et al. 1995). The function of this do-
main is still not entirely clear. Our results give some additional information 
on the details of its structural and functional properties.   

The KMSKS domain (293 to 350) consists of a structural motif with the 
following topology �-	-	-�-	. The secondary structure elements are �11, 
�12, 	10, 	11 and 	12. Its main characteristic is a conserved loop with the 
sequence 301Lys-Met-Ser-Lys-Ser305 (Hountondji et al. 1986; Burbaum et al. 
1991). It has been suggested that this loop interacts with the D stem and 
anticodon stem of the L-shaped tRNAMet upon aminoacylation (Sugiura et al. 
2000). In our structures this loop is in an open conformation. There are 
hinges at the N- and the C-terminal ends of this loop that promote mobility. 
We believe that conformational changes take place around the hinges when 
tRNAMet binds to Ms MetRS. A second function of the KMSKS domain is to 
communicate to the anticodon domain that the adenylated methionine is 
bound in the catalytic site.  

The function of the anticodon domain (357 to 515) is to recognize the an-
ticodon triplet CAU in tRNAMet and to contribute to the coordination of 
tRNAMet when it forms a complex with Ms MetRS. The domain is structur-
ally organized around a bundle of helices 	15, 	16 and 	18 that harbors 
three conserved residues Trp433, Arg363 and Asn359 (Ms MetRS number-
ing) directly involved in the recognition of the anticodon triplets CAU in 
tRNAMet. The remaining helices 	14, 	19 and the short 310 helix 	20 form 
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interactions with 	18 at an angle (Figure 11). The anticodon domain is 
linked to the KMSKS domain by a �-helix labeled 	13.  

Structural and conformational differences in the CP 
domain of Ms MetRS 
Differences in the composition of the CP domain are categorized into four 
classes. What separates the classes is the number of knuckles and number of 
zinc ions bound to these (Mechulam et al. 1999). The structure of Ms MetRS 
presented here is an example of the class characterized by one knuckle with-
out a bound zinc ion. The other three classes are defined accordingly; ‘one 
knuckle and one zinc ion’, ‘two knuckles and one zinc ion’ and ‘two knuck-
les and two zinc ions’.  

The conformation of the CP domain in our structure of Ms MetRS differs 
significantly from previously described counterparts in homologous en-
zymes. In our structures the CP domains have stronger curvatures and are 
shifted downward towards the active sites. This is illustrated in (Figure 13), 
which shows superimpositions of the CP domain of Ms onto equivalent ho-
mologous from Pa, Ec, and Tt. The Tt structure has the most similar struc-
tural organization in comparison to the Ms structure, but differs in two im-
portant aspects. First, the Tt structure contains a Zn ion, which in the Ms 
domain corresponds to a water molecule and second, the Tt structure is sig-
nificantly twisted in the �4 and �8 compared to the Ms structure. The Zn ion 
in the Tt structure is held in place by a tetrahedral coordination by three cys-
teines and one histidine. A superimposition of the tip of the Ms domain 
(residues 127 to 155) onto the corresponding tip in Tt (residues 127 to 152) 
showed that a water molecule is in close proximity to the binding place of 
the Zn ion (Figure 13). A network of hydrogen bonds coordinated by the 
carbonyl oxygen of Pro155, the amino group of Ile128 and the amino group 
of Arg129 holds the water molecule in its place. Interestingly, even though 
the Zn ion requires a different set of residues for coordination, the fold of the 
tip remains the same. The r.m.s. deviation for the C	 atoms of residues 127 
to 138 in this comparison was 0.49 Å.   
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Figure 13. Structural comparisons of CP-domains form homologous structures to 
Ms MetRS (green): (A) Ec MeRS in blue (B) Pa MetRS in pink, (C) Tt MetRS in 
grey. The CP domain of Ms MetRS deviates significantly with a stronger curvature 
of its arch (highlighted in the oval). (D) A detailed view of the tip of a superimposi-
tion of Tt MetRS onto Ms MetRS. The water molecule is colored in red and belongs 
to Ms MetRS M/A. The Zn in yellow belongs to Tt MetRS.    

