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1. Motivation 

 

1.1. Introduction 

 

Tuberculosis (TB) is a deadly infectious disease caused by the rod shaped, gram-

positive aerobic or facultative anaerobic bacterium Mycobacterium tuberculosis (Fig. 

1-1). Although TB can occur in any anatomical site, such as the central nervous 

system, lymphatic system, circulatory system etc, the most common form is 

pulmonary TB, where the lungs are affected by the tubercle bacillus. In this region the 

bacilli are ingested by alveolar macrophages. Usually the immune system response 

prevents the development of TB and contains the disease causing agent. However, 

about 10% of all infected persons eventually develop TB with a considerably higher 

risk for persons with immunosupression, especially from an HIV infection [CDC 

2003]. Progression from TB infection to TB disease usually occurs by multiplication of 

bacilli overcoming the defence of the immune system. If untreated, the death rate for 

these active TB cases is more than 50% [Onyebujoh and Rook, 2004]. TB cases are 

present in the entire world (Fig. 1-2) and the largest incidence is observed in the 

regions of south-east Asia and sub-Saharan Africa. In total about one third of the 

earth's population is infected with TB according to estimates by the World Health 

Organisation (WHO)1 and each year, there are about eight million new cases, and 

more than two million people die from TB. Due to the synergy with HIV, the highest 

mortality has been reported for the African region. 

  
                                                
1 http://www.who.int/tb/en/ 

Figure 1-1: The rod shaped gram-positive aerobic 
or facultative anaerobic bacterium M. tuberculosis 
(taken from http://microbewiki.kenyon.edu). 
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In every country a resistance of M. tuberculosis strains towards a single drug has 

been observed. Furthermore multi-drug resistant TB (MDR-TB) has been reported on 

the basis of a resistance towards at least the two most powerful TB drugs isoniazid 

and rifampicin. Resistance towards all major TB drugs has emerged [TDR 2004], 

ultimately resulting in the description of the so-called extremely drug resistant TB 

(XDR-TB) in early 2006. XDR-TB leaves patients virtually untreatable with all 

currently available anti-TB drugs. This situation and the fact that only one new drug 

(Rifapentine®) has been developed since 1972 and introduced on the market in 1998 

has led to a renewed interest into MTB research. Therefore the WHO and other 

organisations are supporting several initiatives, aiming to find new avenues of drug 

development by the pharmaceutical industry, such as the Global Alliance for TB Drug 

Development2. 

 

 

 

Due to the great need for effective, new drugs for TB, structural proteomics 

approaches are of growing importance for drug development in this area. With the 

complete genome of the best-characterized strain of M. tuberculosis H37Rv 

becoming available [Cole ST et al., 1998; Camus JT et al., 2002], hopes were raised 

for a better understanding of the pathogen and the development of new therapeutic 

interventions for TB. The German Mycobacterium Tuberculosis Structural Proteomics 

Project (XMTB)3 uses the knowledge of the complete genome of M. tuberculosis and 

integrates a range of proteomics-oriented key technologies. This project integrates 

                                                
2 http://www.tballiance.org/ 
3 http://xmtb.org/start.html 

Figure 1-2: Estimated worldwide TB incidence rates in 
2000 estimated by the WHO. Furthermore, estimated 
incidences of HIV in TB cases are shown for each region. 
(Taken from http://www.who.int) 
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both academic and industrial partners with the aim to find new drugs against TB 

based on the structural knowledge of the protein machinery that drives the 

mycobacterium. For this approach target proteins were selected in view of potential 

relevance for possible new therapies. The three dimensional structures of enzymes 

selected as targets will be solved by X-ray crystallography in order to gain further 

insight into mechanisms employed by M. tuberculosis. 

 

This work was carried out in the framework of the XMTB project and presents the 

structural analysis of two important metabolic systems of M. tuberculosis. For each 

system a representative enzyme was chosen and its structure solved by X-ray 

crystallography, using methods as illustrated in Figure 1-3. To complement the 

structural analysis molecular dynamics (MD) simulations were employed. In the 

following chapters an introduction into the field is followed by application studies on 

chorismate synthase and glytamyl-tRNA synthetase from M. tuberculosis that are 

highly relevant for structure based development of novel therapeutic agents against 

TB. Chorismate synthase belongs to the shikimate pathway that leads to the 

production of chorismate, which is required for the biosynthesis of aromatic α-amino 

acids and a number of further aromatic compounds [Herrmann KM and Weaver LM, 

2000]. The shikimate pathway is essential in mycobacteria [Stoker and Parish, 2002] 

and its absence from mammals makes it a potential target for the design of new 

Figure 1-3: The structure solution cycle for a target protein encompasses the 
stages of protein production; crystallization; data collection; phasing, model 
building, refinement; and structure analysis. Structural data are made available 
to the scientific community and can be used for inhibitor design. Results from 
inhibitor design studies may be fed back in the structure solution cycle 

Protein 
production 

Protein 
crystallisation 

Data 
collection 

Phasing, 
building, 
refinement 

Inhibitor design 

Structure 
annotation 

Structure 
analysis 
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therapeutic agents against tuberculosis (TB). Glutamyl-tRNA synthetase belongs to 

the aminoacyl-tRNA synthetases (AARSs) that are essential components of protein 

translation. They provide the correctly charged tRNAs that are directly used in protein 

biosynthesis at the ribosomes. Inhibition of the AARSs causes a halting of the protein 

chain elongation that in turn results in the attenuation of bacterial growth under both 

in vitro and infectious conditions [Tao J et al. 2000]. Hence, these enzymes are 

interesting antimycobacterial drug targets. 

 

Structures of the two enzymes were solved at high resolution and the solved 

structures were functionally analysed. Both structures allowed identifying important 

structural aspects that lead to novel mechanistic implications for the two enzymes. 

These new aspects were further validated using molecular dynamics (MD) methods 

leading to a more complete picture of the function of the enzymes. Finally, for 

chorismate synthase a small molecule lead is presented for the future use in rational 

drug design efforts. While both enzymes show a distinctly different enzymatic 

mechanism their joint presentation in this work is of high interest in a structural 

context. The structural studies on both enzymes show how rather small structural 

features such as single amino acids strongly influence the enzymatic mechanism on 

a macroscopic level. Therefore the data presented in this work is of high interest for 

the guidance of rational drug design studies aiming at novel anti-mycobacterial 

compounds. 

 

1.2. Aims of thesis 

 

Subsuming the central points of the motivation for this work, the essential aspects 

presented in this thesis are: 

 

- The two enzymes from Mycobacterium tuberculosis chorismate synthase (MtCS) 

and glutamyl-tRNA synthetase (MtGluRS) are interesting drug targets for the design 

of novel drugs against the Tuberculosis disease.    

 

- The employment of molecular biology methods for successful expression of MtCS 

and MtGluRS and the subsequent purification of highly pure protein at high 

concentration in a homogeneous state for the use in crystallization trials. 



 12 

 

- The generation of protein crystals of MtCS and MtGluRS plus the application of 

protein X-ray crystallographic methods for the collection of high resolution data sets 

of the two enzymes in their apo form and, if possible, in complex with their natural 

substrates. 

 

- Determination of the three dimensional structure of the enzymes MtCS and 

MtGluRS alone and, if applicable, in complex with their natural substrates using the 

molecular replacement method. 

 

- Functional analysis of the different structures for novel insights into the enzymatic 

mechanism of the two proteins, based on the comparison of the differently liganded 

structures from M. tuberculosis and/or comparison with homologue enzymes from 

other organisms. 

 

- Application of molecular modelling methods including molecular dynamics for a 

profound validation of the functional analysis made with the help of the three 

dimensional models from MtCS and MtGluRS and their comparison among each 

other and with their homologue counterparts. 

 

- A comprehensive presentation of the structural-functional analysis for MtCS and 

MtGluRS plus the public availability of the newly determined enzyme structures 

should provide the basis for future drug design efforts in the important area of 

Tuberculosis treatment. 
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2. Theoretical background 

 

2.1. Protein crystallization 

 

X-ray crystallography is a technique with a necessity for highly pure protein at high 

concentration in a homogeneous state. This is important for the growth of crystals 

that are used to determine protein structures. While it is possible to generate protein 

samples from the host organism directly, i.e. from plants, animals or microbes, the 

most promising and frequently used approach utilizes gene recombination 

techniques (Fig. 2-1). In genetic recombination the gene coding for the protein of 

interest is amplified from genomic DNA of the host organism by use of the 

polymerase chain reaction (PCR) with the help of sequence specific oligo-nucleotide 

primers. This guarantees high amounts of the sought gene product for the 

subsequent incorporation into a proper vector-host combination. A typical expression 

system using E. coli and pET24b as host and vector, respectively, allows the 

expression of high amounts of protein in a short time.  

 

 

 

Figure 2-1: Schematic representation of the cloning procedure 
used in this work. A PCR fragment amplified from genomic 
DNA is inserted in a suitable vector and the resulting 
recombinant DNA is transformed into the bacterial host 
(adapted from http://www.ornl.gov/).  

 

 

Vector DNA PCR  fragment 

Recombinant DNA 
molecule 

Recombinant DNA molecule 

Bacterial chromosome 
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The produced recombinant proteins are usually purified using chromatography 

techniques. For easy separation the sought protein is expressed with an affinity tag. 

The use of a Hexahistidine- or simply His-tag, consisting of six successive either N- 

or C-terminally attached histidine residues, allows the convenient use of Ni-NTA-

agarose columns for purification (Fig. 2-2). The histidine-tags bind with micromolar 

affinity to the metal ion and non-specifically bound proteins can easily be separated 

by washing of the used column. Subsequently the specifically bound protein of 

interest is eluted from the column by the use of high concentrations of imidazole. This 

affinity purification is typically followed by gel filtration to get rid of imidazole and other 

unnecessary buffer compounds used during purification and to finally generate salt 

free protein samples for crystallization. The highly efficient production and purification 

of large amounts of soluble protein is a corner stone of the success of structural 

genomics projects. While protein expression and purification steps are mostly routine 

steps in the work flow of molecular biology today, the amount of time and care that 

goes into preparation of purified protein samples of sufficient concentration (e.g. 10 – 

50 mg/ml) can not be overestimated. 

 

 

Another time consuming step prior to X-ray crystallographic studies of a given protein 

is the generation of suitable crystals. It is one of the most crucial steps, as not all 

proteins that can be obtained in amounts sufficient for use in crystallisation trials, are 

Figure 2-2: Affinity His-tag purification. The N- or C-terminally attached 
six consecutive histidine residues bind with micromolar affinity to the Ni-
NTA resin of an affinity column (taken from http://www.kpl.com) 
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amenable to this task. Crystallisation is a multifactor process that is affected by 

protein purity, concentration, temperature, pH, precipitants, and additives etc. This 

process is difficult to control and generally consists of the laborious screening of up to 

thousand or even more different crystallisation conditions. 

 

 

Crystallization occurs when the protein exceeds its limit of solubility and therefore is 

in a supersaturated state. The commonly used crystallization technique to achieve 

this state is vapour diffusion in a sitting or hanging drop approach (Fig. 2-3a). In 

either case a drop of protein solution is mixed in a sealed container with one of the 

crystallization conditions under trial and put next to a reservoir further containing the 

undiluted crystallization condition. Due to the concentration differences between the 

protein and reservoir solutions, vapour diffusion occurs and the protein concentration 

is driven towards its solubility limit (Fig. 2-3b). While purity of the protein sample is 

the most important prerequisite, the crystallization process always needs the 

presence of precipitants, as well. Water transfer from protein to reservoir solution 

raises the concentration of the precipitant to a value optimal for protein crystallization. 

If this process proceeds in a manner slow enough to allow the protein molecules with 

the help of the precipitant to accept a well ordered three-dimensional arrangement, 

eventually a protein crystal might occur (Fig. 2-3b).  

 

Figure 2-3: Vapour diffusion crystallization: A. Sitting drop (top) and hanging drop 
(bottom) techniques. B. Crystal formation in the supersaturated region is dependent on 
protein and precipitant concentration. Crystals grow best if they are brought as slowly as 
possible only slightly above the protein’s saturation limit. 

A 
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Sometimes crystals are too small to be used directly for X-ray measurements. In this 

case it is possible to use them as seeds to grow larger crystals. While the setup is as 

described above additionally the seeds are added to the protein solution. Here the 

protein in solution can go directly into the small crystals and the crystal may grow to a 

size suitable for X-ray measurements. 

 

2.2. X-ray diffraction and electron density 

 

Structural information of proteins on the three-dimensional (3D) level can be gained 

by different experimental techniques such as nuclear magnetic resonance (NMR) 

spectroscopy, cryo-electron microscopy (cryo-EM) and X-ray crystallography. X-ray 

crystallography is currently the most powerful tool for 3D-structure determination of 

proteins in atomic detail. 

 

 

 

X-rays are electromagnetic waves with photon energies in the range of 100 eV to 100 

keV. In this work, the wiggler beamline BW6 of the Max-Planck Gesellchaft (MPG) 

located on the premises of the Deutsche Elektronsynchrotron (DESY) in Hamburg 

was used as an X-ray source (Fig. 2-4). BW6 is dedicated to protein crystallography 

and generates an X-ray beam in the energy range between 6 and 21 keV that is 

tunable to wave-lengths between 0.6 and 3.1 Å. Protein X-ray crystallography utilizes 

elastic scattering from a protein crystal placed in the path of an incident X-ray beam. 

Emitted X-rays from the crystal will have the same frequency and wave-length as the 

incident X-ray beam and will produce a diffraction pattern. Due to the periodic 

Figure 2-4: BW6 at the DESY in Hamburg. A. Detail view from the top on the goniometer head. B. 
Detail view of the BW6 hut at DESY. The MarCCD detector is seen in the centre. 

A B 
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arrangement of the atoms in a crystal, a distinct pattern of constructive and 

destructive interference emerges from the scattered waves (Fig. 2-5). This pattern 

can be recorded by the help various detectors, including X-ray sensitive films, image 

plates or CCD cameras (see also Fig. 2-4).  

 

Constructive interference of scattered X-ray photons results in the appearance of 

reflections in certain directions determined by the Laue conditions of diffraction or the 

Bragg equation. A reflection — identified by its Miller indices h, k and l — can be 

characterised by the structure factor (Fhkl): 

 

     

 

 

In this equation fj is the scattering factor of the atom j with the fractional coordinates 

x, y and z. Fhkl can be calculated from the electron density distribution (ρ) of the unit 

cell of the crystal by Fourier transformation. The Fourier transform describes 

precisely the relation-ship between the object (i.e. the protein in the crystal) and its 

diffraction pattern. Hence, it is possible to convert a Fourier-series description of the 

measured reflections to one that gives a description of the electron-density of the 

molecules in the crystal, allowing the formulation of an alternative description of Fhkl: 

 

 

 

Figure 2-5: Diffraction from a protein crystal 
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Since the Fourier transform operation is reversible, the electron density ρ(x, y, z) can 

be calculated as a Fourier transform of the structure factors Fhkl, too: 

 

 

 

 

 

2.3. Phasing, Model building and refinement 

 

The electron density ρ(x,y,z) can be obtained by constructing a Fourier series from 

the structure factors Fhkl that can be written as a complex vector: 

 

 

 

 

The modulus |Fhkl| can be determined from the measured intensities: 

 

 

 

 

Missing from the measurement are the phases αhkl of the diffracted X-rays. These 

can not be recorded in a diffraction image. 

 

In this work initial estimates of the phases for the structure solution process were 

successfully obtained by molecular replacement (MR). The MR technique is used to 

determine the orientation and position of the target protein in the unit cell using a 

known atomic search model. In order for the MR procedure to be successful the 

search and target molecules must have reasonable sequence identity (i.e. > 25 %). 

As the number of already determined protein structures with different folds rapidly 

increased in the last couple of years, MR has become one of the most effective 

techniques for macromolecular structure determination. This method has the 

advantage over other techniques that it requires the acquisition of only one native 

dataset with an average redundancy and resolution. In MR, obtaining a preliminary 

solution of the target structure involves a correct orientation and positioning of the 
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search molecule in the target unit cell. For this purpose a rotation matrix [R] and a 

translation vector T are sought and applied to the search model (A) to get a solution 

for the target protein (A’) (see also Fig. 2-6): 

 

 

 

 

The necessary six-dimensional search for MR is simplified by doing the rotation and 

translation searches separately. First the rotational search is performed by obtaining 

the rotation matrix [R] from the rotation function: 

 

 

 

 

Here PT(u) is the target Patterson map and PS([R]u) is the search models Patterson 

map rotated by the matrix [R]. Patterson maps can be calculated solely from the 

amplitudes and self-vectors are shifted to the origin. Maximum overlap between the 

Pattersons is obtained when the rotation applied to the search Patterson corresponds 

to the difference in orientation between the molecules. The rotation function should 

be dominated by self-vectors and therefore the integral is calculated for a shell in 

Patterson space that excludes the Patterson origin peak and cross-vectors from 

neighbouring molecules. For the translation search the translation function measures 

overlap of the cross-vectors: 

 

 

 

 

In this equation Pc(u,t) is the cross-Patterson of the re-oriented search molecule 

translated along the unit cell and Po(u) is the observed Patterson function of the 

target structure. 
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After successful MR electron density maps are calculated by the help of Fourier 

synthesis: 

 

 

          

 

 

While |FO| are the observed structure factor amplitudes from the diffraction data, |FC| 

and αcalc are the structure factor amplitudes and phases from the MR solution, 

respectively. In this work manual correction of the model with help of electron density 

maps is interspersed by automated refinement based on maximum likelihood. 

Maximum likelihood measures the quality of the model based on its consistency with 

the observations. This is done with respect to the probability that the measurements 

would be made if the model were correct. For this the likelihood of the model is 

calculated as the product of all probabilities of the individual observations, based on 

the assumption that all observations are independent: 

 

 

 

 

P(Fi,o;Fi,c) is the probability distribution of the structure factor Fi,o given the model 

structure factor Fi,c. Hence, if the model is improved the probability goes up. In 

Figure 2-6: Molecular replacement technique: The search 
molecule A is positioned in the unit cell of the target molecule A’ 
by application of a rotation matrix [R] and a translation vector T. 
(Taken from http://www-cryst.bioc.cam.ac.uk/) 
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maximum likelihood refinement, both errors in the model and the measured 

observations are taken into account. This is especially useful in the early stages of 

refinement, where the model is incomplete. Generally atomic coordinates and 

temperature factors are refined together. A big problem in structure determination is 

that protein crystals diffract poorly and therefore exhibit a low ratio of observation to 

parameters. Considering further experimental errors the model is not well determined 

by the reflection data. To avoid overfitting of the data, prior knowledge of the model 

geometry is imposed on the refinement process in form of a restraint and/or 

constraint. Typical restraints are bond lengths, bond angles and van der Waals 

distances, as these are well known from small molecule crystallography and/or 

theoretical calculations and are believed to be true in protein structures as well. 

Constraints are used to reduce the number of parameters to be refined. For example 

only torsion angles can be refined instead of all x, y, z coordinates. 