An extensive hydrogen-bond network anchors the CP domain to the 
Rossmann domain. Three water molecules and the residues Gln54, Lys55 
and Met56 from the Rossmann domain and Glu131 and Arg210 from the CP 
domain are included in this network (Figure 14A). Residue Glu161 helps to 
position and stabilize the curvature of �4 and �8 through an ion pair interac-
tion with Arg210. The anchoring is further stabilized by hydrophobic stack-
ing-interactions through the aromatic side chains of Tyr122, Tyr126, Tyr228 
and Phe133. It was observed that Tyr228 was positioned over Trp230 in Ms 
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MetRS M/A and in Ms MetRS M, which is not the case in the apo and holo 
enzyme of Ec MetRS. The corresponding residue in Ec has another position, 
which allows a conformational change of Trp230 upon methionine binding. 
It has been previously reported, that the change in position of Trp230 is a 
conserved mechanism (Schmitt et al. 2009). For this to happen in Ms 
MetRS, Tyr228 needs to shift away. However, a conformational change of 
Tyr228 will in this case affect both the stacking to Phe133 and the position 
of whole CP domain. We suggest that the anchoring of the CP domain is an 
intermediate conformation that requires the presence of methionine in its 
catalytic site.    

 
Figure 14. A representation of the anchoring of the CP domain (green) to the 
Rossmann domain (yellow). (A) A complex hydrogen-bonding network tightly as-
sociate the two domains to each other. Water molecules are represented as red 
spheres. (B) No anchoring is present in molecules B and C in the AU of the Ms 
MetRS M/A crystal. Dashed lines in green represent hydrogen bonds. 

In the B and C molecules in the AU of the Ms MetRS M/A crystal, the CP 
domain is not in a tight contact to the Rossmann domain. As a consequence, 
parts of the CP domain are not visible in the crystal structure (Figure 14B).  
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Binding of methionine leads to extensive structural changes 
The majority of the residues in the active site are distributed into two binding 
pockets located in the Rossmann domain. Only two residues, Trp294 and 
Leu295, from the KMSKS domain contribute to the binding of a substrate in 
the ATP pocket.  

The pocket of methionine consists of mainly hydrophobic residues that 
form close-packing interactions upon substrate binding (Figure 15). At the 
bottom of the pocket, His270 with its C� and N� atoms and Tyr237 with its 
hydroxyl group contribute to these interactions by close packing to the sul-
phur atom of the substrate. Also the atom C� of Ala10 and the amino group 
of Ile11 are involved in these interactions. 

 
Figure 15. Stereoview of the active site of Ms MetRS showing the methionine 
pocket with bound methionine (Met) (A) and the ATP pocket (B) with bound adeno-
sine (Ade). Dashed lines colored in green represents hydrogen bonds. Water mole-
cules are shown as red spheres 
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Electrostatic interactions are formed between the amino group of the sub-
strate and the negatively charged Asp50. In addition, the same amino group 
forms a hydrogen bond to the carbonyl oxygen of Ile11. Upon binding of the 
methionine, Tyr13 adopts a conformation that partly covers the entrance of 
the binding pocket. Interactions are formed between the �-electrons of Tyr13 
and the positively charged amino group of methionine. The hydroxyl group 
of Tyr13 forms a hydrogen bond to a conserved water molecule, which in 
turn is coordinated by a hydrogen bond to Asp50. 

Comparisons with apo forms of homologous MetRS structures indicate 
that the binding of methionine induces large conformational changes among 
the lining residues, especially in the residues Tyr228, Trp230 and Tyr13, to 
stabilize the intermediate state. No crystal structure exists of the apo form of 
Ms MetRS, but the residues involved in the binding are conserved. 

The position of residue Trp230, is stabilized through a stacking interac-
tion with Phe269 in Ms MetRS, forms close-packing interactions to the 
bound methionine substrate. The position of Trp230 promotes a tight polar 
interaction to Tyr13 through close packing of the OH and N� atoms.  