 

The progress of refinement is measured by the R-factor. After each round of 

refinement the new Fcalcs are compared to the Fobs by calculating the R-factor: 

 

 

          

 

 

The R-factor converges as Fcalcs should get closer to Fobs in the course of the 

refinement. Protein models with a resolution around 2 Å for example should reach an 

R-factor of 0.2 in the final stage of the refinement. In contrast R-factors at the 

beginning can be around 0.5 or higher indicating very poor agreement between Fcalcs 

and Fobs. To avoid an overfitting of the data, 5-10% of all observed reflections are put 

into a test set. Reflections in this Rfree-set are not used during the refinement but are 

thought for cross-validation. Thus, calculating the Rfree-factor controls how well the 

current model is able to predict observations that are not used in the refinement; the 

deviation of Rfree from R gives thus a measure of overfitting. It has been shown that 

Rfree correlates very well with phase accuracy and therefore it is believed that is gives 

a better measure of the overall model. Usually Rfree-factors are higher than R-factors, 

especially at the beginning of the refinement process. 
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The entire model building and refinement process involves repeated rounds of 

manual intervention and automatic model improvement. This is repeated in an 

excessive effort to finally give the best model that can be built. There is no clear end 

to this procedure and as it has been put: “90% of the effort goes into establishing the 

last 10% of the structure” [Read RJ, 2005]. 

 

2.4. Molecular mechanics and molecular dynamics 

 

While proteins are generally highly flexible molecules, crystal structures only 

represent the average of all conformations of the protein present in the crystal. Here 

the protein molecules reside in an aqueous environment and exhibit reduced 

flexibility due to the tight crystalline lattice. This is displayed by the atomic B-factors 

that display how much atoms of a crystal structure fluctuate about their middle 

position. Further the flexibility of the protein molecules in a crystal is displayed by 

conformational changes upon ligand binding in soaking experiments [reviewed e.g. 

by Hassel AM et al., 2007]. To get further insight into the dynamical behaviour of 

proteins based on their X-ray structure theoretical methods may be employed. A 

common theoretical approach to study the behaviour of a protein in solution, based 

on an experimentally determined crystal structure, is the usage of molecular 

dynamics (MD) simulations. The most exact theoretical description of a molecular 

system is given by quantum mechanical (QM) methods, as these include electronic 

interactions between all particles of the studied system. MD studies of proteins 

instead usually rely on molecular mechanics (MM) descriptions as generally 

biological macromolecules are not feasible to QM methods due to their size. However 

QM methods are used as well for small systems [Gogonea V et al., 2001] and for 

bigger system the option exists to mix MM and QM descriptions in the so-called 

QMMM methods [Friesner RA and Guallar V., 2005]. 

 

MM methods only incorporate nuclear positions in their energy calculations ignoring 

any electronic aspect of the studied system. This description is based on the Born-

Oppenheimer approximation that assumes that the electronic motions can be 

separated from the nuclear motions. MM methods only need a fraction of the 

computer time of QM methods, while the exactness of the MM results can rival higher 
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level of theory calculations. Force fields in MM describe the potential energy (V) of a 

system based on four different terms: 

 

This equation presents the general model of the original Amber forcefield [Cornell 

WD et al., 1996] which is the basis for the molecular dynamics calculations in this 

work. The total potential energy (ETotal) is dependent on the positions of the atoms in 

the system. The four main contributions to the potential are from atomic interactions 

due to bonds (orange), angles (green), dihedrals (blue) and from non-bonded atomic 

interactions (red) (Fig. 2-7) in the system. The total potential energy of the system is 

the total sum of these different interactions from all interacting atoms. The first three 

terms (orange, green and blue) in the potential energy sum describe the bonded 

interactions. Here Kr and Kθ are the force constants for the bond and bond angles, 

respectively; r and θ are the bond lengths and angles; req and θeq are the equilibrium 

bond length and angle; ϕ is the dihedral angle (in a 1-4 atomic interaction) and Vn is 

the corresponding force constant; γ is the phase angle with either 0° or 180° [Duan Y 

et al., 2003]. The fourth term in the force field equation (red) describes the non-

bonded interactions between two atoms i and j at an interatomic distance Rij by van 

der Waals (Aij) and London (Bij) dispersion terms plus interactions between partial 

atomic charges (qi and qj); ε is the dielectric constant of the medium (usually 1 with 

explicitly represented solvent) [Duan Y et al., 2003]. Extra force field terms might be 

included accounting for improper torsions (i.e. torsion angles where the four 

participating atoms are not bonded in the sequence A-B-C-D) or out-of-plane bending 

motions (i.e. keeping sp2 hybridized atoms from going out of plane). Further cross 

terms might be included where the above named four main force field contributions 

are mixed, like in stretch-stretch, stretch-bend or bend-torsion motions. Before a 

potential energy function becomes a force field, it must be supplied with parameters 

for the molecule of interest. The parameterisation of a force field is often based on 

QM calculations of representative molecules that are similar to the studied system. 
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For example, the alanine dipeptide is the standard model system for the generation 

of protein backbone parameters (supplemented with data from glycin- and proline-

dipeptides) [Mackerell AD, 2004].  Further, experimental data e.g. from crystal 

structures is used in the parameterization process as well. Usually partial atomic 

charges for a force field are determined based on electrostatic potentials (ESP) 

obtained also by QM methods [e.g. Singh UC and Kollman PA 1984]. The most 

commonly used force fields for protein and/or nucleic acid simulations are: CHARMM 

[Olafson BD et al., 1983], AMBER [Cornell WD et al., 1995], GROMOS [van 

Gunsteren WF, 1987] and OPLS [Jorgensen WL and Tirado-Rives J, 1988]. Often 

the choice of one of these force fields relies more on personal taste than on 

superiority over the others. The MM description in this work uses the AMBER94 

[Cornell WD et al., 1995] and the AMBER03 [Duan Y et al., 2003] forcefields. The 

potential energy model of the two force fields corresponds to the equation given 

above.  

 

 

 

In this work the GROMACS package [Lindahl E et al., 2001] is used for all MD 

simulations and therefore the following description of MM based calculation methods 

refers to their implementation in the GROMACS package. Before conducting MD 

simulations with the chosen potential, the studied system is usually first energy 

Figure 2-7: Molecular mechanics and atomic interactions contributing to the potential 
energy. Bonded and non-bonded interactions are shown on the left and right side, 
respectively. Further cross terms might exist, like in stretch-stretch, stretch-bend or 
bend-torsion motions (taken from http://folding.stanford.edu). 
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minimized. This is done in order to avoid a crash of the simulation due to 

inaccuracies in the starting model. Such inaccuracies might be atoms that are closer 

than their van der Waals distances. These would cause an unfavourably high 

potential energy that might dominate the system and hence compromise the entire 

simulation. Therefore the system is first brought to an energetic minimum in order to 

have a reasonable starting conformation. The first derivative of the potential energy 

function with respect to the coordinates is the gradient and in this work the steepest 

descend method is used for minimization to find the nearest local minimum by 

systematically moving down the steepest local gradient. The method is iterative and 

stops based on a user specified criterion, e.g. the number of iterations. The steepest 

descend approach is a very robust minimization method. 

 

After generating a good starting configuration, the dynamical behaviour of the system 

under study can be followed over time in an MD simulation by solving Newton’s 

equations of motion for all N atoms of the system: 

 

The force F is the negative gradient of the potential V: 

 

These equations are solved in small time steps and coordinates are stored as a 

function of time in a trajectory that represents the dynamical behaviour of the system. 

In GROMACS the equations of motion are integrated by the so-called leap-frog 

algorithm. The leap-frog algorithm uses positions r at time t and velocities v (the first 

derivative of the coordinates with respect to time) at a time t - ∆t/2; it updates 

positions and velocities with the forces F(t) calculated at time t: 
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Hence the name leap-frog, as this calculation is somehow reminiscent of velocities 

and positions leaping over each others backs (Fig. 2-8). As at the beginning only 

coordinates are known, initial velocities are usually chosen from a Maxwell 

distribution and forces are supplied by the force field. The time step is chosen very 

small in all-atom MD simulations of proteins, as it should be an order of magnitude 

smaller than the highest frequency motion in the simulated system. These motions 

are generally bonds to hydrogen atoms (e.g. the C-H bond vibrates with a periodicity 

of 10 fs). To be able to chose a time step larger than 1 fs modifications are made to 

the equations of motion. These account for constraints imposed on the system that 

remove the high frequency motions. Further modifications to the equations of motion 

are made to keep pressure and temperature in the system constant. This work uses 

the NPT ensemble for MD simulations, where the number of particles N, the pressure 

P and the temperature T are kept constant throughout the simulation. Using the 

described methods, the system is simulated for a given number of steps specified in 

the simulation setup. Coordinates and energies are saved at specified time intervals 

and can later be used to follow the dynamics of the system and calculate several 

macroscopic properties of it that may complement the rather static crystallographic 

analysis. 

 

Figure 2-8: The leap-frog algorithm as implemented in the 
GROMACS package. The positions x and velocities v are 
leaping over each others backs along the time coordinate 
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3. Materials and methods 

 

3.1. Cloning, expression and purification 

 

Both the gene for M. tuberculosis chorismate synthase (MtCS) and M. tuberculosis 

glutamyl-tRNA synthetase (MtGluRS) were amplified by PCR from genomic DNA of 

M. tuberculosis H37Rv using primer pairs specifically designed for the 5’- and 3’-ends 

of the respective gene. The gene products for MtGluRS and MtCS from PCR were 

separately inserted between the NdeI and XhoI restriction sites of a pET-24b vector 

(Novagene) and thus contained a C-terminal 6xHis-extension.  

 

Table 3-1: Composition of purification buffers. All buffers were used at pH 7.0 

Buffer A1 B1 A3 A4 

Tris 50mM 50mM 50mM 50mM 

NaCl 500mM 1M 500mM ------- 

Imidazol 50mM 50mM 500mM ------- 

 

 

The cloned genes for MtGluRS and MtCS were used for transformation of competent 

E. coli cells. The transformation procedure was similar for both clones. Frozen 

aliquots of E. coli cells were gently thawed on ice and 1 µl of plasmid DNA (~100 

ng/µl) containing the cloned gene was added. Cells were incubated for 30 min on ice 

and afterwards for 45 seconds at 42°C. Following this heat shock the cells were 

incubated another 2 minutes on ice after which 250 µl of SOC medium were added to 

the cells. For recovery and expression of the antibiotic marker the cells were then 

incubated at 37°C for 1 hour. Finally the transformed cells were transferred on Agar 

plates containing 50 µg/ml of Kanamycin and plates were stored at 37°C for 12 to 16 

hours to allow growth of antibiotic resistant transformed colonies. Transformation was 

carried out twice. First DH5α cells were transformed for selective production of high 

amounts of plasmid DNA. For plasmid extraction one colony was picked from an 

Agar plates and was transferred to a small shaker flask with 100-200 ml LB medium 

for overnight culture at 37°C. Cells were spun down by centrifugation and the plasmid 

DNA was extracted from the pellet using the MidiPrep protocol and kit from Qiagen. 

Subsequently the extracted plasmid DNA was used for transformation of 
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Rosetta2(DE3) cells. Glycerol stocks were produced both of transformed DH5α and 

Rosetta cells and stored at -75°C for later use. All cells were supplied by Novagen. 

 

Expression of both MtGluRS and MtCS was carried out in E. coli Rosetta2(DE3) cells 

at 37°C. The same protocol was used for expression and purification of both proteins. 

For cell culture 8 L LB medium were prepared and sterilized in shaker flasks and the 

medium was inoculated at 37°C. The inoculum was cultivated overnight at 32°C on a 

rotary shaker. The cells in the pre-induction phase were grown up to an OD600 of 0.6. 

Subsequently expression was induced with 0.7 mM 1-thio-β-D-galactopyranoside 

(IPTG) and the cells are grown overnight at 20°C on shakers set at 180 – 200 rpm. 

Cells were collected by centrifugation and stored at –75 °C until further use. A full 

culture of 8 L usually yielded about 20 - 30 g of wet cell mass. For protein purification 

the harvested cells were thawed and resuspended in lysis buffer (1:2 w/v) containing 

50 mM Tris (pH 7.0) and 500 mM NaCl (i.e. buffer A1, see Table 3-1). Cells were 

lysed via sonication by 0.35s bursts for 5 minutes on ice (Branson Digital sonifier 

Model 250 – D). The supernatant was centrifuged at 15,000g for 60 min. Samples 

were takes after every sonication step before and after centrifugation. Later the 

samples were checked on SDS gels (Fig. 3-1a: MtCS lanes 5-9; Fig3-1b: MtGluRS 

lanes 12-16). These gels clearly showed that most of the sought protein was present 

in the supernatant of a sonication step after the centrifugation. The filtered, clear cell 

lysate containing His-tagged protein from three cycles of sonication was then purified 

using affinity chromatography on an FPLC ÄktaXpress device from Amersham. The 

ÄktaXpress system was used for automation of the purification process, thereby 

effectively reducing manual intervention steps. The protocol developed for this 

purpose is described in the following text. The composition of the mentioned buffers 

is found in Table 3-1. First the lysate was loaded on a 1 ml Ni-Agarose HisTrap HP 

affinity column from Amersham Biosciences. Subsequently the column was washed 

with buffer A1, followed by buffer B1. Buffer B1 contained 1M NaCl for elution of 

unspecifically bound protein. All buffers except for A4 already contained at least 50 

mM imidazol to prevent unspecific binding events to the Ni-column during the 

purification process. Efficiency of the washing step was checked by SDS-page (Fig. 

3-1a: MtCS lanes 10-13; Fig3-1b: MtGluRS lanes 17-19). After the washing 

procedure affinity elution of His-tagged protein was carried out with buffer A3. Protein 

was eluted by application of a step gradient. This was done in order to store the peak 
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fractions in a loop system incorporated in the ÄktaXpress. Subsequently, the peak 

fractions were concentrated with buffer A4 on a Hiload Superdex 75 gel filtration 

column (Amersham Biosciences). Eluted fractions were collected in a 96 deep-well 

plate and checked by SDS-PAGE for efficiency of the purification process and 

integrity of the protein (Fig. 3-1a: MtCS lanes 1-4; Fig3-1b: MtGluRS lanes 1-11). All 

pure MtCS or MtGluRS fractions were finally concentrated by ultrafiltration against a 

membrane with a 10 kDa cutoff. Final concentrations of the proteins were 8 - 20 

mg/ml and 200 µl aliquots were frozen at -75°C until their use in crystallization.  

 

 

3.2. Crystallization 

 

Crystallization was carried out for both MtGluRS and MtCS using the protocol 

described in the following text. Initial crystal screening was carried out using a sparse 

matrix grid consisting of 960 conditions from the following Nextal kits marketed by 

Qiagen: AmSO4 Suite, Anions Suite, Classics Suite, Classics Lite Suite, Cryos Suite, 

MPDs Suite, PEGs Suite, pHClear Suite, and pHClear II Suite. Protein 

concentrations of 6 - 8 mg/ml for MtCS and 13 mg/ml for MtGluRS were used for all 

crystallization trials in 96-micro-well plates (Fig. 3-2, red). Crystallization was carried 

Figure 3-1: Purification and crystallisation results for MtCS and MtGluRS: A. MtCS gel filtration 
(Lanes 1-4); lysation (Lanes 5-9); and wash fractions (Lanes 10-13). B. MtGluRS gel filtration 
(Lanes 1-11); lysation (Lanes 12-16); and wash fractions (Lanes 17-19). C. MtCS crystals 
grown in 0.1 M Na-Acetate (pH 4.0) and 3.9 M NH4-Acetate at 18°C. D. MtGluRS crystals 
grown in 10% (w/v) PEG 8000, 200 mM Ca(AcO)2, and 100mM imidazole (pH 7.0) at 4°C. M 
indicates the molecular weight marker. 
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out with the 96-channel Hydra-PP system (Fig. 3-2) with an additionally attached 

NanoFill microsolenoid dispenser (Fig. 3-2, blue). The robotic system was developed 

in-house by integrating commercial equipment and special hardware and software 

tailored by our group. The developed system uses an automatic routine for setting up 

one 96-microwell plate as follows:  

 

1.) A volume of 20 µl of a single crystallization condition is applied to the reservoir 

container of the micro-well plate by transferring 96 conditions simultaneously from a 

manually prepared deep-well plate using the 96-channel head of the Hydra-system 

(Fig. 3-2, orange). 

 

2.) In a subsequent step 400 nl of each conditions is transferred as described above 

from the reservoir well into the smaller protein well. 

 

3.) Finally the NanoFill dispenser is used to apply 400 nl of the protein solution to the 

protein well, where it mixes with the previously applied crystallization condition 

solution. 

 

Microplates prepared in the described way where sealed using of each set of 96 

conditions one plate was stored at 4°C and one at 18°C, resulting in a total amount of 

20 plates per used protein concentration. 

 

Plates were regularly checked for the occurrence of a crystal using a light 

microscope. Crystal growth for MtCS occurred within one month at 18°C in a 

condition containing 0.1 M Na-Acetate pH 4.6 and 4.5 M NH4
+-Acetate. Crystals 

grown by the sparse matrix method diffracted to 2.8 Å and to get better diffracting 

crystals a grid was constructed around the initially positive screening condition. The 

manually constructed regular grid contained 0.1 M Na-Acetate in a pH range from 4.0 

- 5.4 and NH4
+-Acetate in concentrations varying from 3.9-5.0 M. In total 96 

conditions were constructed in a 12 x 8 matrix, where the molarity of NH4
+-Acetate 

was changed in steps of 0.1 units and the pH value in steps of 0.2 units. New 

crystallization trials with the customized grid were carried out with the Hydra robot as 

described above. Within several days crystals grew in several conditions of the grid 

(Fig. 3-1c). Crystals from the grid diffracted between 1.5 and 1.7 Å resolution and 
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complete datasets could be collected from a single crystal. Crystals grown at pH 4.0 

contained nicotinamide (NCA) in the active site, while crystals grown at pH 5.4 

contained apo MtCS. For soaking experiments with FMN, apo and NCA-containing 

crystals were harvested from a protein well of a crystallization plate using a cryo-loop 

and transferred to a container holding 10 µl of the respective crystallization condition 

with a concentration of 100 mM FMN. Crystals were soaked for up to 5 hours.  

 

 

In contrast, no refinement of the crystallization conditions was necessary in the case 

of MtGluRS. Crystallization trials were carried out with the sparse screen as 

described above and crystals were obtained at 4°C in a condition containing 10% 

(w/v) PEG 8000, 200 mM Ca(AcO)2, and 100mM imidazole (pH 7.0). Crystals grew 

over a period of a few weeks (Fig. 3-1d). These crystals diffracted up to 1.6 Å and no 

further refinement of the crystallization conditions was carried out.  

 

3.3. X-ray data collection and processing 

 

Complete datasets were collected for both MtCS and MtGluRS from single crystals. 

No extra cryo-protectant was necessary for data collection of MtCS as the 

crystallisation conditions generally contained high amounts of salt and no ice rings 

Figure 3-2: Hydra crystallisation robotics: 96-channel head 
(orange); 96-deep-well plate (green); 96-micro-well 
crystallization plate (red); NanoFill microsolenoid protein 
drop dispenser; and protein solution holder (yellow). For 
performance details see text.   
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were observed in test measurements. In contrast, prior to diffraction data collection, 

MtGluRS crystals were transferred into a solution containing 20% PEG400 as a cryo-

protectant. Crystals were mounted with a cryo-loop onto the goniometer head for 

subsequent X-ray measurements. The crystals were cooled in a nitrogen stream at 

100K to reduce radiation damage during the experiment. 