Formation of an aminoacyl-adenylate complex upon binding of 
ATP  
Activation of methionine for transfer to tRNAMet is dependent on the binding 
of an ATP molecule in the active site of MetRS complexed with methionine. 
The pocket for ATP is in proximity of the binding pocket of methionine. 
Activation occurs when the �-carboxylate on the methionine makes a nu-
cleophilic attack on the �-phosphate of the ATP molecule. This leads to the 
intermediate product methionyl-adenylate with pyrophosphate as the leaving 
group. ATP binds with a conformational selection mechanism where Trp294 
in Ms MetRS, belonging to the KMSKS domain, stacks to the adenosine 
moiety of the ATP substrate. In addition, the KMSKS domain residues 
Gly293 and Leu295 bind to the adenosine. The main chain carbonyl oxygen 
of Leu295 from the KMSKS domain contributes as well to the interaction of 
the adenosine base. Residues in the signature motif 19His-Ile-Gly-His22 form 
end-to-end stacking interactions (His19 and His22) and close-packing inter-
actions (Gly21) to the adenine base in the adenosine molecule. The ribose is 
coordinated by hydrogen bonds from Glu25, Gly263 and Asp265 and close-
packing interactions from Ala10 and Ala12. Further interactions involve a 
water molecule and the carboxylate group of the substrate methionine to the 
hydroxyl group on carbon 5 in the ribose.  

In Ms MetRS M, where the adenosine-binding pocket is empty, there is 
not enough density to support model building of Trp294. Since, the stacking 
partner of Trp294 is missing (adenine from the substrate), the residue is un-
able to adopt a single conformation. 
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The side chain of His22 is directed towards the interface between the me-
thionine and the ATP binding pocket. This space is normally occupied with a 
phosphate molecule linking methionine to adenosine in the methionyl ade-
nylate complex. However, this space in the structure of Ms MetRS M/A is 
occupied by cluster of four water molecules (Figure 15). They form together 
with the two substrates and surrounding residues a network of hydrogen 
bonds.  

Binding of ATP causes a concerted movement in the KMSKS 
domain and the anticodon domain in Ms MetRS 
A superimposition of Ms MetRS M onto Ms MetRS M/A (r.m.s. deviation 
0.26 Å) reveals that there is a concerted shift in the KMSKS and anticodon 
domain when adenosine binds to the ATP pocket (Figure 16). Molecule A in 
the asymmetric unit of the Ms MetRS M/A crystal was used as the reference 
molecule and the residues 2-115 and 229-292 in the Rossmann domain were 
used for the superimposition between the structures. Additional superimposi-
tions of the other two molecules B (r.m.s. deviation 0.15 Å) and C (r.m.s 
deviation 0.17 Å) in the AU onto the reference molecule confirmed this 
shift.  

 
Figure 16. Two different views of Ms MetRS showing the effect of adenosine bind-
ing in the communication between the catalytic and the anticodon site. Ms MetRS M 
is colored in grey and Ms MetRS M/A is colored in yellow. The molecules in (B) are 
turned 90 degree compared to the molecules in (A).  
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In the KMSKS domain a significant shift is observed in the �-strand �11 
and the following KMSKS loop towards the binding pocket of adenosine. 
The shift starts directly after residue Trp294. 

A closer inspection of the involved residues upon binding of substrate 
disclosed that the shift is caused by a tight interaction between adenosine 
and the residues His292, Gly293, Trp294, and Leu295. As a consequence, �-
strand �12 is lifted in a concerted motion together with �11. This motion is 
further transmitted to the anticodon domain. The greatest shifts are observed 
at the tip of the KMSKS domain (1.8 Å) and at the tip of the anticodon do-
main (1.7 Å) (Figure 16).   

The shift can be described as a rotational motion around an axis centered 
between the amino acids Gln323 and Val349, which runs along the KMSKS 
domain and the active site of the Rossmann domain (Figure 16B). 

As a result of this concerted rotational motion the residues involved in the 
interaction with the anticodon of the tRNA are shifted along, which in turn 
will affect on the binding mode of the tRNA molecule.  