 

Data sets from crystals containing MtCS in the apo, NCA- or FMN-bound state were 

collected at 100K and an X-ray wavelength of 1.05 Å on a MarCCD detector on the 

beamline BW6 of Deutsches Elektronen Synchrotron (DESY) in Hamburg. 

Additionally a data set of MtCS containing NCA in the active site was collected at 

100K and an X-ray wavelength of 0.9756 Å using an ADSC-Q4 detector on the 

beamline ID14-2 at the ESRF in Grenoble. Due to the higher resolution, the dataset 

from the ESRF was used for refinement of the MtCS-NCA complex, as it made 

possible the unequivocal identification of the bound NCA due to very well defined 

electron density. Similarly diffraction data for MtGluRS were measured at 100 K and 

an X-ray wavelength 0.9756 Å using an ADSC-Q4 detector on the beamline ID14-2 

at the ESRF in Grenoble.  

 

The MtGluRS data were indexed, integrated, and scaled with the HKL program suite 

[Otwinowski Z and Minor W, 1996]. A complete data set was obtained at 1.65 Å 

resolution. The crystals belong to the space group P212121 with unit-cell dimensions a 

= 50.1 Å, b = 61.5 Å, c = 169.5 Å. They contain one GluRS molecule in the 

asymmetric unit. The MtCS data sets were indexed and integrated with DENZO 

[Otwinowski Z and Minor W, 1996] and scaled with SCALEPACK [Otwinowski Z and 

Minor W, 1996] using standard protocols. Complete data sets were collected for the 

apo and FMN or NCA complexed states of CS between 1.5 Å and 1.7 Å. The crystals 

of MtCS belong to the space group P6422 with the unit cell dimensions a = 132.5 Å, b 

= 132.5 Å, c = 159.5 Å. They contain two CS molecules in the asymmetric unit. After 

scaling the averaged intensities were used to calculate structure factor amplitudes 

using TRUNCATE from the CCP4 suite of programmes [CCP4. 1994] for MtGluRS 

and MtCS. Finally a unique set of reflections was generated and 5% were flagged for 

the calculation of the free R-factor for cross validation in the refinement process.  
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3.4. Phasing, Model building and refinement 

 

Approximate initial phases for electron density calculation were obtained by using the 

molecular replacement (MR) program MOLREP [Vagin A and Teplyakow A, 1997] for 

phasing of both MtGluRS and MtCS.  

 

MR for MtCS was carried out using the crystal structure of CS from S. pneumoniae 

(SpCS) complexed with EPSP and FMN as a search model. Only one chain of 1QXO 

corresponding to the residues 1 to 388 of the SpCS sequence was used for and all 

non-protein atoms were removed from the model. SpCS displays a very high 

homology towards MtCS with a sequence identity and similarity of 43% and 60%, 

respectively. The MR procedure was carried out in MOLREP using the entire protein 

chain of SpCS. Prior to MR the number of molecules in the asymmetric unit was 

estimated using the Matthews coefficient. For an assumed solvent content of 

approximately 50% a number of two molecules per asymmetric unit were estimated. 

Therefore MR was performed in order to place two molecules in the asymmetric unit. 

Rotation and translation searches were performed with MOLREP and the correctness 

of the solution was checked by submitting the output model to several rounds of 

refinement using REFMAC [Murshudov GN et al., 1997] (for details see below). This 

showed that the initial model converged with the structure factors used for the MR 

procedure. The convergence of the refinement was checked using both R- and Rfree-

factors and the Rfree factor improved from 0.5 to 0.45 after several cycles of 

refinement. Additionally, correct formation of the tetramer upon application of 

symmetry operations was checked visually.  

 

For MtGluRS the structure of TtGluRS complexed with Mg-ATP and glutamine (PDB 

1J09) was used as a search model. Structure solution involved Dr. Gleb Bourenkov. 

The sequence of the search model was adjusted on the basis of an alignment in 

MOLREP. For MR the input model from 1J09 was split in two parts comprising the N-

terminal part ranging from residues 6-320 (40% sequence identity between TtGluRS 

and MtGluRS) and the C-terminal part from 321-468 (22%), respectively. Rotation 

and translation searches for the N-terminal part revealed a clear solution 
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characterized by a correlation coefficient 0.40, as compared to 0.34 for the highest 

spurious solution. Similarly as in the MtCS case the solution for the N-terminal part 

was submitted to refinement with the structure factors for MtGluRS. After multiple 

cycles of refinement with REFMAC the Rfree-factor of 0.52 calculated with the initial 

model improved to 0.49. Subsequently, the C-terminal part was located applying 

MOLREP, keeping the N-terminal part of the structure fixed.  

 

Initial electron density maps from the molecular replacement solutions proved already 

to be well interpretable for both MtGluRS and MtCS and density for the better part of 

the sidechains was visible. Due to the good quality of the initial estimates of the 

phases an attempt for autotracing of the peptide chain was made. The automatic 

building of the correct sequence of the model was done using ARP/WARP [Perrakis 

A et al., 1999]. Afterwards incorrectly modelled parts of the sequence were identified 

in COOT with the newly obtained model and initial electron density maps and 

corrected manually using the modelling functions of COOT. Correctness of the model 

was improved by repeated cycles of model refinement. Typically one cycle followed 

the procedure outlined below: 

 

1) The current model was submitted to 10 cycles of maximum-likelihood 

refinement in REFMAC using the experimental structure factors as input. 

 

2) Manual checking and remodelling of the refined model was done by using 

COOT with likelihood weighted 2mFO-DFC and mFO-DFC electron density 

maps obtained from the corresponding amplitudes and phases calculated by 

REFMAC5 and the experimental amplitudes. 2mFO-DFC maps were contoured 

at 1σ and  mFO-DFC maps were contoured at ± 3σ 

 

The convergence of the refinement process was checked quantitatively using both R- 

and Rfree-factors of REFMAC and qualitatively the goodness of the electron density 

was checked. At the beginning of the refinement process a higher weight was put on 

the geometry of the model by using tight restraints in REFMAC. Upon convergence 

the restraints were lowered in favour of the experimental data. This allowed the 

model to adapt to the increasingly better contoured electron density.  
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Additionally every cycle crystallographic waters were inserted using COOT. For this 

purpose the mFo-DFc map was masked with the protein chain and peaks above 1 σ 

were used to place waters. Wrongly placed waters were deleted if they had B-factors 

above 80 Å2, were modelled into peaks with sigma levels below 1 and showed 

closest contacts with less than 2.3 Å or more than 3.5 Å. Alternatively waters were 

modelled using ARP/WARP. Remaining missing waters were identified and modelled 

manually. Additionally the presence of ions was identified by difference electron 

density, B-factors and hydrogen bond geometry. In the case of MtCS the ligands 

FMN and NCA were only modelled into their respective density upon completion of 

the modelling process to avoid any bias.  

 

3.5. Structural analysis 

 

The molecular geometry for all MtGluRS and MtCS models was checked with COOT, 

PROCHECK [Laskowski RA et al., 1993] and WHAT_CHECK [Hooft RWW et al., 

1996]. Different checks implemented in COOT were performed simultaneously to the 

manual modelling steps in order to keep the model in constant good agreement with 

the state-of-the-art of molecular geometry. Main chain torsion angles were 

additionally checked at regular intervals throughout the refinement process and at the 

final stage with PROCHECK. The final models were again submitted to a detailed 

check in WHAT_CHECK for finalisation of the models. Secondary structure was 

assigned with DSSP [Vriend G, 1983]. The final models were deposited together with 

the structure factors in the Brookhaven Protein Data Bank4. Entry codes for the 

different MtCS structures are 2O11, 2O12 and 2QHF for apo MtCS, MtCS-FMN and 

MtCS-NCA, respectively. Apo MtGluRS was submitted with the entry code 2JA2. 

Comparison of different structural conformations was carried out using LSQKAB 

[CCP4, 1994]. All figures of the structural analysis of MtGluRS and MtCS presented 

in the following chapters were prepared with PyMOL5 [DeLano W., 2002]. Alignments 

were prepared with CLUSTALW [Chenna R et al., 2003] and ESPript [Gouet P et al., 

1999].  

                                                
4 http://www.pdb.org 
5 http://www.pymol.org 
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4. Chorismate synthase from M. tuberculosis 

 

4.1. The shikimate pathway 

 

The shikimate pathway is the main route for the biosynthesis of all key aromatic 

components involved in primary metabolism in prokaryotes, fungi, plants and 

apicomplexan parasites [Bentley R, 1990 and Haslam E, 1993] and was discovered 

more than 50 years ago [Srinivasan PR and Shigeura HT, 1956]. The pathway 

consists of seven metabolic steps beginning with the condensation of 

phosphoenolpyruvate and erythrose-4-phosphate and ending with the synthesis of 

chorismate (Fig. 4-1). In bacteria more than 90% of the metabolic energy is used for 

protein biosynthesis, nearly the entire output of aromatic biosynthesis are the 

aromatic aminoacids phenylalanine, tyrosine and tryptophane, while in higher plants 

a wide variety of secondary metabolites with aromatic ring structures such as 

flavonoids, alkaloids etc. are produced [Hermann KM, 1995]. In contrast the 

shikimate pathway is not present in mammals, which therefore have to derive 

aromatic compounds from their diet.  

 

Figure 4-1: The shikimate pathway leads to the formation of chorismate from phosphoenol- 
pyruvate and erythrose 4-phosphate via shikimate 
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Due to this fact there has been major interest for more than 25 years to use the 

enzymes from the shikimate pathway in the development of both herbicides and anti-

microbial compounds [Coggins JR et al, 2003]. Generally the enzymes of the 

shikimate pathway are promising targets for anti-mycobacterial drug design as the 

pathway has been proven to be essential for M. tuberculosis [Parish T and Stoker 

NG, 2002]. In 1972 the first major success was reported in inhibitor design against 

shikimate pathway enzymes with the discovery of glyphosate (N-

phosphonomethylglycine) [Jaworski EG, 1972], marketed by Monsanto as the billion 

dollar herbicide Roundup. Later, the enzyme 5-enoylpyruvyl-shikimate-phosphate 

synthase (EPSP synthase) was identified as the target for glyphosate [Steinrucken 

HC and Amrhein N, 1980]. EPSP synthase catalyzes the penultimate step in the 

shikimate pathway by formation of 5-enoylpyruvyl-shikimate-phosphate (EPSP) from 

shikimate-3-phosphate (S3P). Further inhibitor studies targeting shikimate pathway 

enzymes have been carried out on dehydroquinase (DHQase) [Coggins JR et al, 

2003] and on chorismate synthase [Thomas MG et al, 2003] which catalyses the 

formation of chorismate in the final step of the shikimate pathway. Notably, despite all 

efforts no other potent inhibitor targeting shikimate pathway enzymes has come forth 

with a potential comparable to glyphosate. 

 

Chorismate synthase (EC 4.2.3.5, 5-O-(1-carboxyvinyl)-3-phosphoshikimate 

phosphate-lyase) belongs to the group of flavoenzymes that uses flavin 

mononucleotide (FMN) for catalysis. FMN is basically riboflavin (Vitamin B2) with a 

phosphorylated ribosyl-moiety (Fig. 4-2a). The isoalloxazine-moiety of flavins is 

involved in the catalysis of either free radical or two-electron chemistry. Here the 

flavin exists in three states (Fig. 4-2b): The fully oxidized flavin is reduced by one 

electron to a semiquinone, while further reduction by a second electron yields 1,5-

dihydroflavin. Catalysis by flavoenzymes most often involves net redox changes, 

while sometimes it does not [Bornemann S, 2002]. Chorismate synthase (CS) is an 

example for the latter case and catalyzes a reaction that does not involve a change in 

the net redox state of FMN. The catalyzed reaction involves a trans-1,4-elemination 

of phosphate and the C(6proR) hydrogen from the substrate EPSP (Fig. 4-2c). This 

reaction is unique in nature as it has an absolute requirement for reduced FMN, while 

the bond cleavages necessary for the eliminations at the substrate EPSP do not 
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involve a net redox change [Macheroux et al, 1999].  Due to the special chemistry it 

catalyzes, CS has caused much attention to illuminate this unique reaction.  

 

From all shikimate pathway enzymes CS is a prime candidate for drug design 

because it has been identified as one of the rate-limiting enzymes of this pathway 

[Dell KA and Frost JW, 1993]. CS lies at the node of five distinct biosynthetic 

pathways and in addition to the compounds mentionend above chorismate is also a 

precursor for the production of folate in the folate pathway. As in the case of the 

shikimate pathway the folate pathway is also largely absent in mammals and has 

A B 

C 

1e- + 1H+ 

1e- + 1H+ 

Figure 4-2: Flavins: A. Isoalloxazine- (red) and ribosyl-moieties (blue) of flavins. In FMN 
the ribosyl is phosphorylated. B. Flavin redox states involve proton transfers at N1 (blue) 
and N5 (red). The fully oxidized flavin (top) is reduced by one electron to a semiquinone 
(middle), while further reduction by a second electron yields 1,5-dihydroflavin (bottom). 
C. The chorismate synthase reaction involves a trans-1,4-elemination of phosphate and 
the C(6proR) hydrogen from the substrate EPSP without a net redox change in FMN. 
(Adapted from Bornemann S, 2002). 
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therefore been a target for drug design. An example for this is the inhibition of 

dihydrofolate reductase by trimethoprim or the inhibition of dihydropteroate synthase 

by sulphonamides. As inhibition of CS would further affect the folate pathway, the 

enzyme is also interesting for a dual therapy approach, using both an inhibitor for CS 

and an antifolate. As CS is highly conserved throughout species it is very interesting 

for the design of broad-band therapeutics.  

 

To date crystal structures of CS were provided for several organisms. These included 

Saccharomyces cerevisiae (ScCS) [Quevillon-Cheruel S. et al., 2004], 

Campylobacter jejuni (CjCS) [Forouhar F. et al., unpublished data], Mycobacterium 

tuberculosis (MtCS) [Dias M.V.B. et al., 2006], Aquifex aeolicus (AaCS) [Viola C.M et 

al., 2004], Helicobacter pylori (HpCS) [Ahn H.J. et al., 2004] and Streptococcus 

pneumoniae (SpCS) [Maclean J. and Ali S., 2003]. While in most of the structures the 

enzymes were reported to be in an unliganded state, two structures presented 

chorismate synthase in complex with its natural ligands FMN and/or EPSP. The 

structure of HpCS was solved as a binary complex containing a bound FMN 

molecule, while SpCS was solved as a ternary complex having bound both FMN and 

the substrate EPSP. The SpCS-FMN-EPSP structure was consistent with previous 

kinetic studies [Macheroux et al., 1998] indicating ordered sequential binding of FMN 

followed by EPSP [Maclean J. and Ali S., 2003; Bornemann S et al., 2003]. The 

relative orientation of both ligands was in agreement with a productive enzymatic 

reaction state belonging either to a reductive free radical mechanism involving 

donation of an electron by the flavin and abstraction of a hydrogen atom from the 

substrate, or to an alternative cationic mechanism involving the formation of a 

cationic substrate intermediate following phosphate elimination [Maclean J. and Ali 

S., 2003; Bornemann S et al., 2003]. The binary HpCS-FMN structure, however, 

exhibited a substantially different binding mode of the cofactor [Ahn H.J. et al., 2004], 

leaving the question open whether initial binding of FMN was followed by re-

orientational motions associated with or preceding subsequent binding of EPSP.  

 

This work reports crystal structures of MtCS in the unliganded state and in complex 

with FMN and NCA, respectively. All structures were solved at high resolution, 1.6-

1.7 Å. The binary MtCS-FMN complex shows the cofactor in a closely similar location 

and orientation as in the ternary SpCS-FMN-EPSP structure 1QX0. This result and 
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the high degree of structural homology provide a basis for a detailed description of 

the conformational changes associated with the sequential binding of the ligands to 

chorismate synthase. This description allowed for the first time the identification of a 

single, strictly conserved arginine residue (Arg341 in MtCS, see also Fig. 4-4b) that is 

involved in all key conformational events necessary for the correct enzymatic function 

of the enzyme. Further, molecular dynamics calculations were employed to validate 

the proposed role of Arg341 and to gain a more detailed insight on the dynamical 

behavior of CS and its active site. The NCA-bound structure of MtCS, whereby NCA 

was not present in the crystallization solution, presents a completely new binding 

mode in MtCS. This binding mode displays an active site conformation similar to the 

apo form where Arg341 adopts a conformation that disfavours ligand binding. 

Therefore the MtCS-NCA complex proposes an interesting lead for the development 

of compounds that allow a stabilization of the unproductive conformation of the active 

site in MtCS. The combination of experimental and theoretical results provides 

comprehensive structural information that might be highly valuable for rational drug 

design efforts targeting the shikimate pathway of M. tuberculosis. 

 

4.2. Structural analysis 

 

4.2.1. Model quality 

 

The crystal structures of MtCS in unliganded form and its binary complexes with FMN 

and NCA were solved in space group P6422. Final statistics for data processing and 

refinement are presented in Table 4-1. The crystal structure of the ternary SpCS 

complex 1QXO was used as a search model for molecular replacement with the 

program MOLREP [Vagin A and Teplyakov A, 1997]. Based on the solution from 

molecular replacement MtCS structures were modelled and refined at high resolution 

of 1.6 Å for MtCS-NCA and apo MtCS and at 1.7 Å for MtCS-FMN (Fig. 4-3a). All 

three models converged to low R-/Rfree-values of approximately 16-18% and 18-20%, 

respectively. Stereochemical quality was assessed by PROCHECK and showed for 

the apo MtCS and MtCS-NCA models 100% of all residues in the most favoured or 

allowed regions of the Ramachandran plot. In MtCS-FMN 99,7% of all residues were 

in the most favoured or allowed regions, while Ala323 was observed in a disallowed 

region.     
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NCA-bound 
 

1.05 

P6422 

a=b=132.6, c=159.5 

α=β=90°, γ=120° 

 
20 – 1.65 (1.67 – 1.65) 
305,669 

98,095 

98.8 (99.3) 
30.3 (2.3) 
0.055 (0.521) 
 
 
19.65 – 1.65 

93,091/4,977 

16.3/18.6 

22.5 

0.011 

1.346 

FMN-bound 
 

1.05 

P6422 

a=b=133.4, c=158 

α=β=90°, γ=120° 

 
20.00 – 1.72 (1.74 –1.72) 
676,002 

88,273 

99.9 (99.9) 
20.6 (2.3) 
0.086 (0.932) 
 
 
19.74 – 1.72 

83,603/4,415 

16.5/18.8 

23.0 

0.011 

1.317 

Apo 
 

1.05 

P6422 

a=b=133.5, c=160.0 

α=β=90°, γ=120° 

 
20.00 – 1.65 (1.67 – 1.65) 
453,503 

100,281 

99.3 (99.7) 
20.5 (2.8) 
0.075 (0.448) 
 
 
19.71 – 1.65 

93,729/5,015 

18.8/20.7 

23.9 

0.014 

1.511 

Data set 
 

Wavelength (Å) 
Space group 

Unit cell (Å) 
 
A. Diffraction statistics 

Resolution 

No. of observations 

No. of unique reflections 

Completeness 

I/sigma(I) 
Rmerge (%) 
 
B. Refinement statictics 

Resolution range (Å) 
No. of reflections (working/test) 
R/Rfree (%) 
Mean B-factor (Å2) 
Rms bond length deviation 

Rms bond angle deviation 

 

 

4.2.2. Overall structure 

 

All structures contained two MtCS molecules in the asymmetric unit. An analysis with 

the EBI PISA tool [Krissinel E and Henrick K, 2005] suggested a homotetrameric 

organization of the biological unit. In MtCS it is build up by application of point group 

symmetry operations on the single protomer visible in the unit cell (Fig 4-3b). The 

tetrameric organization of MtCS is in agreement with previous observations of a 

similar configuration of chorismate synthases in several crystal structures (1R52, 

ScCS; 1Q1L, AaCS; 1UMF/1UM0, HpCS; 1QXO, SpCS).  Further this organization of 

the enzyme was observed in solution as well [White PJ et al., 1988]. 

 

The topology of the MtCS protomer is closely similar as in the other known CS 

structures. Due to the exhaustive description of the unique CS topology in the 

recently published literature [Quevillon-Cheruel, S et al., 2004; Dias MVB et al., 2006; 

Viola CM et al., 2004; Ahn HJ et al., 2004; MacClean J. and Ali S., 2003], this work 

will only give a comprehensive report on this topic. MtCS is composed of a 4β-4α-4β 

sandwich like core domain that is surrounded by discrete stretches of β-strands and 

α-helices (Fig. 4-4). The apo-MtCS structure presented in this work was determined 

at much higher resolution, 1.6 Å, as compared to the recently described apo-MtCS 

structure 1ZTB (2.65 Å resolution) [Dias MVB et al., 2006]. Secondary structural 

counts are slightly different between the here presented MtCS structures (16 β-

Table 4-1: Data collection and refinement statistics 
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strands and 14 α-helices) and the one published by Dias et al. (17 β-strands and 13 

α-helices). However, both apo-MtCS structural models superimpose with an r.m.s. 

deviation (RMSD) of 0.6 Å between corresponding Cα atoms, showing close 

structural similarity. All further references made to MtCS will be concerned with the 

Figure 4-3: MtCS topology and P6422 symmetry. A: MtCS protomers from top to bottom: 1.) 
apo MtCS; 2.) FMN-bound MtCS; 3.) NCA-bound MtCS. B: Tetramer formation by P6422 point 
group symmetry: top: MtCS protomer (red) in the unit cell. Middle: Tetramer formation upon 
application of P6422 point group symmetry. Single protomers are colored red, orange, green, 
and blue. Bottom: MtCS tetramer in cartoon representation. Single protomers are colored 
orange, blue, green and wheat. 

A B 
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B 

Figure 4-4: MtCS topology and alignment. A. The MtCS 
topology consists of a 4α-4β-4α sandwich like core domain 
that is surrounded by discrete stretches of β-strands and α-
helices. Magenta colored loops are involved in 
conformational changes during sequential ligand binding. B. 
Alignment of CS from M. tuberculosis (MtCS), E. coli 
(EcCS), H. pylori (HpCS), N. crassa (NcCS), S. cerevisiae 
(ScCS), and S. pneumoniae (SpCS). Secondary structure is 
indicated for MtCS as presented in this work (see also 
Table 4-1) in red, blue and green. Blue and green 
secondary structure elements indicate the 4β-4α-4β 
sandwich core. Red circles denote EPSP binding residues 
from the ternary SpCS complex (PDB-ID 1QXO); green 
circles denote arginines in contact to EPSP. FMN binding 
residues from ternary SpCS and binary MtCS complexes 
are depicted by red triangles. Blue triangles/circles indicate 
invariant histidines in contact to FMN and EPSP, 
respectively. Loops involved in conformational changes 
during ligand binding are shown in magenta. 

 

A 
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structures presented in Table 4-1, if not otherwise stated. While in the present NCA-

liganded structure, all 392 residues of MtCS were located in electron density the 

surface loop L4 was partly disordered in the structural models of apo-MtCS (residues 

46-54) and MtCS-FMN (47-52). All three structural models contain a number of 

acetate molecules taken up from the crystallization buffer. However, it becomes clear 

by the description of the protomer conformation and its comparison to other CS 

structures that these acetates do not compromise the overall fold of the protein. 

 

4.2.3. FMN binding in the binary MtCS complex.  

 

Soaking MtCS crystals with FMN yielded the binary MtCS-FMN complex, which 

exhibited the cofactor with full occupancy in unambiguous electron density (Fig. 4-5). 

Both the phosphate- and ribityl-parts of FMN were found to be buried deep inside the 

enzyme, whereas the isoalloxazine-moiety was oriented towards the protein surface. 

In total, the cofactor is bound in a pocket formed by residues belonging to two 

neighboring monomeric subunits (Fig. 4-6a) of the tetramer. The binding site of the 

isoalloxazine moiety is consisting of two parts. The ortho-xylyl ring of FMN is located 

in the hydrophobic part of the binding pocket comprising the apolar residues Met314, 

Ile317 and Ala138. More polar parts of the binding site, including Thr319, Arg341, 

Asp343, Ser118 and His115, close around the N1-O2-locus of the isoalloxazine 

moiety. The ribityl-chain is in contact with His115 and Ala136. The phosphate group 

is coordinated by Arg243, Lys315, Gly300, and Ala257. In addition, it is in contact 

with three residues (Asp245, Gly301, Leu298) from a symmetry-related 

Figure 4-5: FMN binding and electron density. On the left, the FMN mFO-DFC omit map 
contoured at 8σ unambiguously shows the orientation of the isoalloxazine- and 
phosphoribosyl-moieties of the co-factor. On the right, a stereo view of the FMN binding site is 
shown with 2mFO-DFC density contoured at 2σ. 
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monomer belonging to the same biological tetramer. Several of these interactions are 

mediated via water molecules. 

 

The mode of FMN binding in the binary MtCS complex is essentially the same as in 

the ternary SpCS-FMN-EPSP structure 1QXO. Eleven of the sixteen residues 

contacting FMN in SpCS are conserved in MtCS, and the remaining non-conserved 

residues fulfill equivalent functions as in SpCS (Fig. 4-4b). The Cα atoms of the 

sixteen residues superimpose with an RMSD of 0.3 Å, showing that the FMN binding 

sites have nearly identical conformations in both binary and ternary structures. 

Generally SpCS and MtCS show close structural similarity, as the overall Cα-RMSD 

Figure 4-6: FMN binding and active site details. A. Stereo view of the active site in the MtCS-FMN 
complex. The co-factor FMN (salmon) is bound in a pocket that is built up by two neighbouring 
protomers (green and cyan). Polar contacts are displayed by broken black lines and include 
several crystal waters (red) and two acetate molecules (purple). B. Contacts between FMN, 
Thr319, and the invariant His115 are conserved in MtCS (green) and SpCS (PDB-ID 1QXO, 
purple). His11 adopts a conformation in the binary complex that is necessary for proper interaction 
with EPSP in the ternary complex. In contrast, contacts between the invariant aspartate (Asp343 in 
MtCS) slightly differ in binary and ternary complexes (see text for details). 

A350 

D343 

S342 

R46 
R40 

A349 

M314 

I255 

D25
6 

A257 

I258 
K31
5 

R243 

G301 

L298 

R112 

H11
5 

S318 

G30
0 

I31
7 A350 

D343 

S342 

R46 
R40 

A349 

M314 

I255 

D256 

A257 

I258 
K315 

R243 

G301 
L298 

R112 

H115 

S318 

G300 

I317 

H115 

H11 

T319 

D343 
EPSP 

FMN 

H115 

H11 

T319 

D343 
EPSP 

FMN 

A 

B 



 46 

between the monomers of SpCS to MtCS is only 0.8 Å. The FMN binding mode in the 

MtCS-FMN complex is consistent with the description of catalysis given for SpCS 

[MacLean J and Ali S, 2003; Kitzing K et al., 2003; Rauch G et al., 2007]. An 

essential aspect is the insertion of the N1-O2 locus of FMN into a pocket formed by 

Thr319 and His115 in MtCS (Fig. 4-6b and Fig. 4-11a). Based on kinetic studies of 

two mutants from Neurospora Crassa CS (NcCS), it was suggested that two invariant 

histidines participate in the protonation-deprotonation events during catalysis [Kitzing 

K et al., 2003]. The corresponding residues His11 and His115 of MtCS (see also Fig. 

4-4b) are in perfect agreement with this mechanistic description. A superposition 

shows that His11 in MtCS-FMN, similar as the equivalent His10 in SpCS-FMN-EPSP 

(Fig. 4-6b), occupies a position near the phosphate group of EPSP, where it may act 

as a proton donor during the catalytic reaction. The side chain orientation of His115 is 

appropriate for protonating the reduced FMN in its monoanionic state, thereby 

maximizing either charge or electron transfer from FMN to the ring double bond in 

EPSP. This is believed to be crucial for the catalysis of phosphate release from 

EPSP [MacLean J and Ali S, 2003; Kitzing K et al., 2003]. His115 occupies a second, 

alternate position in MtCS-FMN, where the side chain is in contact to an acetate 

molecule. This and another acetate are located at essentially the same positions as 

the two carboxylate groups of EPSP in the ternary complex of SpCS (Fig. 4-7). Both 

acetates are coordinated by residues that are conserved in SpCS as well as in MtCS 

and involved in EPSP binding in the ternary complex (see also Fig. 4-4b). The 

location and binding interactions of the two acetates prove that the active site in the 

binary complex adopts already a conformation required for the binding of the 

carboxyl-moieties of EPSP. However, the two surface loops L25 and L27 have to 

undergo changes from their conformations in the MtCS-FMN complex in order to 

liberate the binding site for the entire EPSP molecule.  

 

In contrast to the close agreement in the FMN binding modes in the MtCS-FMN and 

SpCS-FMN-EPSP complexes, the binary HpCS-FMN structure 1UM0 displayed a 

significantly different binding mode of the cofactor. The orientation of the 

isoalloxazine ring in 1UM0 is flipped by 180°. As a consequence, the invariant 

histidine corresponding to His11 of MtCS is not able to contact the FMN as described 

above. Similarly, contacts to the invariant aspartate are hindered suggesting that the 

binding mode of FMN in the HpCS-FMN structure is catalytically inactive, in contrast 
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to the catalytically competent binding modes observed both in the MtCS-FMN and 

SpCS-FMN-EPSP structures. Inspection of the electron density calculated from the 

published structure factors of 1UM0 revealed that the FMN in the HpCS-FMN 

structure was rather poorly defined. Remodelling the FMN ligand in the HpCS-FMN 

complex in a closely similar binding mode as in MtCS-FMN resulted in an improved fit 

to the experimental density and similar interactions with the catalytically important 

residues as in the MtCS and SpCS complexes. Clearly, the different orientation of the 

FMN in 1UM0 as compared to the modes of FMN binding to MtCS and SpCS 

represented an artifact resulting from modelling into poor electron density. The 

remodelled FMN site of the HpCS-FMN complex indicates that HpCS, MtCS and 

SpCS interact with FMN in closely similar modes permitting subsequent binding of 

EPSP without substantial reorientational motions of the FMN. 

 

4.2.4. Binding of nicotinamide to MtCS 

 

Crystallization of MtCS under acidic conditions (pH 4.0) resulted in the presence of a 

bound ligand in the electron density maps (Fig. 4-8a). Due to the high resolution, 1.6 

Å, of the structural analysis, the ligand could unequivocally be identified as 

nicotinamide (NCA). NCA was not added to the crystallization solutions and therefore 

must be picked up during expression of the recombinant enzyme in E. coli cells. The 

MtCS-NCA structure showed NCA located in a tight pocket (Fig. 4-8b), where the 

EPSP 

FMN 

H115 

R40 

R46 

A B 

Figure 4-7: Details of FMN binding. A. Details of acetate binding in the active site of the MtCS-
FMN complex. The acetates (yellow) occupy the positions of the EPSP carboxyl-moieties (gray 
sticks) in the ternary complex and are coordinated by conserved residues in both MtCS (green) and 
SpCS (purple). For reasons of clarity FMN binding in the binary and ternary complexes is indicated 
by gray lines. B. View from the surface of MtCS-FMN into the binding cavity is shown. The cavity 
already supplies sufficient space for EPSP binding. Only Arg341 occupies the binding site of EPSP 
(left out for reasons of clarity). The neigbouring CS monomer is indicated in green. 
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acetamide group makes direct hydrogen bonds to Arg341 and Arg46. Additional 

hydrogen bonds, mediated via two crystal waters, bring NCA in contact with Arg40, 

Arg49, Ala349 and an acetate molecule that is coordinated to Arg40. Corresponding 

to the hydrophobicity of the aromatic ring, NCA is in the neighborhood of several 

apolar residues including Val353, Ile317, Met314, Ala138, Ile255 and Ala350. The 

surface loop L4 is well defined in the MtCS-NCA structure, possibly due to 

interactions of NCA with Arg49 (Fig. 4-8b). In contrast, the apo-MtCS and MtCS-FMN 

structures, where this residue is not coordinated, show that the segment comprising 

the residues 46-54 and 47-52 of L4, respectively, is disordered (Fig. 4-10a/b). For 

apo MtCS and MtCS-NCA the enzyme conformation around the NCA binding site is 

essentially identical (Fig. 4-8b). Compared to MtCS-FMN NCA binds to the same 

hydrophobic part of the co-factor binding pocket as the orthoxylyl ring (Fig. 4-9) and 

NCA primarily interacts with the invariant Arg341 that blocks part of the FMN binding 

site.  

 

 

 

 

A 

B 
Figure 4-8: NCA binding in MtCS. A. On the 
left, an mFO-DFC omit map of nicotinamide 
(NCA) contoured at 7σ (lightblue) shows a flat, 
aromatic ring with an attached functional group. 
Difference peaks at 12σ (green) indicate the 
presence of the acetamide group and the ring 
nitrogen. On the right, a stereo view of the NCA 
active site is shown with 2mFO-DFC density 
contoured at 2σ. B. Superposition of the binding 
sites in MtCS-NCA (green) and apo MtCS 
(wheat). NCA is colored salmon and acetate is 
shown in purple; polar contacts are indicated by 
broken black lines and bridging waters by red 
spheres 
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4.2.5. Interim summary 

 

The structural analysis of M. tuberculosis chorismate synthase (MtCS) provides the 

following key aspects: 

 

- The high-resolution X-ray structures of apo MtCS, MtCS-FMN and MtCS-NCA are 

of high quality and display an overall structure similar to other known homologue CS. 

 

- The MtCS-FMN complex suggests for the first time that the co-factor binding mode 

in the binary complex is essentially the same as in the ternary complex and there are 

no re-orientational motions of FMN involved upon ternary complex formation. 

 

- Comparison of the binary MtCS and ternary SpCS complexes shows essentially 

identical binding sites in both enzymes, suggesting that FMN binding prepares the 

active site for EPSP binding. 

 

- The binding site of NCA overlaps with the binding site of FMN and is suggested to 

support an unproductive active site conformation involving contacts between NCA 

and the invariant Arg341 in MtCS  

 

Figure 4-9: NCA vs FMN binding Stereo view of the active site after superposition of 
MtCS-FMN (green) and MtCS-NCA (cyan). The binding mode of FMN (red) and NCA 
(dark blue) overlap in the vicinity of the ortho-xylyl moiety of the co-factor. 
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4.3. Implications for the enzymatic mechanism 

 

4.3.1. Active site switches during sequential ligand binding 

 

When FMN binds to apo MtCS as the first ligand the two surface loops L25 and L27 

undergo motions (Fig. 4-10a/b and Fig. 4-11b/c). Corresponding Cα atoms show 

maximum displacements of 4.1 Å and 3.5 Å for L25 and L27, respectively. In L25 the 

segment from residue 315 to 319 moves away from the active site thereby increasing 

the cavity volume for the accommodation of FMN. In contrast the segment 

comprising the residues 320 to 326 of L25 shows a slightly inward oriented motion 

that coincides with a similar movement of L27 from residues 334 to 341. The 

adjacent segment from residue 342 to 344 near FMN again is slightly oriented away 

from the FMN binding site. Thus, the motions of L25 and L27 near FMN open the 

active site for accommodation of the isoalloxazine moiety, while the motions of the 

segments from L25 and L27 farther off from FMN lead to a tighter packing of the 

loops, thereby probably stabilizing the active site conformation of L25 and L27 in 

contact to FMN. For FMN binding the side chain of Ile317 has to rotate away from the 

binding site that it partly occupies (Fig. 4-11a/b). This is accompanied by 

conformational changes in L25 that permit the insertion of the N1-O2 locus of FMN 

into a pocket formed by Thr319 and His115 (Fig. 4-11a). Further the conformational 

change around Ile317 leads to a substantial increase in the hydrophobic surface area 

for this residue from 15 Å2 in the apo form to 38 Å2 in the binary complex. This 

increase in hydrophobicity might facilitate the binding of the isalloxazine moiety of 

FMN. Yet, the majority of the hydrophobic residues (Ala346, Ala138, Ala257, Met314, 

A349, Val353, Thr141, Ile255 and Ala350) involved in the accommodation of the 

isoalloxazine moiety are already in their respective conformations in the apo form of 

MtCS. L27 contains a strictly conserved residue, namely Asp343 in MtCS, that was 

just recently suggested to be participating in the abstraction of the C(6proR) 

hydrogen from EPSP by the N(5)-locus of FMN [Rauch G et al., 2007]. Together with 

the invariant Arg341 this aspartate is involved in a conformational switch of the active 

site upon binary complex formation. In L27 the side chain of Arg341 has to rotate 

away from the active site during co-factor binding (Fig. 4-10b; Fig. 4-11b). This 

movement is accompanied by rearrangements of L27 that lead to the release of the 

invariant Asp343. In the apo form Asp343 is hydrogen bonded via its carboxyl group 
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Figure 4-10: A binding cycle for CS and involved structural changes. A. In the apo form 
L4 is partly disordered but L25 and L27 show distinct conformations. B. Formation of the 
binary complex goes along with conformational changes in L25 and L27 upon FMN 
binding, Thr319 and Arg341 move away from the active site, but L4 stays partly 
disordered. C. Formation of the ternary complex by EPSP binding leads to a closure of 
the active site and L4 fully adopts a distinct conformation. The phosphate of EPSP is 
tightly coordinated by Arg341 and Arg49 from L27 and L4, respectively. Product release 
may go along with disordering of L4 upon loss of Arg341 coordination. D. NCA binding 
causes a closed alternative active site conformation similar as in the ternary complex, 
contacting all three loops involved in binding of FMN and EPSP (L4, L25 and L27). 
Nevertheless binary MtCS-FMN complex formation may occur from the NCA bound 
state. Vice versa, NCA binding from the binary complex has not been observed. 
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to the nitrogens NE and NH2 of the Arg341 guanidinium group. Breaking of these 

hydrogen bonds allows Asp343 to adopt the position necessary for participating in 

the deprotonation of FMN-N(5) as proposed [Rauch G et al., 2007]. Further, in apo 

MtCS the conserved water molecule thought to participate in deprotonation of N(5) is 

not observed. The location of the conserved water is occupied by the NH2 of the 

bulky guanidinium moiety of Arg341. Thus, only the conformational changes of 

Asp343 in L27 supported by the movement of Arg341 and the binding of FMN allow 

the stable coordination of the conserved water molecule to prepare the binding site 

for catalysis. This suggests a special role for the conserved Arg341 as promoting a 

switch of the active site from an unproductive to a catalytically competent 

conformation.  