Interesting features in the structure that might be important for the shift 
are the conserved Gly293 just next to the interacting Trp294 and the con-
served �-helix 	13 that follows helix 	12 in the KMSKS domain. Gly293 
can rotate freely around its torsional angles phi and psi, which facilitates the 
motion of Trp294 and the following residues. The less rigid �-helix 	13 is 
positioned next to the described rotation axis.    

There is a hydrophobic cluster consisting of Ile20, Leu295 and Leu328 
next to the ATP pocket. The structure of this cluster is influenced by the 
positional shift of the loop in the KMSKS domain upon substrate binding. A 
significant shift occurs in the residue stretch 17-22 including the motif 19His-
Ile-Gly-His22. Leu295 from the KMSKS domain pushes the Ile20(C	) away 
from its position with 0.8 Å with the result of a 1.3 Å shift of the His19(C	). 
In Ms MetRS M/A the side chain of His19 folds down over the adenine 
group of adenosine. The same residue in Ms MetRS M is pointing away 
from the active site. The shift in the main chain and the conformational 
change of the side chain are probably necessary for an optimal close-packing 
interaction to the adenine base.  

A comparison to the Aa MetRS and Tt MetRS revealed the presence of 
two hinges H1 and H2 and that the KMSKS loop can rotate 90 degrees (Fig-
ure 17). After rotation the M (Met) of the KMSKS loop is positioned in a 
hydrophobic pocket close to the active site and in contact with the adenosine 
(Figure 19). The hinge H2 is in a highly conserved sequence and in contact 
with Ile20 of the conserved motif HIGH (Figure 18).  



 51

 
Figure 17. Two hinges are shown in the KMSKS domains of Ms (yellow), Aa (ma-
genta) and Tt (grey). Hinge H1 is located at residue positions 297/310 (Ms), 291/304 
(Aa) and 292/306 (Tt). The hinges allow rotation of the KMSKS loop. The positions 
of the loops corresponding to Aa and Tt are rotated approximately 90 degrees in 
comparison to Ms MetRS. 

 
Figure 18. Alignment of the MetRS KMSKS domain sequences from Ms, Aa, Tt, 
and Hs (mit). The hinges H1 and H2 are indicated.  
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Figure 19. Stereoview of the KMSKS loop conformation shift: Ms MetRS (yellow), 
Aa MetRS (magenta) and Tt MetRS (grey). The loop in Ms MetRS is in an open 
conformation meanwhile the equivalents in Aa and Tt are in a closed conformation. 
The Met 296 in Aa and Met298 in Tt are positioned in the hydrophobic cleft next to 
the bound adenosine (Ade). 

Differences in the active sites between Human and Mt 
MetRS promotes drug specificity  
It is required for the development of an antibacterial drug, that a unique 
binding site can be identified. Thus the drug should have activity against Mt 
MetRS, but have no activity against the human variants. Interesting differ-
ences were found in the ATP binding site of Mt MetRS. Based on the struc-
ture of Ms MetRS and analysis of the sequence alignments including Mt 
MetRS, Ms MetRS, Hs MetRS (Mit) and Hs MetRS (Cyt). The following 
differences with relation to the catalytic site were identified: Ala9/Pro/Ala, 
Ala11/Phe/Pro, Glu24/Ser/Cys and Phe292/His/Tyr (Mt/HsMit/HsCyt). The 
specific residues Ala9, Ala11 and Glu24 in Mt are located in the interface 
between the two binding pockets.  

The methionine-binding pocket is evolutionarily well preserved and does 
not offer any possibilities for drug specificity. During the analysis of the Ms 
MetRS structure a very promising site for rational drug design was found in 
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close connection to the adenosine. There is an open hydrophobic pocket in 
the absence of the KMSKS methionine and with the open conformation of 
the KMSKS loop. Furthermore, this pocket is positioned next to the unique 
residues at the hinge H1 position. By designing an inhibitor that can occupy 
this area, it would obstruct the insertion of the methionine, lock the loop in 
an open conformation, and thereby allosterically inhibit the activity of the 
enzyme.  

Recombinant Ms MetRS shows activity for charging Ec 
tRNAMet with methionine 
In order to analyze the catalytic activity of the Ms MetRS material, an assay 
was designed based on charging of tRNA with radioactively labelled me-
thionine.  The availability of Ec tRNAMet and [3H]Met was limited, but suffi-
cient for a single kinetic experiment. 
The incubation time was set to 5 min, 20 min and 30 min (Table 2). During 
those time periods, accumulation of product was linear with time (Figure 
20).  Under the condition of the experiment the specific velocity of the en-
zyme was 5.6 ±1.3 nmols of [3H]Met incorporated to Ec tRNAMet per �mol 
of enzyme per min. Obviously, it is not possible to do any comparative 
analysis from this experiment, but it is still possible to conclude that Ms 
MetRS is able to aminoacylate Ec tRNAMet with methionine. 

 
Table 2. The table in the top shows measured CPM after quenching the activity at 
different time points (CPM: counts per minute). A negative control without the en-
zyme was made using the same condition as in the other samples. Values in the table 
at the bottom are adjusted with the negative control for the background level of 
scintillation. Replicates for each time point is called A and B.  

Replicates Time before quenching (min) CPM 

A1 5 4209 
B1 5 4430 
A2 20 7799 
B2 20 7475 
A3 30 11243 
B3 30 10806 

   
Negative control 30 3552 
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Replicates CPM Average CPM Standard deviation 

A1 658 
B1 878 

768 �156 

A2 4247 
B2 4085 

4085 �229 

A3 7691 
B3 7254 7472 �309 

 

 
Figure 20. The graph presents activity measurements of Ms MetRS CPM versus 
time. The values from the experiments are averaged. 

Future perspective of the Ms MetRS 
An important help for an accurate evaluation of Ms (Mt) MetRS as a poten-
tial drug target is the structure information on at least the mitochondrial vari-
ants of the human enzyme. The cytoplasmic MetRS differ significantly in its 
primary structure from the mitochondrial type and from Ms MetRS and Mt 
MetRS. The mitochondrial enzyme shares a significantly higher similarity in 
sequence with Ms and Mt MetRS, which reflect a common evolutionary past. 
According to sequence comparisons, there are interesting differences in the 
active site and in the area nearby shared by the Rossmann and KMSKS do-
mains. These differences could possibly be used as targets in a rational drug 
design effort.  
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  The Ms MetRS structure is possibly a sufficiently good model for the Mt 
MetRS structure. However, a better model could, without too much work, be 
generated by mutation of the active site residues Trp294/Phe and 
Leu296/His. To further confirm the model's suitability, as a basis for rational 
drug design, more detailed kinetic characterizations should be done. The first 
step in the reaction chain of the catalysis is specifically useful for HTS of 
potential inhibitors. If promising hits from a HTS were obtained, the next 
step would be to optimize those by rational drug design using crystallo-
graphic structures of the inhibitor complexed with Ms (Mt) MetRS.  
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Forskning som väcker nytt hopp om bättre och 
effektivare läkemedel mot tuberkulos  

I denna avhandling sammanfattas studier gjorda på två olika proteiner i bak-
terien Mycobacterium tuberculosis (Mt) och Mycobacterium smegmatis (Ms) 
som är viktiga för deras överlevnad. Målet med forskningen har varit att 
beskriva hur dessa proteiners tredimensionella struktur ser ut och om detta 
kan vara till nytta i utvecklingen av nya läkemedel mot sjukdomen tuberku-
los.  

I Sverige rapporteras årligen 500 nya fall av personer som har infekterats 
av bakterien som orsakar tuberkulos. Siffran är i sammanhanget ganska 
blygsam vid en jämförelse med den i tredje världen där situationen är i det 
närmaste katastrofal. Världshälsoorganisationen WHO har i sin senaste rap-
port för 2009 redovisat att antalet nya fall av personer som infekterats av 
tuberkulosbakterien var hela 9,4 miljoner under 2008. Vidare redovisas i 
rapporten att mer än 1,8 miljoner människor avled på grund av sjukdomen 
under samma år och att hälften av dödsfallen skedde i de fattiga länderna i 
Asien. 