 

Due to the unavailability of EPSP for this work it was not possible to obtain a ternary 

complex of MtCS in the crystal. Therefore the following description of conformational 

changes between binary and ternary complexes will be based on the comparison of 

MtCS-FMN and SpCS-FMN-EPSP. This is possible, as virtually the entire binding site 

is conserved between both enzymes. Furthermore, the most important residues 

necessary for catalysis are generally conserved between all chorismate synthases. 

For reasons of clarity the following description of conformational changes occurring 

upon EPSP binding in the binary complex will be based on the numbering of residues 

and loops of MtCS if not otherwise stated. Comparison of binary and ternary CS 

complexes suggests that the binding of EPSP to the binary complex involves motions 

of the loops L4 and L27 in MtCS (Fig. 4-10b/c and Fig. 4-11b/c). Thereby both loops 

may act as a lid that attaches around the binding site. In this respect the sidechains 

of the two conserved arginines in L4 (Arg49) and L27 (Arg341) of MtCS interact with 

the phosphate group of EPSP as seen in SpCS accompanied by the adoption of well 

ordered conformations by both loops (Fig. 4-10c). These conformational changes are 

suggested to establish the closed binding site in the ternary complex, whereby the 

EPSP adopts a position above the non-reactive oxidized FMN ready for catalytic 

PO4
3- elemination. The invariant aspartate in binary MtCS (Asp343) and in ternary 

SpCS (Asp339) is in contact to the N(5)-locus of FMN via an additionally conserved 

water molecule (Fig 4-6b). This allows the aspartate to participate in a water coupled 

deprotonation of N(5) (see also Fig. 4-2b). Mutation of this asparagine to alanine or 

aspartate led to a strongly decreased enzymatic activity in NcCS [Rauch G et al., 
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Figure 4-11: Active site rearrangements upon FMN binding. A. Formation of a pocket for 
the N1-O2-locus of FMN. In the apo form of MtCS (yellow) a hydrogen bond is present 
between His115 and Ile317 in L25. Disruption of this bond and coordinated movements of 
Thr319, His115 and Ile317 lead to the formation of a binding pocket for the N1-O2 locus of 
FMN in the binary complex (green). B/C. Stereo views of the conformational changes upon 
sequential ligand binding in CS as inferred from comparison of apo MtCS, MtCS-FMN and 
SpCS-FMN-EPSP. B. Apo MtCS is shown in gray and MtCS-FMN in cyan. Motions in L25 
and L27 lead to a accommodation of the conserved water 454 between Asp343 and 
FMN:N5. Further the N1-O2-locus of FMN is accommodated near Thr319. Arg341 and 
Ile317 move away from the FMN binding site. C. Binding of EPSP (salmon) in the ternary 
complex (green) next to FMN (magenta) leads to a coordination of Arg49 and Arg341 by 
the EPSP phosphate. Binary MtCS-FMN is shown in gray. 
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2007]. Based on this mutagenic study it was proposed that N(5) is the acceptor of the 

C(6proR) hydrogen, abstracted in the second step after PO4
3- release from EPSP 

during chorismate formation. In the binary MtCS-FMN complex both the water 

molecule and the side chain of Asp343 are already in their respective position 

necessary for catalysis. Yet, the carboxyl group of Asp343 is in a slightly different 

conformation than Asp339 in SpCS (Fig. 4-6b). The outcome of this is a considerably 

less favorable hydrogen bonding angle with the conserved water molecule and 

MtCS-Asp343 of about 142° compared to nearly 120° for SpCS-Asp339. Therefore 

the proton abstraction from EPSP might be triggered by binding events occurring 

upon binding of the substrate. This suggests a special role for the invariant Arg341 

that is located near Asp343. While in ternary SpCS the phosphate group of EPSP is 

in contact to the guanidinium group of the arginine corresponding to Arg341 in MtCS, 

this strictly conserved residue partly occupies the binding site of EPSP in the binary 

MtCS complex. Thus upon EPSP binding and phosphate coordination by the 

invariant arginine at position 341 in MtCS, the induced conformational change in L27 

may trigger the Asp343 side chain to adopt a more favorable position for participating 

in proton abstraction from N(5) of FMN. This mechanism is further supported by an 

alternative conformation seen for the residue corresponding to Arg341 in SpCS 

(Arg337). Here the guanidinium group of Arg337 is turned away from the EPSP not 

making any contacts to its phosphate group. This coincides with an alternate 

conformation of the invariant aspartate, resulting in an unfavorable hydrogen bonding 

angle of about 138°. Both conformations seen for L27 in MtCS and the corresponding 

loop in SpCS suggest an active site switch supported by contacts between the 

invariant arginine and bound EPSP, fine-tuning the active site of CS for catalysis. 

Finally the invariant arginine might play a role in product release (Fig. 4-10a/c). After 

the phosphate group is eventually split off from EPSP during catalysis in the ternary 

complex, the conserved arginine in position 341 of MtCS would loose its tight 

coordination and thus the loop corresponding to L27 would regain flexibility. Similar 

events would happen in MtCS with L4 as the other conserved residue Arg49 is 

coordinating the phosphate group as well. Yet, the open conformation seen in the 

ternary complex 1QXO shows, that flexibility of L27 alone would leave sufficient 

space for chorismate to leave the binding site. Thus, the active site can open again to 

release the product chorismate. The comparison of all different ligandation states of 

CS from apo over binary to the ternary complex suggests that the invariant arginine 
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at position 341 in MtCS is involved in several key conformational switches during the 

formation of a catalytically competent complex. Further the correct enzymatic function 

of the ternary complex seems to depend on the recognition of the EPSP phosphate 

group by the invariant arginine. Crystal structure analysis in the binary MtCS and 

ternary SpCS complexes suggests that only upon coordination of the EPSP 

phosphate group by Arg341/Arg337 the likewise invariant Asp343/Asp339 adopts a 

conformation that allows to trigger proton abstraction events leading to the formation 

of the product chorismate as described [Kitzing K et al., 2003; Rauch G et al., 2007]. 

 

4.3.2. Molecular dynamics simulations of CS 

 

The structural observations in this study suggest a special role for the invariant 

arginine at position 341 in MtCS and 337 in SpCS. This strictly conserved residue not 

only participates in all key events of the enzymatic functioning of the enzyme (Fig. 4-

10) but also seems to support an unproductive active site conformation (Fig. 4-9; Fig. 

4-10) that is likely stabilized by the novel CS ligand NCA. Therefore the role of this 

arginine for the stability and energetics of ligand binding in CS was further 

investigated using molecular dynamics (MD) simulations. MD simulations were 

carried out on the ternary complex of the enzyme, as the structural investigations 

indicate a strong dependence of a stable ternary complex on the coordination of 

EPSP by the invariant arginine. In order to be able to test this ligandation state as 

close as possible to the experimental observations, the ternary SpCS-FMN-EPSP 

complexes was used for MD simulations. Test simulations performed on a ternary 

complex of MtCS build on its homology towards SpCS proved to be considerably less 

stable than simulations based on SpCS. Stability of all simulations was assessed as 

root mean square standard deviation (RMSD) towards the energy minimzed 

simulation starting structure. Only Cα atoms involved in α-helical or β-sheet 

secondary structure elements were used for the RMSD calculation. The homology 

based tetrameric MtCS ternary complex showed an equilibrium RMSD of about 2.5 Å 

compared to about 1 Å for the tetrameric SpCS ternary complex. Similar was 

observed in a former MD study of a homology model of Shigella flexneri chorismate 

synthase (SfCS) that was based on the SpCS, HpCS and CjCS crystal structures 

[Zhou H et al., 2006]. In this study an equilibrium RMSD of about 3.5 Å was reached 

after less than one nanosecond. However, this study only used a monomer of SfCS 
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Figure 4-12: RMSD time courses of the dimeric CS 
simulations: A. RMSD for monomer A (red) and 
monomer B (green) in the CS2a simulations. B: RMSD 
for monomer A (red) and monomer B (green) in the 
CS2b simulations. 
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Figure 4-13: RMSD time courses of the tetrameric CS 
simulations: A: RMSD for the liganded monomers A (red) and 
B (green) in the CS4red simulations. B: RMSD for the 
unliganded monomers A (red) and B (green) in the CS4red 
simulations.  
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for the simulation. Therefore not only the homology modelling process but also the 

monomeric setup may be responsible for this particularly high RMSD. For a detailed 

discussion of the influence of the oligomeric state of CS on the simulation stability 

please see 4.3.2.1 (page 57). However, the comparison of MD simulations based on 

homology models and those based on the crystal structure from CS strongly 

indicates that all atom MD simulations of at least this enzyme are better carried out 

with a starting model as close to the experimental crystal structure as possible. Thus, 

MD simulations based on the crystal structure 1QXO are clearly favourable. In total 

four simulations were performed for the ternary CS complex, two as a dimer and 

another two as a tetramer. For the dimeric simulations chain A and B from the SpCS 

crystal structure 1QXO were used. This setup was submitted to simulation twice, 

each with the active site of either monomer A or B liganded with EPSP and FMN, 

while the active site of the respective other monomer was left empty. Both monomers 

differ mainly in the conformation of the loop L20 (corresponding to L25 in MtCS) and 

the loop L22 (corresponding to L27 in MtCS), the latter carrying both the invariant 

residues Arg337 and Asp339 (corresponding to Arg341 and Asp343 in MtCS). The 

conformation of the active site of monomer A represents the open conformation of 

L22 where Arg337 is not in contact to the EPSP phosphate group [MacLean J and Ali 

S, 2003]. In contrast, the active site in monomer B has a closed conformation where 

L22 is folded upon the two ligands and makes them inaccessible from the protein 

surface. The enzyme bound FMN was modeled in both of the dimeric simulations 

with all hydrogens, corresponding to the reduced dihydro-state of the co-factor 

(further called FMNred) necessary for catalysis [Bornemann S, 2003] (see Fig. 4-2). In 

the following text the dimeric simulations based on SpCS will be called CS2a and 

CS2b, depending on whether monomer A or B was liganded with FMN and EPSP. 

For the tetrameric simulations all four chains of 1QXO were used. In this setup only 

monomers A and B were left liganded, while the ligands were removed from the 

active sites of C and D. The monomers C and D display a closed active site 

conformation similar as in monomer B. The tetrameric simulations of SpCS differed in 

the protonation state of FMN. In one simulation the co-factor was modeled as 

reduced FMNred. In the other tetrameric simulation FMN was modeled in the fully 

oxidized state FMNox. Simulations for the tetramers were 10 ns long, while dimers 

were simulated for 6 ns. The tetrameric simulations based on SpCS will be called 

CS4red, CS4ox, depending on whether the co-factor was modeled as FMNred or 
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FMNox. The former MD study of SfCS in contrast was only based on one monomer in 

solution and only comprised a simulation time of about 2 ns [Zhou H et al., 2006]. 

Therefore the here presented MD data of SpCS present the most comprehensive MD 

study of this enzyme up to date.  

 

All MD simulations of the CS complex were carried out with the software package 

GROMACS. In contrast to the MtGluRS simulations the GROMACS port of the 

Amber03 force-field [Sorin EJ et al., 2005] was used with the TIP3P water model 

[Mahoney MW and Jorgensen WL, 2000]. As the Amber force fields do not contain 

parameters for EPSP and FMN, MM descriptions for the CS ligands were prepared 

using the software package ANTECHAMBER [Wang J et al., 2006]. Parameters for 

the ligands were derived from the General Amber Force Field (GAFF) [Wang J et al., 

2004]. The great advantage of GAFF is its compatibility to the AMBER force field and 

that it has parameters for almost all organic molecules made of C, N, O, H, S, P, F, 

Cl, Br and I. Partial atomic charges were generated with DIVCON (QuantumBio, 

Inc.6) using the semi-empirical Austin Model 1 (AM1) method [Dewar et al, 1985] with 

bond-charge corrections (BCC) [Jakalian A et al., 2002]. Usually ab initio QM 

methods are preferred over semi-empirical ones for partial charge generation for MD 

simulations. However, recent studies suggest that AM1-BCC charges for small 

molecules are equally well performing as those derived from higher level QM 

methods with the great advantage of considerably less computational expense 

[Jakalian A et al., 2002; Mobley DL et al., 2007]. MD simulations of CS complexes 

were performed at 300 K and 1 bar in the NPT ensemble with a coupling time of 0.1 

ps. All bonds were constrained with the LINCS algorithm and an integration time step 

of 2 fs was used. Cut-offs for Lennard-Jones and electrostatic interactions were 10 Å 

and 9 Å, respectively; long-range electrostatic interactions were calculated by 

particle-mesh Ewald summation. For the simulation setup each starting model was 

immersed in a dodecahedral water box with the box edges 8 Å away from the protein 

surface and counter-ions were added to the system to neutralize all charges. Each 

system (i.e. enzyme-ligands complex, water and ions) was subjected to steepest 

descent energy minimization until convergence of the maximum force below 1000 kJ 

mol-1 nm-1. This was followed by a 1 ns MD simulation at the target temperature 

using harmonic position restraints on the heavy atoms of the protein with a force 

                                                
6 http://www.quantumbioinc.com/ 
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constant of k = 1000 kJ mol−1 nm−2 to thoroughly equilibrate water and ions. 

Subsequently, each system was submitted to an unconstrained MD simulation 

between 6 and 10 ns. 

 

4.3.2.1. Dimeric vs. tetrameric CS simulations 

 

Comparison of the dimeric and tetrameric simulations should give insight on whether 

a stable ternary CS complex depends on a specific oligomerization state of the 

enzyme. For E. coli CS (EcCS) it has been proposed that the enzyme exists in 

solution as a tetramer [White PJ et al., 1988; Macheroux P et al., 1998], while for 

MtCS and SpCS also the dimeric state was observed [Dias MVB et al., 2006; 

MacLean J and Ali S, 2003]. While for the dimer – tetramer equilibrium a dissociation 

constant (Kd) in SpCS of only 0.8 µM was observed [MacLean J and Ali S, 2003], the 

observed Kd in the MtCS case was about 50 M [Dias MVB et al., 2006]. Despite the 

amazing differences of the two Kd values, the question might be posed whether a 

dimeric CS is capable of forming a catalytically competent ternary complex. A stable 

monomeric ternary complex can be excluded as the FMN binding site is only properly 

formed in the dimeric state of the enzyme (see also 4.2.). This was further proven by 

test simulations with a monomeric setup (data not shown). For comparison of the 

dimeric and tetrameric simulations only CS2a, CS2b and CS4red will be used as in all 

three simulations FMN was modelled in its reduced state. 

 

In the CS2 simulations both monomers A and B show comparable stabilities 

throughout the entire simulation. This can be seen by the time course of the root 

mean square deviation (RMSD) from the initial structure (Fig. 4-12a/b). After an initial 

equilibration period of about 2 ns the liganded monomers A and B fluctuate in the 

CS2 simulations stably between RMSD values of 1 and 1.4 Å. Both monomers show 

a somewhat better stability in the liganded than in the unliganded state, the latter 

exhibiting a slightly elevated equilibrium RMSD of about 1.6 Å. Furthermore, the 

equilibration period for the unliganded monomers is longer with about 3 - 4 ns. In 

contrast the CS4red simulation shows substantially decreased RMSD values 

throughout the entire simulation for the liganded monomers (Fig. 4-13a). Both 

equilibrate very fast in about 1 ns and RMSD values stay close to 0.8 Å throughout 

the entire simulation time. Additionally the RMSD values fluctuate considerably less 
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 about their average values in the CS4red simulation. This demonstrates that the 

tetrameric state of the CS-FMN-EPSP complex displays a significantly higher stability 

as the dimeric state. The unliganded monomers of the CS4 simulations display a 

somewhat higher RMSD time course with an equilibrium value of about 1 – 1.2 Å 

(Fig. 4-13b). The observation from both dimeric and tetrameric simulations that 

unliganded monomers deviate stronger from the liganded starting model points to a 

stabilizing effect of the ligands on the overall shape of the protein. Small angle 

scattering observations of tetrameric CS in solution have shown before that ligand 

binding has a slight influence on the overall shape of the complex [Macheroux P et 

al., 1998] rendering it more compact.  

 

Figure 4-14:  A. Comparison of B-factors derived 
from the SpCS crystal structure (PDB-ID 1QXO) 
and from the CS2 simulations: 1QXO (red); CS2a 
liganded monomer (green); CS2b liganded 
monomer (blue); CS4red liganded monomer A 
(magenta); CS4red liganded monomer B (cyan). 
The highlighted region corresponds to loop L8 
that shows B-factors values > 500 in the CS2 
simulations. B. Main-chain of the two monomers 
A and B of the CS2 simulations shown in purple 
and green, respectively. The thickness of the 
chain indicates the level of fluctuation according 
to the B-factors from the MD simulations. L8 of 
monomer A lies at the interface between the 
monomers and is shown in red.   
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 Comparison of the time averaged RMS fluctuations (RMSF) of the Cα atoms shows 

that all liganded monomers both in the CS dimer and tetramer show essentially the 

same behaviour as the respective monomers A and B from the SpCS crystal 

structure 1QXO (Fig. 4-14). However there is a segment in the liganded monomers of 

the CS2 simulations ranging from residue 80 to 110 (i.e. loop L8) that shows 

enormously high fluctuations. The loop L8 is at the interface of two dimers that form 

the tetramer and already shows elevated B-factors in the crystal structure of SpCS 

(Fig. 4-14). In the CS2 simulations L8 shows large B-factor values most likely due to 

the missing contacts to the second dimer. The loop L8 adjoins a short 310-helix that 

cradles part of the loop L1 containing the invariant His10 (His11 in MtCS). This 

residue participates in the charge transfer events during catalysis [Kitzing K et al, 

2003]. Due to the missing dimer – dimer contacts of L8, the loop shows a large 

conformational change that causes an outward oriented rotation, leading to 

displacements of up to 12 Å for single residues (Fig. 4-15). This is resulting in a loss 

of the contacts to L1 that in turn leads in both CS2 simulations to the almost 

immediate disruption of contacts between His11 and the EPSP phosphate group 

present in 1QXO. As this contact is crucial for catalysis [Kitzing K et al., 2003; Rauch 

G et al., 2007] a tetrameric organization of CS seems to be mandatory for a stable 

formation of a catalytically competent ternary complex. Only the tetrameric 

simulations show a stable contact between the EPSP phosphate group and His10  

Ala90 
Ala90 

~ 12 Å 

His10 

EPSP 

Figure 4-15:  Conformational changes of L8 in the CS2 
MD simulations: The CS2 starting model (red); 
conformation of CS in the CS2 simulation at 6ns (blue). 
See text for details 
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 throughout the entire simulation. Therefore, in the dimer a catalytically competent 

binding site can not be established regardless of the active site being in an open or 

closed state as observed in crystal structures. Biochemical data shows, that CS 

predominantly exists in a tetrameric state [White PJ et al., 1988; Macheroux P et al., 

1998] and the observed Kd for the dimer – tetramer equilibrium for SpCS was very 

low with 0.8 µM [MacLean J and Ali S, 2003]. Thus, the tetrameric state of CS 

dominates and ensures the correct formation of the ternary complex upon ligand 

binding. 

 

B 

A 

Figure 4-16:  Backbone RMSD time courses of the simulations  of CS4red 
(red) and CS4ox (green). A. Liganded monomers A; B. Liganded 
monomers B 
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4.3.2.2. Binding site stability in the CS4 simulations 

 

The CS2 simulations prove that a dimeric state of CS clearly does not agree with the 

description of a catalytically competent ternary complex of the enzyme. Thus the 

further discussion of ligand binding stability will focus solely on the CS4 simulations. 

FMN was modeled in the reduced (FMNred) and oxidized form (FMNox) in the different 

CS4 simulations. In the ternary complex of SpCS the co-factor FMN was assumed to 

be bound in its oxidized state [MacLean J and Ali S, 2003]. Since the reduced co-

factor is necessary for catalysis [Bornemann S, 2003], it is important to consider 

whether reduction of enzyme-bound FMN will involve a conformational change of the 

active site and the present ligands. Therefore FMN was modeled in both states and 

submitted to MD simulations in an otherwise unchanged setup. The liganded 

monomers A display both in the CS4red and CS4ox simulation similar stabilities with 

RMSD time courses that stay well below 1 Å (Fig. 4-16a). In contrast the RMSD of 

monomer B in the CS4ox simulation shows an increase of its RMSD from 0.8 Å to 

about 1.2 Å between 5 and 6 ns, while in the CS4red simulation the RMSD fluctuates 

steadily around 0.8 Å during the entire simulation (Fig. 4-16b). This increase goes 

along with conformational changes for EPSP and FMN in the closed active site of 

monomer B. During the first 4 ns EPSP is bound in a stable conformation showing an 

RMSD of only about 0.2 Å towards the starting conformation (Fig 4-17a). Around 4 ns 

the RMSD of EPSP increases first to about 0.6 Å and at 5 ns suddenly shows a jump 

to 1.2 Å. The co-factor FMN displays almost from the beginning of the simulation an 

RMSD of about 1 Å. Coinciding with the sudden change of the conformation of 

EPSP, FMN displays a similar jump in its RMSD course to about 2 Å. Notably, the 

conformational changes of FMN in the closed active site involve only the ribityl-chain 

but not the isoalloxazine moiety (Fig. 4-17b). This involves an unbinding motion of 

FMN; the co-factor starts to move towards the protein surface, leaving the deeply 

buried binding pocket it occupies at the beginning. Moreover, EPSP is involved in a 

similar motion leaving the active site of monomer B that is involved in a closed to 

open transition with an endpoint similar to the open conformation in monomer A. In 

monomer A detachment of EPSP from the active site can be observed, too, but 

particularly FMN shows only a minor change in conformation. Significant in this 

respect is that FMNred and EPSP show almost no conformational changes of their 
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 respective binding mode in monomer B of the CS4red simulation (Fig. 4-17a). Both 

ligands show RMSD values of only 0.2 - 0.5 Å throughout the entire simulation. 

Therefore the binding mode of the two ligands is virtually unchanged in the reduced 

state of FMN while the oxidized state involves larger conformational changes in the 

binding mode of both ligands. This suggests that the active site conformation in the 

crystal structure 1QXO for FMN might be energetically more favourable for the 

reduced form of the co-factor. However, the FMN bound in the crystal structure 

1QXO is expected to be bound in its oxidized state [MacLean J and Ali S, 2003]. Yet, 

the crystal containing FMN was exposed for a long time to the strong radiation from a 

synchrotron source during the measurement. As the strong radiation might exhibit a 

reducing effect on the co-factor, FMN might be bound in a reduced state in the crystal 

structure, as indicated by the MD simulations in this work. This however would leave 

Figure 4-17:  A: RMSD time courses of EPSP and FMN in the closed active site of the CS4red 
and CS4ox simulations. FMNred (red); FMNox (green); EPSP in CS4red (blue); and EPSP in CS4ox 
(magenta) B: FMN binding modes in monomer B of the CS4ox simulation; FMNred at time 0 ns is 
shown in red  

A 

t = 0 ns t = 2.0 ns t = 5.5 ns t = 8.0 ns 

B 
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open the question, why FMN upon reduction by the synchrotron radiation does not 

participate in chorismate formation from EPSP in the crystal. 

 

In the liganded monomer A of CS4red containing the open state of the active site a 

conformational deviation is only observed for EPSP and not for FMN (Fig. 4-18). 

Here EPSP shows a rapid increase of the RMSD to almost 1.6 Å within the first 1.5 

ns. This deviation decreases to an equilibrium value of about 1 Å and generally 

describes a loss of the proper interactions with FMN.  During the first 1.5 ns EPSP 

loses almost all of its initial contacts in the open active site and starts to drift away 

from FMN. Visual inspection of the trajectories of the liganded monomer A in the 

CS4red simulation shows the establishment of contacts between the EPSP phosphate 

group and Arg337 at around 4 ns. Simultaneously L22 folds into a conformation that 

is similar to that in the closed state of the active site of monomer B (Fig 4-19). 

Therefore a transition from the open to the closed state of L22 seems to coincide with 

formation of hydrogen bonds between Arg337 and the phosphate of EPSP. This 

conformational change is only of transient nature in CS4red, where contacts are lost 

again at around 7 ns. During the initial contact formation between the EPSP 

phosphate and Arg337 EPSP is already far apart from its initial position and therefore 

from FMN. This might be the reason for the transient closing movement of L22. 

Because EPSP is not properly positioned next to FMN the closure of L22 upon the 

binding site might not fully occur. In the average structure calculated for the CS4red 

Figure 4-18:  RMSD time courses of FMN (red) and EPSP 
(green) in monomer A of the CS4red simulation. 
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simulation EPSP is only loosely bound to the backbone atoms of Ala133 and Arg134 

at the active site. This dynamical behavior of EPSP in the open active site might shed 

light on a possible entry route for EPSP to the binary complex. For this, EPSP would 

be attracted to the active site and may loosely attach somewhere near it. 

Subsequently established contacts to the side chain of Arg337 then might induce 

binding events during which EPSP descends into the binding site and makes its 

proper contacts to FMN. This is indicated by the decrease of the RMSD time course 

for EPSP. However, while the detachment of EPSP from the binding site occurs on a 

very small time scale of about 2 ns, binding events are likely happening on a much 

longer time scale as monitored during this simulation. 

 

In contrast the liganded monomer B does not display a transition of the active site 

conformation. The active site in monomer B stays in the closed conformation 

throughout the entire simulation. RMSD time courses of FMN show that the 

conformation of the bound co-factor is virtually unchanged throughout the CS4red 

simulation regardless of the active site adopting an open or closed conformation (Fig. 

4-17a; Fig. 4-18). In both cases the conformation of FMN shows an equilibrium 

RMSD of only 0.5 – 0.6 Å. Further, in the closed active site EPSP shows RMSD 

values of only 0.2 Å throughout the entire simulation time. Ligand - enzyme contacts 

Arg337 

EPSP 

Figure 4-19:  Transient closure of L22 in monomer A during the CS4red simulation. Closed 
conformation of L22 in chain B of 1QXO is shown in red and the starting conformation of 
monomer A (i.e. 1QXO chain A) of the CS4red simulation in green. Conformation of L22 at 3.4 
ns is shown in blue, hydrogen bonding contact between Arg337 and EPSP is indicated by 
broken black lines. 

L22 
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in the binding site of monomer B prove to be highly stable in the CS4red simulation. 

The main difference in the starting conformation of the liganded monomers is the 

missing contact between Arg337 in monomer A with respect to monomer B.  The MD 

simulations clearly show that the missing contacts render the ternary complex 

unstable and that a closed conformation of L22 is mandatory for proper ligand 

binding. This can also be observed in the energetics of ligand binding. For the last 

five nano seconds of the simulation the configurational entropy was calculated for the 

open and closed configurations of SpCS liganded with FMN and EPSP, as well as for 

the ligands FMN and EPSP in the open and closed active sites seperately. All 

calculations were based on a quasi-harmonic entropy approximation which relates 

the entropy to the determinant of a mass-weighted covariance matrix [Schäfer H et 

al., 2000; Andricioaei I and Karplus M, 2001]. To do so, eigenvalues of the mass-

weighted covariance matrix were calculated for the entropy approximation. While all 

atoms were used for the ligands, for the protein the covariance matrix was 

constructed only from the Cα atoms. Relative entropies were achieved by dividing 

the entropies for the ligands by the entropies of the respective liganded complexes. 

Calculation of the relative configurational entropies of the ligands for the last 5 ns 

clearly shows decreased entropy for EPSP in the closed active site (Fig. 4-20). In 

contrast, the entropy for FMN is similar in both open and closed active site 

Figure 4-20: Relative entropies of EPSP in open (blue) and closed 
(magenta) active sites and of FMN in open (red) and closed (green) 
active sites. 
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conformations. Therefore the closed active site conformation and the contacts of 

Arg341 to the EPSP phosphate group seem to be energetically more favourable than 

the open active site conformation for EPSP binding, while it does not influence the 

entropy of the bound FMN. 

 

4.3.3. Interim summary 

 

The structural analysis of MtCS and SpCS and the molecular dynamics simulations 

of SpCS imply the following for the enzymatic mechanism: 

 

- Comparison of the MtCS structures presented in this work and the structure of 

SpCS allows for the first time to present a sequential ligand binding cycle for the 

enzymatic function that might be generally applicable to CS. 

 

- This binding cycle mainly involves movements of the surface loops L4, L25 and L27 

(numbering according to MtCS, see also Fig. 4-4b), of which L27 carries an invariant 

arginine (Arg341 in MtCS and Arg337 in SpCS) that is involved in all key 

conformational switches during ternary complex formation. 

 

- The invariant arginine is suggested to be essential for the enzymatic mechanism as 

it mainly participates in the establishment of the closed active site in the ternary 

complex and might trigger the catalytic reaction by fine tuning the orientation of an 

invariant aspartate (Asp343 in MtCS and Asp339 in SpCS) for participation in proton 

abstraction from the N(5) of FMN.  

 

- Molecular dynamics (MD) calculations of the ternary SpCS complex validate the 

importance of the invariant arginine for the correct formation of a catalytically 

competent ternary complex of CS and that additionally a tetrameric state of CS might 

be necessary for the correct enzymatic function of the enzyme.  

 

4.4. Discussion 

 

Structural analysis on M. tuberculosis chorismate synthase was carried out using X-

ray crystallographic studies combined with molecular dynamics (MD) simulations. 
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High resolution structures of the enzyme in unliganded and liganded states and 

comparison to a highly homologue crystal structure allowed for the first time the 

detailed description of a ligand binding cycle that is suggested to be generally 

applicable to CS (Fig. 4-10). This binding cycle describes all the key conformational 

events associated with ligand binding to chorismate synthase and describes the role 

of several invariant residues present in all CS. Notably, the presented structural data 

point to the dependency of all key events of sequential ligand on conformational 

changes of a special invariant arginine (Arg341 in MtCS and Arg337 in SpCS; see 

also Fig. 4-4). This arginine is of clear necessity for the correct enzymatic mechanism 

by fine-tuning the active site for catalysis during formation of contacts to EPSP (Fig. 

4-11b/c). Further investigations with the help of MD simulations clearly underlined the 

importance of this residue for the formation of a catalytically competent ternary 

enzyme complex. The role of the invariant arginine 341 in MtCS is of special 

importance considering a novel ligandation state with nicotinamide that this work 

presents for the first time. Structural data indicate that the binding mode of NCA 

might support an unproductive conformation of the active site in the apo form that 

involves Arg341 and therefore a side route to the formation of the binary complex is 

provided. However, the possibility exists to replace NCA by FMN in MtCS crystals by 

soaking (Fig. 4-10b/d).  

  

Yet, the observed formation of a stable MtCS-NCA complex may be of further interest 

considering the known antimicrobial activity of nicotinamide [Chorine V, 1945]. NCA 

previously was used as an anti-TB drug, until antagonism between NCA and the first-

line drug isoniazid was noticed [Murray MF, 2003]. Combined treatment with NCA 

and the analogue pyrazinamide (PZA), another first-line drug, may cause cross-

resistance [Somoskovi A et al., 2001] due to the fact that both compounds are 

substrates of the mycobacterial enzyme nicotinamidase/pyrazinamidase (PZAse), 

which converts both prodrugs into the active forms nicotinic acid and pyrazinoic acid 

(POA). Recently, evidence has been provided for anti-HIV activity of nicotinamide, 

suggesting its potential use both as an antimicrobial and an antiretroviral agent 

[Murray MF, 2003]. However, the mechanism of the antimicrobial action of 

nicotinamide has not been elucidated until now. The observation presented in this 

work that NCA firmly binds to chorismate synthase suggests that this influence on the 

shikimate pathway of M. tuberculosis may be part of the antimicrobial activity of NCA. 
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Notably, the MtCS-NCA complex displayed substantially higher stability in acid 

medium (pH ~ 5) than at conditions near neutral pH, as shown by the crystallization 

studies for this work. Notably, acidic pH characterizes the environment of 

mycobacteria in macrophages. Similarly it has been shown that the analogous 

compound PZA requires acidic pH values to be active against M. tuberculosis 

[Mitchison DA, 1985]. Yet, the observation that M. tuberculosis strains lacking PZAse 

are resistant to both PZA and NCA [Konno K et al., 1967] appears to contradict the 

hypothesis that the interaction of NCA with chorismate synthase may represent a 

major contribution to the antimicrobial activity of NCA. Alternatively, there is the 

possibility that partial interruption of the shikimate pathway in mycobacteria ingested 

by phagocytes might be bypassed by the uptake of aromatic amino acids from the 

host. However, resistance against PZA or NCA may not necessarily be related to the 

absence or mutations of PZAse [Martin A et al., 2006; Singh P et al., 2006]. In total, 

the results presented in this work suggest taking the effect on chorismate production 

into account when further investigating the anti-TB activities of NCA and PZA. 

 

The orientation of NCA in the complex with MtCS does not provide a model for the 

yet unknown orientation of the nicotinamide moiety of NADPH in interactions with 

bifunctional chorismate synthases. Crystal structures (1R52, 1R53) of the bifunctional 

chorismate synthase from Saccharomyces cerevisiae in unliganded form [Quevillon-

Figure 4-21: Superposition of mono- and 
bifunctional CS. Bifunctional ScCS (PDB-ID 
1R52) is shown in purple, MtCS-NCA in 
green and MtCS-FMN in cyan; FMN is 
colored in red and NCA in yellow. 
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Cheruel S. et al., 2004] show a closely similar conformation as MtCS in the binding 

regions of FMN and NCA (Fig. 4-21). Constructing a meaningful structural model of 

possible NADPH binding to ScCS is not feasible due to complete disorder for 23% of 

the amino acids in 1R52 and 1R53. However, a superposition of NADPH onto NCA in 

the MtCS-NCA complex shows that binding of NADPH with a similar orientation of 

the nicotinamide moiety would require major intra-domain conformational changes of 

an extended part of the enzyme (Fig. 4-22a). Similar is true for ScCS. This possibility 

may be excluded considering the fact that crystal structures of other enzymes 

exhibiting interactions between FMN and NADPH ligands (e.g. 1HE4) show a 

different orientation, allowing the binding of the nicotinamide moiety with respect to 

the isoalloxazine ring of FMN  in a similar orientation as EPSP (Fig. 4-22b). Based on 

spectroscopic and kinetic characterizations a similar arrangement has been proposed 

in earlier studies on bifunctional enzymes [Kitzing K et al., 2001] . 

 

The binding mode of NCA proposes a way of stabilizing the unproductive active site 

conformation in MtCS and may provide a starting point for possible rational design of 

novel chorismate synthase inhibitors. This newly observed unproductive active site 

conformation is strongly dependent on the interaction of NCA with an invariant 

arginine that in turn prevents the correct enzymatic action of CS due to an interaction 

A B 

FMN 

NADPH 

Figure 4-22: NADPH binding model in CS. A. Superposition of NADPH (grey) onto NCA (wheat) 
in the MtCS-NCA complex (green). Binding of NADPH would require major intra-domain 
conformational changes of an extended part of the enzyme. Clashing residues are shown red. B. 
Interactions between FMN and NADPH ligands in the crystal structure of 1HE4 allow the binding 
of the nicotinamide moiety with respect to the isoalloxazine ring of FMN  in a similar orientation 
as EPSP 

NCA 

NADPH 
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with an invariant aspartate. The mentioned arginine is likely involved in all key 

conformational changes of the enzymatic functioning and therefore may play a 

central role in ternary complex formation during the catalytic process. This special 

role of the invariant arginine has been validated by the application of MD simulations. 

Therefore the structural and functional investigations presented on chorismate 

synthase in this work not only give detailed new insights into the biological function 

but also provide a basis for rational drug design studies on this pharmaceutically 

important enzyme. 
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5. Glytamyl-tRNA synthetase from M. tuberculosis 

 

5.1. Role of AARSs in protein synthesis 

 

Protein biosynthesis is the process of translating a messenger RNA (mRNA) into a 

protein sequence [Crick F, 1970; reviewed by e.g. Ibba M and Söll D, 1999]. This 

happens at the ribosomes, where the codons of the mRNA (except for stop-codons) 

are paired with the specific anticodons of transfer RNAs. (Fig. 5-1). Any utilized 

transfer RNA (tRNA) in turn is specifically charged with the amino acid that is 

encoded by the matching codon of the mRNA. As the amino acid is incorporated in 

the growing peptide chain, the fidelity of correct protein biosynthesis is strongly 

dependent on two processes: a) codon-anticodon recognition [reviewed by Yarus M 

and Smith D, 1995] and b) aminoacyl-tRNA synthesis [Ibba M et al., 1997]. In this 

work the focus is on the latter case, where correct charging of a given tRNA is carried 

out by an aminoacyl-tRNA synthetase (AARS). The catalysis of aminoacyl-tRNA 

synthesis involves two steps that are essentially the same for all AARSs [reviewed by 

Arnez JG and Moras D, 1997]:  

 

1.) AA + ATP + AARS ↔ AARS●AA-AMP + PPi    

2.) AARS●AA-AMP + tRNA ↔ AARS + AA-tRNA + AMP 

 

First the aminoacid (AA) and ATP, or rarely a different nucleotide, bind to the protein. 

In the enzyme bound state the α-carboxylate of the amino acid attacks the α-

phosphate of ATP by an in-line nucleophilic displacement mechanism. Subsequently 

the resulting protein-bound aminoacyl-adenylate (AA-AMP) is nucleophilically 

attacked by the 2’- or 3’-hydroxyl of the terminal adenosine of the tRNA. This results 

in the formation of an aminoacyl-tRNA (AA-tRNA) that participates in protein 

biosynthesis. 