Mot bakgrund av detta har många initiativ startats som strävar efter att ut-
veckla nya och bättre läkemedel mot sjukdomen. Redan i dag finns en rad 
godkända läkemedel som används vid behandling av tuberkulos. Problemet 
med dessa läkemedel är att de kan ge upphov till svåra och oönskade bief-
fekter hos patienten såsom leverskador, högt blodtryck, yrsel och trötthet. En 
annan negativ faktor är att behandlingstiden är lång och väldigt kostsam för 
samhället. Detta sammantaget med utvecklingen av antibiotikaresistenta 
stammar av tuberkulosbakterier som i fattigdomens spår uppkommit på 
grund av ofullbordade behandlingar ökar behovet av nya, billigare och fram-
för allt effektivare läkemedel.  

År 2003 startades vid Uppsala universitet ett samarbete under namnet 
RAPID (Rational Approaches to Pathogen Inhibitor Discovery) som syftade 
till att föra samman flera olika vetenskapliga discipliner med målet att ut-
veckla nya potentiella läkemedelskandidater mot tuberkulos. Samarbetet 
utvidgades efterhand till att omfatta andra grupper inom EU och medicinsk 
industri med AstraZeneca i Bangalore i Indien som huvudpartner. 

Denna avhandling är en del av detta arbete och har fokuserat på två vikti-
ga proteiner med potentialen att fungera som målmolekyler för läkemedel. 
Principen bygger på att man vill slå ut komponenter i bakteriens maskineri 
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som i detta fall utgörs av tusentals proteiner som måste fungera i samspel 
med varandra. Vissa av dessa komponenter är mer viktigare än andra och 
utan dem dör bakterien.  

De två proteiner som har studerats här heter kaseinolytiskt proteas 1 
(ClpP1) och metionyl-tRNA syntetase (MetRS). Det förstnämnda proteinet 
ClpP1 har till uppgift att bryta ner andra proteiner som av någon anledning 
inte längre behövs för cellens funktion. Det andra proteinet MetRS har en 
avgörande funktion i processen då proteiner skapas. För det sistnämnda pro-
teinet användes en närbesläktad variant till tuberkulosbakteriens MetRS med 
ursprunget i bakterien Ms. Ibland är det lättare att arbeta med närbesläktade 
proteiner på grund av experimentella svårigheter med målproteinerna.  

För att hindra dessa två proteiner från att fungera kan man konstruera 
mindre komponenter som kilar in sig på specifika platser i proteinerna som 
vi kallar aktiva ytor och därmed störa ut deras funktion. Dessa kilar kallas 
proteinhämmare eller inhibitorer. Genom att studera deras interaktion med 
proteiner kan viktig kunskap inhämtas som senare kan ligga till grund för 
utvecklingen av nya läkemedel mot tuberkulos. 

Metoden som vi använder för att studera interaktioner mellan inhibitorer 
och proteinstrukturer kallas för röntgenkristallografi. Utifrån de data man 
samlar med hjälp av denna metod kan datormodeller konstrueras. Med hjälp 
av modellerna kan slutsatser dras om proteinets struktur och deras interak-
tion med inhibitorer.  