 

The AARSs are a large and diverse family of enzymes. Each single AARS is able to 

specifically attach a particular amino acid to the corresponding tRNA. As full length 

names for AARSs can be quite long, usually an acronym is assigned to any given 

enzyme. This is formed by adding the three letter code of the utilized amino acid as a 

prefix to RS. Similar is used for the corresponding tRNA, to which the three letter 
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code is added as a suffix. For example glutamyl-tRNA synthetase charges glutamate 

onto the glutamyl-tRNA and hence the enzyme is abbreviated GluRS and the tRNA 

gets the acronym tRNAGlu. A charged tRNAGlu would additionally get a prefix for the 

added amino acid and would thus be called Glu-tRNAGlu. Generally the assignment of 

one AARS to one amino acid and one tRNA would imply that most cells make twenty 

different AARSs, one for each amino acid. However genomic studies have shown 

that some organisms do not have genes for twenty different AARSs [Bult CJ et al., 

1996]. Since these organisms are still using twenty different amino acids for protein 

biosynthesis, there are other ways of preparing those tRNAs without a specific AARS 

counter part [Tumbula D et al., 1999]. For example in some organisms glutaminyl-

tRNA (tRNAGln) is first charged with glutamate, giving mis-acylated Glu-tRNAGln. 

Subsequently amidotransferases modify the glutamyl-moiety to glutaminyl giving 

properly charged Gln-tRNAGln [Ibba et al., 2000] (see also Fig. 5-4).  

 

All AARSs are grouped into two classes that share the same reaction described 

above. Differences between the two classes include their quarternary structure and 

the way they attach amino acids to the tRNA [Ibba M and Söll D, 2000]. Class I 

enzymes are (with exceptions) monomeric and attach the amino acid to the 2’-

hydroxy group of the respective tRNA, while class II enzymes are almost exclusively 

dimeric or tetrameric and charge the amino acid onto the 3’-hydroxy group of the 

Figure 5-1: Protein biosynthesis at the ribosomes is 
depending on correctly charged tRNAs for peptide chain 
elongation (taken from http://www.biocrawler.com/) 

Peptide 
chain 

Amino 
acid 
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tRNA. Further, division into the two classes is based on mutually exclusive sequence 

motifs, reflecting distinct active site topologies [Eriani G et al., 1990]. As shown by 

structural studies, the active site of class I AARSs contains a Rossman fold. This 

motif is normally seen in dinucleotide binding proteins and contains three parallel 

beta-sheets connected by two alpha-helices in a ß-α-ß-α-ß topological arrangement 

(Fig. 5-2a). Class II AARSs do not carry this motif and instead contain a novel anti-

parallel ß-fold (Fig. 5-2b). The different nucleotide binding folds entail a difference in 

the way ATP is bound in the active site. While class I enzymes bind ATP in an 

extended conformation, the nucleotide is observed in a bent conformation in class II 

enzymes (Fig. 5-2).  

 

 

Figure 5-2: Common tRNA motifs. A. The active site of class I AARSs contains the 
Rossman fold consisting of three parallel beta-sheets connected by two alpha-helices 
in a ß-α-ß-α-ß topological arrangement. ATP is seen in an extended conformation. B. 
Class II AARSs do not carry this motif and instead contain a novel anti-parallel ß-fold. 
ATP is observed in a bent conformation. (Taken from Arnez JG and Moras D, 1997) 

A 

B 
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Whereas the amino acid binding motifs of AARSs are well conserved between the 

members of one class, generalizations about tRNA binding modes are complicated. 

This is due to the absence of common RNA-binding motifs in the two classes. Still 

they differ in the way they approach the tRNA. Class I enzymes approach the 

acceptor stem of the tRNA from the minor groove side and class II enzymes 

approach the tRNA from the major groove side. While in the former case the variable 

loop is facing the solvent, it is facing the protein in the latter case. Yet it is not clear 

whether these differences are true for all enzymes, as the observations are strictly 

based on structural studies and only the minority of AARS structures was solved 

together with its cognate tRNA [Ibba M and Söll D, 2000]. 

 

 

 

As any given AARS must be able to recognize its cognate tRNA from a cellular pool 

of similar molecules, this aspect of aminoacyl-tRNA synthesis has been the subject of 

intensive research [reviewed e.g. by Saks ME et al., 1994]. Single tRNA molecules 

are around 70-80 nucleotides long and their secondary structure may be displayed in 

a clover-leaf presentation showing the five important structural segments (Fig. 5-3a): 

Figure 5-3: Common tRNA representations. A. Cloverleaf representation (taken from 
http://bass.bio.uci.edu). B. L-shaped conformation. Sphere size indicates observed 
frequencies of nucleotide-AARS interactions. The important structural elements are 
shown. (Taken from McClain WH and Nicholas HB, 1987) 

A B 
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1.) Acceptor stem 

2.) D loop 

3.) Anticodon loop 

4.) Variable loop 

5.) TΨC loop 

 

The segments connecting the loops of the cloverleaf are called stems and are 

stabilised by Watson-Crick base pairing. The acceptor stem is the only one that does 

not connect to a loop and instead contains both the 3’- and 5’-ends of the tRNA. At 

the 3’-end of any tRNA the CCA motif is found, where the amino acid is attached to. 

Due to interactions between the variable loop and the D stem and between the D and 

the TΨC loop the tRNA folds into an L-shaped molecule in solution (Fig. 5-3b). This 

L-shaped topology allows the AARS to make contact to the tRNA about its entire 

length, in this way recognizing both the 3’ end of the acceptor stem as well as the 

anticodon region. This ensures the specific recognition of the proper tRNA. To find 

out which contacts are the most important for the mutual recognition of tRNA and 

AARS, systematic mutation studies have been carried out by replacing nucleotides in 

the tRNA and subsequent characterisation of their aminoacylation competence by 

AARSs [Saks ME et al., 1994]. These studies made it possible to generate identity 

sets of nucleotides that are most important for the correct interaction of tRNAs and 

AARSs. Most often the AARSs interact specifically with the discriminator base (N73), 

the acceptor stem and the anticodon (Fig 5-3b) [Ibba M and Söll D, 2000]. Yet, there 

can be other strong determinants for recognition including other general structural 

elements like the D stem [Senger B et al., 1995] or structural elements that are 

unique to specific tRNAs such as a variety of modified nucleotides [Björk GR, 1995]. 

Further some tRNAs carry anti-determinants that prevent interaction with non-

cognate AARSs [Giegé R et al., 1998]. It becomes clear that through the intricate, 

numerous possibilities of contacts between tRNA and AARS the charging of only the 

cognate tRNA by its assigned AARS is guaranteed. Interestingly, by “transplanting” 

entire identity sets from one tRNA to the other it is possible to entirely change its 

specificity from one AARS to another [Giegé R et al., 1993]. Notably, sometimes this 

is possible by changing only so much as a single nucleotide [Saks ME at el., 1998]. 

 



 79 

The introduction on the role of AARS clearly shows why aminoacyl-tRNA synthesis 

displays a high fidelity. As a matter of fact AARSs have an overall error rate of only 

about 1 out of 10,000 [Yarus M, 1979; Kurland CG, 1992]. While this is already 

guaranteed by the mechanisms described above, further proof-reading is employed 

to strengthen the fidelity. This is especially important in the case of amino acid 

discrimination and binding, as these small molecules are significantly less complex 

than the tRNAs. However, this work mainly focuses on the recognition of a tRNA by 

its cognate AARS. Therefore the aminoacylation and proofreading concepts are out 

of the scope. Interested readers may be referenced to reviews from e.g. Jakubowki H 

and Goldmann E., 1992. 

 

5.2. Relaxed specificity and non-discriminating GluRS 

 

As indicated in 5.1. exceptions from the rule of one AARS per tRNA exist. Examples 

for these non-canonical AARSs are AspRS and GluRS that both display relaxed 

specificity towards their cognate tRNAs [Ibba M and Söll D, 2000]. While in several 

organisms both GluRS and GlnRS exist, that catalyze the attachment of glutamate 

and glutamine, respectively, onto their corresponding tRNAs, several organisms do 

not contain GlnRS [LaPointe J et al., 1986; Schön A et al., 1988; Gagnon Y et al., 

1996]. Similar is true for AspRS and AsnRS. Therefore in the case of non-existent 

AsnRS/GlnRS both mis-aminoacetylated Asp-tRNAAsn and Glu-tRNAGln are produced 

by a special AspRS and GluRS, respectively (Fig. 5-4). Yet, these mis-charged 

tRNAs are not proof-read by the AARSs themselves. Still they are not used in protein 

biosynthesis as they are not recognized by the translation elongation factor [Stanzel 

M et al., 1994]. Synthesis of these mis-charged tRNAs means that in some 

organisms special GluRSs and AspRSs do not discriminate between tRNAGln/tRNAGlu 

and tRNAAsn/tRNAAsp, respectively. Therefore these enzymes are called non-

discriminating AARSs. Non-discriminating GluRSs are found in mitochondria, 

chloroplasts and a group of microorganisms, such as gram-positive bacteria, cyano- 

and archaebacteria that lack GlnRS [LaPointe J et al., 1986; Schön A et al., 1988; 

Gagnon Y et al., 1996]. Here the non-discriminating AARSs coexist with 

amidotransferases (AdT) that help to rescue the mis-aminoacylated tRNAs via the 

transamidation pathway (Fig 5-4). During transamidation the respective carboxyl 
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groups of the Asp/Glu sidechains are amidated to generate properly charged Gln-

tRNAGln and Asn-tRNAAsn. 

 

This work will focus on the non-discriminating GluRS from M. tuberculosis (EC 

6.1.1.17, Glutamate-tRNA ligase). Both discriminating and non-discriminating GluRSs 

are class I enzymes and therefore contain a Rossman fold and approach the tRNA 

from the minor groove side to attach the tRNA to the 2’ hydroxyl. Three-dimensional 

structures have been presented to date for discriminating GluRS from Thermus 

thermophilus (TtGluRS) [Nureki O et al., 1995; Sekine S et al., 2001; Sekine S et al., 

2003] and non-discriminating GluRS from Thermosynechococcus elongatus 

(TeGluRS) [Schulze JO et al, 2006]. On the basis of both tRNA-bound and tRNA-free 

structure from TtGluRS it was proposed that a single arginine at the position 358 in 

the AARS is the major determinant for tRNA discrimination [Sekine S et al., 2001]. 

This Arg358 was found in the crystal structure of TtGluRS-tRNAGlu to make hydrogen 

bonding contacts to a cytosine nucleotide in position 36 in the anticodon of tRNAGlu 

(34CUC36). In the anticodon of tRNAGln (34CUG36) this position is occupied by a 

guanine. As the base of G36 is considerably more bulky it was proposed that the 

Arg358 can not make hydrogen bonding contacts to it and presents a sterical 

hindrance for this base, thereby explaining the discrimination of tRNAGln. 

Furthermore, it was shown that a R358Q mutant of TtGluRS was able to modify both 

tRNAGlu and a variant tRNAGlu, where C36 was mutated to G36 [Sekine S et al., 

2001]. Thus the mutant enzyme was loosing its discriminating power against a 

Figure 5-4: Non-discriminating GluRS and the transamidation pathway. In the absence of 
GlnRS tRNAGln is charged with Glu by ND-GluRS. Mis-charged Glu-tRNAGln is rescued by 
transamidation catalyzed by Glu-AdT resulting in properly charged Gln-tRNAGln. The 
mechanism of action is similar for ND-AspRS.   

tRNAGln Gln-tRNAGln 

Glu-tRNAGln 

Gln + ATP 

GlnRS 

Glu + ATP 

ND-GluRS 

Gln + ATP Glu 

Glu-AdT 
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guanine at position 36 in the anticodon upon the presence of a smaller sidechain in 

the position of Arg358. The tRNA free crystal structure of TeGluRS agreed well with 

this mechanism. In this non-discriminating enzyme the position corresponding to that 

of Arg358 is occupied by a glycine (Gly366). Due to the small Gly366 it was proposed 

by superposition with TtGluRS that both cytosine as well as guanine present in the 

anticodon can be tolerated by the enzyme, explaining its non-discriminating nature 

[Schulze JO et al, 2006]. Yet this does not explain in general how discrimination and 

non-discrimination are working. That is mainly due to the fact, that the arginine 

identified as the major discriminating factor in TtGluRS is conserved in many non-

discriminating GluRSs, as shown by sequence comparison (data not shown). 

Classification of GluRSs into non-discriminating and discriminating enzymes is 

hereby based on the genomic criterion of the absence or presence of genes for 

GlnRS and AdTs, respectively. In this respect the GluRS of a given organism is 

termed non-discriminating in the absence of a gene for GlnRS and the presence of 

the genes necessary for AdTs. On the contrary GluRSs of organisms that do have a 

gene for GlnRS and for AdTs are termed discriminating. Notably, there is a third 

group of organisms that carry both a gene for GlnRS and the genes for AdTs. The 

GluRS of T. thermophilus belongs to the latter group.  

 

This work presents the crystal structure of GluRS from M. tuberculosis (MtGluRS). 

The genome of M. tuberculosis does not contain a gene for GlnRS but instead 

contains the genes GatA, GatB and GatC coding for a amidotransferase (AdT). 

Therefore MtGluRS is a non-discriminating AARS and further has an arginine at the 

position of the discriminating arginine from TtGluRS. As both discriminating TtGluRS 

and non-discriminating MtGluRS show high sequence homology and interact with 

structurally similar tRNAs, complexes of MtGluRS with tRNAGlu and tRNAGln were 

modelled. This was done on the basis of the complex TtGluRS-tRNAGlu (1N77). 

Furthermore, for comparison a model of TtGluRS-tRNAGln was modelled.  The four 

models were submitted to molecular dynamics (MD) calculations to get detailed 

information on the stability and dynamic behaviour of the tRNA-AARS contacts. On 

the basis of this combination of experimental and theoretical results a structural 

mechanism is proposed that may explain the functional differences in anticodon 

recognition by the GluRSs. Additionally, the identification of the probable interaction 
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sites of tRNA and GluRS for M. tuberculosis provides the basis for rational drug 

design directly targeting protein biosynthesis via inhibition of tRNA charging.  

 

5.3. Structural analysis 

 

5.3.1. Model quality 

 

The crystal structure of MtGluRS in the apo state was solved in space group P212121. 

Final statistics for data processing and refinement are presented in Table 5-1. The 

crystal structure of the ternary TtGluRS complex 1J09 was used as a search model 

for molecular replacement with the program MOLREP [Vagin A and Teplyakov A, 

1997]. Based on the solution from molecular replacement the apo MtGluRS structure 

was modelled and refined at high resolution of 1.6 Å (Fig. 5-6). The model converged 

to low R-/Rfree-values of 21 % and 25 %, respectively. Stereochemical quality was 

assessed by PROCHECK and showed 99,8% of all residues were in the most 

favoured or allowed regions of the Ramachandran plot, while Glu77 was observed in 

a disallowed region.     

 

 

Table 5-1: Data collection and refinement statistics 

Apo 
 
0.9756 

P212121 

a=50.1, b=61.4, c=169.5 

α=β=γ=90° 

 
 
20.00 – 1.65 (1.70 – 1.65) 
152,258 

56,328 

88 (91.5) 
10.9 (2.3) 
0.07 (0.51) 
 
 
19.52 – 1.65 

53,368/2,840 

21/25 

25.6 

0.017 

1.7 

Data set 
 
Wavelength (Å) 
Space group 

Unit cell (Å) 
 
 
A. Diffraction statistics 

Resolution 

No. of observations 

No. of unique reflections 

Completeness (%) 
I/sigma(I) 
Rmerge (%) 
 
B. Refinement statictics 

Resolution range (Å) 
No. of reflections (working/test) 
R/Rfree (%) 
Mean B-factor (Å2) 
Rms bond length deviation 

Rms bond angle deviation 
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5.3.2. Overall structure  

 

The final model consists of the residues 2 to 485 of the MtGluRS protein sequence 

(Fig. 5-5), showing some disordered residues at the C-terminus, including the 

residues 486 to 490 and the His-tag. The enzyme consists of five distinct domains 

(Fig. 5-6):  

 

1.) Rossman Fold (RF) domain (red) 

2.) Connective peptide (CP) domain (green) 

3.) Stem contact (SC) fold domain (cyan) 

4.) Anticodon binding (AB) domain 4 (blue) 

5.) Anticodon binding (AB) domain 5 (magenta) 

 

The five domains appear in the given order in the MtGluRS sequence (Fig. 5-5) with 

the exception that the CP domain (residues 77 to 195) is inserted into the RF domain, 

dividing the latter into two parts. Thus the RF domain consists of two peptide 

segments ranging from 2 to 76 and from 196 to 248, respectively. The successive SC 

fold domain starts at residue 249 with the short ß10-strand that is followed by the loop 
257KLSKR261 and ends at residue 335. The aforementioned loop corresponds to the 

KMSKS signature motif of AARSs that is involved in ATP binding. At the end come 

the AB domains 4 and 5 that mainly consist of α-helices and range from residue 336 

to 390 and from residue 391 to 485, respectively. 

 

The two GluRS enzymes from M. tuberculosis and T. thermophilus show a sequence 

identity of about 40% in the N-terminal part ranging from residue 6 to 320 and a 

somewhat smaller sequence identity of about 20% in the C-terminal part from residue 

321 to 485. While a superposition of tRNA-free MtGluRS and TtGluRS based on 463 

corresponding Cα-atoms results in a root-mean-square deviation (RMSD) of 2.8 Å, 

better agreement is seen upon partial superposition. Alignment of the AB domains 

shows an RMSD of 1.6 Å and alignment of the RF, CP and SC domains shows an 

RMSD of 1.4 Å. Nevertheless three segments in the last named domains show 

substantial conformational differences. The first is the KLSKR loop in the RF domain 

and the second is a region flanked by the helices α4 (residues 114 to 124) and α5 

(141 to 149) (Fig. 5-5 and Fig. 5-6). In this region an insertion is present at position 

127 to 130 that causes the helix α5 to protrude further than the corresponding helix 



 84 

Figure 5-5: Sequence alignment of GluRSs from M. tuberculosis 
(MtGluRS), T. elongatus (TelGluRS), T. thermophilus (TtGluRS) and 
E. coli (EcGluRS). Secondary structure of MtGluRS is shown: 
Rossman Fold (RF) domain (red); connective peptide (CP) domain 
(green); stem contact (SC) fold domain (cyan); anticodon binding (AB) 
domain 4 (blue); and anticodon binding (AB) domain 5 (magenta). 
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seen in TtGluRS. Finally the loop 291 to 298 in the SC domain shows a different 

conformation compared to the shorter, homologue loop (277 to 282) in TtGluRS. 

 

The glutamate binding pockets of both MtGluRS and TtGluRS share a similar 

conformation due to a bound acetate molecule that mimics the γ-carboxyl moiety of 

glutamate. Acetate was present in the crystallisation condition and the bound acetate 

ligand forms a hydrogen bonding network with several conserved residues including 

Arg10, Asn100, Glu46, Tyr196, Ser14 and Arg214. Additionally the semi-conserved 

Cys12 that is Ala7 in TtGluRS is contacted by the acetate ligand. Next to the acetate 

molecule a crystal water is present in the binding pocket that is in the position of the 

α-NH2-group of glutamate as seen in the ternary TtGluRS complex with glutamate 

and ATP (PDB-ID 1J09). Therefore the water molecule shows the interactions with 

the residues Cys12, Ser14 and Glu46 similar to those seen for glutamate in the 

complex 1J09. This structural similarity allows to model a glutamate molecule in the 

active site of MtGluRS in which the γ-carboxyl moiety occupies the position of the 

acetate molecule and the α-NH2-group the position of the crystal water (Fig. 5-7). 