I datormodellen av proteinet ClpP1 kunde intressanta iakttagelser göras 
om dess övergripande struktur och om den lokala strukturen i varje enskild 
aktiv yta. Den övergripande strukturen kan liknas vid en ihålig cylinder som 
är uppbyggd av två runda skivor som ligger lagrade mot varandra. Varje 
skiva består av sju individuella proteiner som binds samman till en enhet. I 
skivans mitt finns en öppning som leder ner till proteinets inre där de aktiva 
ytorna finns. Det finns totalt 14 aktiva ytor i ClpP1. Varje individuellt prote-
in är uppbyggt av en globulär del och en smal utskjutande del som kan liknas 
vid ett handtag. Den aktiva ytan finns mellan dessa två delar. I normalfallet 
bildar de sju utskjutande handtagen i ena skivan parvisa interaktioner med 
handtagen i den andra. I ClpP1 var denna del strukturellt oordnad. När en 
jämförelse gjordes med liknande proteiner kunde man tydligt se att denna 
oordning hade bidragit till att förändra den aktiva ytan. Mätningar gjordes 
som underströk att den aktiva ytan hade förändrats och att proteinet inte fun-
gerade. Slutsatsen drogs att proteinet var inaktivt. Man har i studier föresla-
git att denna oordning kan fylla två viktiga funktioner i proteinet. Den första 
är att oordningen skapar små öppningar i anslutning till den aktiva ytan som 
underlättar frigörandet av nedbrytningsprodukter. Den andra funktionen kan 
vara att förändringen i aktiva ytan förhindrar ohämmad nedbrytning av andra 
proteiner. Det sistnämnda är viktigt hos vissa varianter av ClpP som har en 
annorlunda sammansättning när proteinet är inaktivt. Proteinet ClpP1 från 
Mt är en sådan variant.  



 58 

En förutsättning för att man ska kunna undersöka om en inhibitor kan 
binda till ett protein och hämma dess funktion är att proteinet är aktivt. Detta 
kunde inte göras med ClpP1 eftersom proteinet visade sig vara inaktivt. 
Dock kunde vissa slutsatser dras vid en jämförelse med den mänskliga vari-
anten av ClpP om viktiga skillnader i aktiva ytan som kan vara till nytta vid 
utveckling av inhibitorer mot ClpP1 från Mt. 

En annan intressant strukturell egenskap är att området i varje individuellt 
protein som gränsar till öppningen i mitten av varje skiva skiljer sig markant 
i jämförelse med samma område i andra varianter av ClpP. Detta område är 
viktigt för proteinets funktion och förmåga att binda till andra proteiner. I 
studier av den mänskliga varianten har man gjort mätningar som visar att 
detta område måste vara i kontakt med andra proteiner för att det mänskliga 
ClpP proteinet ska vara aktivt. Detta kan vara den länk som fattas för att 
ClpP1 från Mt ska bli aktivt. 

I den andra studien om MetRS från Ms konstruerades två datormodeller 
av proteinet. Datormodellerna användes för att studera den övergripande 
strukturen av proteinet och den lokala strukturen i proteinets aktiva yta. 
MetRS består av en enhet som kan delas upp i fyra områden som har fått 
namnen Rossmann, KMSKS, sammanbindande-peptid och antikodon domä-
nen. Varje område har en specifik funktion som bidrar till proteinets totala 
funktion. Den aktiva ytan är fördelad över Rossmann och KMSKS domäner-
na. De övriga två bidrar till att säkerställa att funktionen uträttas på ett kor-
rekt sätt. Skillnader i connective peptide domänen är stora i jämförelse med 
andra organismers varianter av MetRS vilket gör strukturen från Ms till den 
första i sin klass som rapporterats.  

För att studera den aktiva ytan tillsattes komponenter som är kända för att 
binda till detta område, men som saknar förmågan att hämma proteinets 
funktion. Genom att undersöka hur dessa komponenter interagerar med den 
aktiva ytan kan viktiga slutsatser dras som kan ligga till grund för utveckling 
av läkemedel. Det är viktigt att komma ihåg att den mänskliga varianten av 
MetRS kan vara väldigt lik den från Mt eller som i der här fallet från Ms 
vilket kan utgöra ett stort problem. Läkemedlet måste vara specifikt anpassat 
för att hämma tuberkulosbakteriens protein annars kan patienten skadas svårt 
med risk för dödlig utgång. För att undersöka om det går att göra ett specifikt 
läkemedel skapades en artificiell datormodell av den mänskliga varianten. 
Modellen visade på att det finns skillnader i den aktiva ytan som kan utnytt-
jas för att skräddarsy ett läkemedel som binder till och slår ut MetRS från 
Mt. Dock är den artificiella datormodellen förenad med en viss osäkerhet 
och ska ses som en preliminär modell i väntan på en modell som är baserad 
på experimentella metoder.  
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