Figure 5-6: MtGluRS topology: Rossman Fold (RF) domain (red); 
connective peptide (CP) domain (green); stem contact (SC) fold 
domain (cyan); anticodon binding (AB) domain 4 (blue); anticodon 
binding (AB) domain 5 (magenta). Left: superposition of MtGluRS 
onto TtGluRS (PDB-ID 1J09 colored in yellow ) 
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5.3.3. Interim summary 

 

The structural analysis of the non-discriminating M. tuberculosis glutamyl-tRNA 

synthase (MtGluRS) and its comparison to the discriminating T. thermophilus GluRS 

(TtGluRS) shows the following key aspects: 

 

- The X-ray structural model of MtGluRS shows high quality and displays the typical 

topology of AARSs consisting of five distinct domains. 

 

- MtGluRS and TtGluRS display a quite high sequence and structural identity despite 

their fundamentally different function regarding the mechanism of non-discrimination/ 

discrimination between tRNAGlu and tRNAGln. 

 

Figure 5-7: Model of glutamate binding in the MtGluRS amino acid binding pocket. 
Above: Stereoview of acetate bound in the amino acid binding pocket. Below: Stereoview 
of the modelled glutamate binding. The γ-carboxyl-moiety of glutamate occupies the 
position of the acetate and the α-NH2-group the position of a crystal water. Interacting 
residues are similar in TtGluRS (PDB-ID 1J09).  
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5.4. Enzyme-tRNA interactions 

 

5.4.1. Docking models of GluRS and tRNA 

 

Based on the observation that the non-discriminating MtGluRS and the discriminating 

TtGluRS carry both the same arginine supposed to be able to discriminate between 

tRNAGlu and tRNAGln [Sekine S et al., 2001] docking models of both GluRSs with both 

tRNAs were constructed. This was done in order to validate the mechanism of 

discrimination with the two different anticodons of tRNAGlu (CUC) and tRNAGln (CUG) 

(Fig. 5-8). The conformations of MtGluRS in complexes with tRNAGlu and tRNAGln 

were modelled on the basis of the experimental structures of complexes of TtGluRS 

with tRNAGlu (1N77). To model the tRNA-bound form of MtGluRS the TtGluRS 

enzyme in chain A from the PDB entry 1N77 served as a template. In the case of 

TtGluRS no major conformational differences were observed between the tRNA-

bound and free enzyme [Sekine S et al., 2003]. Binding of the tRNA molecule mainly 

involved minor rotations (~ 6-8°) of single domains without changes in their fold. 

Similar can be expected for MtGluRS and therefore the tRNA-bound state was 

modelled manually by adapting the relative domain orientations as observed for 

TtGluRS-tRNAGlu. Starting models of M. tuberculosis tRNAGlu (CUC) and tRNAGln 

(CUG) were also built manually using the modelling functions of COOT. As a 

template for the models the tRNAGlu structure from T. thermophilus (1N77; chain C) 

was used. Prior to the modelling the secondary structure of Mt-tRNAGlu and Mt-

tRNAGln was predicted with the program tRNAscan-SE [Lowe TM and Eddy SR, 

1997] provided by the Genomic tRNA data base services7. Both enzyme and tRNAs 

were energy minimized prior to docking. After minimization tRNAs and the enzyme 

were docked by superimposing both onto one TtGluRS-tRNAGlu complex from 1N77 

(chains A and C). For superposition of the enzyme and the tRNA Cα and phosphate 

atoms were used, respectively. Finally the contacts at the enzyme-tRNA interfaces 

were manually adjusted on the basis of contacts conserved between tRNA and 

enzyme in both TtGluRS and MtGluRS. The completed complex structures were 

refined and validated with COOT. Ramachandran plots for the docking complexes 

showed all non-glycine and non-proline residues in allowed regions. 

 

                                                
7 http://lowelab.uscsc.edu/GtRNAdb 
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All theoretically built models of the tRNAs were further validated using the software 

X3DNA [Lu XJ and Olson WK, 2003]. Results for the geometry of the modelled 

tRNAs were compared to those from the tRNAGlu model of obtained by 

crystallography (PDB-ID 1N77). Upon this comparison the geometries of the 

theoretically modelled tRNAGlu/Gln for M. tuberculosis were found to be in good 

agreement with the crystallographic data for tRNAGlu from T. thermophilus. 

Subsequently the docking models of GluRS-tRNAGlu/Gln were submitted to energy 

minimization and the resulting models were found to have good geometries. 

Differences in the backbone conformations between MtGluRS-tRNAGlu and TtGluRS-

tRNAGlu are only observed for insertions or deletions in loop segments. In the docking 

complex MtGluRS-tRNAGlu the enzyme mainly interacts with the acceptor arm, the 

augmented D-helix and the anticodon arm. The latter is contacted by the KLSKR loop 

Figure 5-8: Cloverleaf representation of tRNAGln (left) and tRNAGlu 
(right) for M. tuberculosis (A) and T. thermophilus (B). The anticodon is 
indicated by red boxes. The acceptor arm is highlighted in grey, the D-
stem and variable loop in dark grey and the anticodon loop in light grey 

B 

A 
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as well as by the helices α4 and α5. Both helices show elevated backbone 

temperature factors (averaged 32 Å2 compared to 21 Å2 for the domains RF, SC and 

AB 4) in the MtGluRS apo structure. Thereby the helices indicate conformational 

flexibility that might facilitate binding of the acceptor arm upon tRNA binding. The 

conformations of the helices α4 and α5 are similar in the tRNAGlu complexes with 

both MtGluRS and TtGluRS. Additionally MtGluRS makes contact to the phosphate 

group of the nucleotides G70 and C71 via the KLSKR loop in the same way the 

KISKR loop of TtGluRS is involved into contacts with the phosphates of the 

corresponding nucleotides G70 and U71. These interactions are involved in the 

rearrangement of the active site upon tRNAGlu binding [Sekine S. et al., 2003]. 

Further similarities in tRNAGlu binding between MtGluRS and TtGluRS include 

contacts of residues of the SC domain to the D stem. Especially contacts of the 

nucleotides 11 to 13 in MtGluRS-tRNAGlu to the D stem are similar to those observed 

in the TtGluRS-tRNAGlu-ATP structure. Here these contacts were reported to play a 

role in the tRNA dependent switching of the ATP binding mode [Sekine S. et al., 

2003]. In MtGluRS-tRNAGlu the loop 291 to 298 is close to the minor groove of the D 

arm involving base specific contacts for Asp293, Asp296 and Lys323. Here the base 

specific contact of Asp296 corresponds to the essential direct interaction seen in 

TtGluRS-tRNAGlu between Glu282 and the tRNA [Nureki O et al., 1995]. In the 

MtGluRS-tRNAGlu model a further specific interaction between Asp293 and G22 is 

observed. In total, close similarity in the contacts can be observed in both GluRS-

Figure 5-9: Anticodon recognition in the modelled MtGluRS-tRNAGlu (A) and MtGluRS-
tRNAGln (B) complexes. See text for details 
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tRNAGlu complexes from M. tuberculosis and T. thermophilus. For both complexes all 

conserved residues in the contact areas between enzyme and tRNA are observed in 

closely similar conformations. 

 

5.4.2. Anticodon recognition 

 

The AB domains 4 and 5 of GluRS are involved in the recognition of the respective 

anticodon of tRNAGlu/Gln (Fig. 5-9). In both TtGluRS [Sekine S et al., 2001] and 

MtGluRS an interdomain cleft between AB 4 and AB5 allows the accommodation of 

the nucleotides in the anticodon region. In the case of MtGluRS and tRNAGlu these 

nucleotides are C34, U35, C36 and A37 (Fig. 5-9a) and for tRNAGln C34, U35, G36 

and A37 (Fig. 5-9b) are accommodated by the AB domains 4 and 5. In both 

anticodons the first position was suggested to play a role in discrimination between 

tRNAGlu and tRNAAsp [Sekine S et al., 1996]. In MtGluRS C34 is recognized by a 

base specific interaction with the side chain of Arg452 in the AB domain 5 both in 

tRNAGlu and tRNAGln. Interaction of Arg452 with C34:O2 occurs via both nitrogens of 

the guanidinium moiety, similarly as the interaction of Arg435 to C34 observed in 

TtGluRS. This arginine is conserved in most GluRSs [Siatecka M et al., 1998], 

whereas e.g. the non-discriminating GluRS from Sinorhizobium meliloti carries a 

phenylalanine in this position. Like C34, the second anticodon nucleotide U35 is 

contacted similarly in both tRNAGlu and tRNAGln in the MtGluRS complex model. The 

2-carbonyl group of U35 forms hydrogen bonds to Thr459:O in tRNAGlu and tRNAGln 

and to Ser461 in tRNAGlu. In TtGluRS Thr444 corresponds to Ser461 in MtGluRS and 

plays a similar role in anticodon recognition. Further contacts in TtGluRS to U35 

involve the carbonyl-oxygen of Pro445. A similar contact between the corresponding 

Pro462 in the MtGluRS complexes is not observed.  

 

Finally the major difference in the anticodon of tRNAGlu and tRNAGln are the 

nucleotides C36 and G36, respectively. These two nucleotides are glutamate and 

glutamine identity determinants. In MtGluRS-tRNAGlu the side chain of Arg372 of AB 

domain 4 adopts a distinct position and forms hydrogen bonds to C36 (Fig. 5-10a). 

However in the tRNA free enzymes the side chain of Arg372 is flexible, as can be 

seen by the presence of two alternative conformations, where Arg372 is in inter-
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domain contact with Ser461 and Pro462, respectively. These two contacts are 

disrupted in the enzyme-tRNA complex in favour of hydrogen bonds between 

Arg372:NH1 and Arg372:NE with the ring nitrogen and the carbonyl group of C36, 

respectively (Fig. 5-10a). Additionally, the guanidinium group of Arg372 forms a salt 

bridge with the conserved residue Leu368. All described interactions for Arg372 are 

nearly identical to those of Arg358 seen in the complex of TtGluRS with tRNAGlu (Fig. 

5-10b). Yet, Arg372 makes a further polar interaction with the side chain oxygen of 

Thr371, a contact that is not observed in a similar way in TtGluRS. 

 

While recognition of C36 involves base specific hydrogen bonding to Arg372 in the 

MtGluRS-tRNAGlu model, similar is not possible in the case of G36. Rather the 

replacement of C36 by G36 would create a sterical clash with the arginine adopting 

the position necessary for hydrogen bonding contact to C36 (Fig. 5-11a). This was 

already proposed for Arg358 in the discriminating TtGluRS [Sekine S et al., 2001]. 

However, in the non-discriminating MtGluRS-tRNAGln model it is possible that the 

corresponding Arg372 adopts a different conformation that avoids a sterical clash 

Figure 5-10: Recognition of C36 in the modelled MtGluRS-tRNAGlu complex (A) and in 
the TtGluRS-tRNAGln crystal structure 1N77 (B) [Sekine S. et al., 2001]  
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B 
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with the bulkier base of G36 (Fig. 5-11a). This alternative conformation is very similar 

to one of the two alternative conformations observed for Arg372 in the tRNA free 

MtGluRS structure. Similarly a corresponding position can be adopted by Arg358 in 

the hypothetical TtGluRS-tRNAGln model that would avoid a sterical clash with G36 

as well (Fig. 5-11b). Notably, by adopting this conformation Arg358 would get into 

hydrogen bonding distance to Met355, involving Arg358:NH1 and Met355:S. Since 

methionine itself is regarded as a hydrophobic amino acid such hydrogen bonding is 

highly unlikely. In fact there is only one example of a hydrogen bond involving a 

methionine in the entire protein data bank, rendering this case probably 

unfavourable. Thus, it has rather to be expected that the bulky side chain of the 

Met355 sterically clashes with Arg358. Hence, the protein surrounding near Met355 

would prevent Arg358 to adopt an alternative conformation that would in turn avoid a  

 

Figure 5-11: Alternative side chain conformations allow the proper accommodation of the 
bulky base G36 next to Arg372 in MtGluRS (A) and Arg358 in TtGluRS (B) 
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clash with the bulky base of G36. In contrast, the position of Met355 in MtGluRS is 

occupied by the considerably less bulky Val369. No comparable situation as with 

Met355 and Arg358 in TtGluRS would arise from the alternative position of Arg372 

with Val369 in MtGluRS. Therefore in MtGluRS the alternative position of Arg372 

should be stable and allow the accommodation of the bulky G36 and thus be in 

accordance to the non-discriminating character of MtGluRS. 

 

5.4.3. MD simulations of the modelled GluRS-tRNA complexes  

 

The docking models of the GluRS-tRNA complexes imply an unstable conformation 

of the anticodon region of tRNAGln in contact to TtGluRS while interactions between 

the anticodon bases of tRNAGln and MtGluRS should result in a stable 

accommodation of the bulky G36 near Arg372. In turn both TtGluRS and MtGluRS in 

complex with their respective tRNAGlu should exhibit stable contacts in the anticodon 

region, in particular between Arg372 and C36. In order to validate this model of 

anticodon stability, each GluRS-tRNAGlx model was submitted to 5 ns molecular 

dynamics (MD) simulations. All MD simulations on the tRNA-enzyme complexes 

were carried out using the software package GROMACS. The GROMACS port of the 

Amber94 force-field [Sorin EJ et al., 2005] was used with the TIP3P water model 

[Mahoney MW and Jorgensen WL, 2000]. Simulations were performed at 300 K and 

1 bar in the NPT ensemble with a coupling time of 0.1 ps. All bonds were constrained 

using the LINCS algorithm and an integration time step of 2 fs was used. Cut-offs for 

Lennard-Jones and electrostatic interactions were 10 Å and 9 Å, respectively; long-

range electrostatic interactions were calculated by particle-mesh Ewald summation. 

For the simulation setup each starting model was immersed in a rectangular water 

box of a size such that neighbouring molecules were at least 20 Å apart and counter-

ions were added to the system to neutralize all charges. Each system (i.e. complex, 

water and ions) was subjected to steepest descent energy minimization until 

convergence of the maximum force below 1000 kJ mol-1 nm-1. This was followed by a 

20 ps MD simulation at the target temperature using harmonic position restraints on 

the heavy atoms of the protein with a force constant of k = 1000 kJ mol−1 nm−2 to 

briefly equilibrate water and ions. Initial MD simulations showed that this equilibration 

period was two short and resulted in large conformational differences especially of 

tRNAGln from its starting conformation. Therefore the equilibration was prolonged. For 
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further equilibration the following 1000 ps the force constant was applied only to the 

Cα and phosphate backbone and gradually decreased by 100 kJ mol−1 nm−2 every 

100 ps until the free simulation was started at 1 ns. Subsequently, each system was 

run for another 4 ns, totalling in a 5 ns trajectory per starting model, including the 

equilibration phase. Root mean square standard deviation (RMSD) values were 

calculated towards the energy minimzed simulation starting structures. Only Cα 

atoms involved in α-helical or β-sheet secondary structure elements were used for 

the RMSD calculations. 

 

5.4.3.1. TtGluRS complexes 

 

No modelling was applied to the TtGluRS-tRNAGlu complex prior to the MD 

simulation. Comparison of crystallographic B-factors and those derived from RMSF 

values for the Cα atoms shows that this complex displays comparable coordinate 

fluctuations in the MD simulation and the crystal structure (Fig. 5-12a). However, the 

amplitudes of the fluctuations partly differ between crystal and simulation. This is due 

to the effect that generally atomic motions, especially of flexible loops, are likely more 

pronounced in solution compared to a crystalline environment. Yet, it can be seen 

that the behaviour of the single domains is similar both in simulation and in the crystal 

structure. Furthermore, residues involved in contacts between protein and tRNA are 

mostly found in the regions displaying the least fluctuation (Fig. 5-12c), obviously due 

to the tight packing and little exposure to solvent. Out of a total of 70 protein residues 

involved in the contact area only 10 display fluctuations above 30 Å2 during the 

simulation. Most of these are located in a helix from the CP domain in contact to the 

3’ acceptor arm of the tRNA. This helix already shows elevated B-factors in the 

TtGluRS crystal structure. The other residues with elevated B-factor values in the 

simulation are located in a loop in contact to the anticodon of tRNAGlu. In the tRNA 

out of 30 nucleotides in the contact area 10 display fluctuations above 30 Å2, but are 

well below 50 Å2, except for C72 near the 3’ end with an RMSF value of about 75 Å2. 

Notably, the acceptor arm of tRNAGlu bound to TtGluRS seems to exhibit significantly 

less flexibility in the simulation compared to the B-factors of the crystal structure. 

While in the crystal structure the B-factors of the phosphate backbone strongly 

increase towards the 3’-end of tRNAGlu, fluctuations actually level off in the simulation 

(Fig. 5-12a/b). The latter is in accordance with a tightly bound acceptor arm of the 
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enzyme-tRNA complex. Furthermore, a decreased flexibility of especially the first 

segment of the RF domain and the entire CP domain is observed. As both domains 

are involved in the binding of the acceptor arm, there seems to be a mutual 

stabilisation of the protein and the tRNA in this area. While the stem contact domain 

still shows a somewhat decreased flexibility, its fluctuations are virtually identical in 

both AB domains in simulation and crystal structure, except for two short segments 

ranging from 350 to 375 and from 440 to 460 in AB4 and AB5, respectively. Both are 

located at the interdomain cleft in which Arg358 mediates the contact to C36. In total, 

the comparison of the RMSF values from the simulation and the crystallographic B-

factors validate a highly stable simulation of TtGluRS-tRNAGlu. Comparison of the B-

value fluctuations between TtGluRS-tRNAGlu and TtGluRS-tRNAGln shows essentially 

the same pattern for both models during the simulations (Fig. 5-12b). Yet, amplitudes 

of the fluctuations are generally bigger for the TtGluRS-tRNAGln and may be 

attributed to the purely theoretical nature of this complex as TtGluRS is naturally 

discriminating. Increased B-factors for the protein are observed in the CP and SC 

domains. In these two domains the segments 150 to 170 and 260 to 320 show 

elevated flexibility. The first segment is located in the CP domain and consists of two 

antiparallel β-sheets that are in contact to the 5’-end of the tRNAs. The second 

segment in the SC domain forms a cleft that fits the nucleotides 12 to 18 of tRNAGln. 

This segment shows also shows increased B-factors. Furthermore, as expected, the 

anticodon region of tRNAGln displays somewhat increased fluctuations at the 

interdomain cleft, where the anticodon is accommodated. However, the observations 

from the MD simulations do not point to a general structural incompatibility of tRNAGln 

towards TtGluRS. That hints on a special importance of the antiocodon recognition to 

be important for tRNA discrimination. 

 

5.4.3.2. MtGluRS complexes 

 

Comparison of the B-factors of the TtGluRS-tRNAGlu X-ray structure to the MtGluRS-

tRNAGlu model shows a similar pattern of the fluctuations for both enzymes even if it 

is slightly shifted due to variations in the respective protein sequences (Fig. 5-13a). A 

significant difference of the flexibility between TtGluRS and MtGluRS concerns the 

CP domain of the enzyme. In MtGluRS the helix α4 is not in contact to the 3’ 

acceptor arm of tRNAGlu and shows only minor fluctuations. The corresponding helix 
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Figure 5-12: Comparison of crystallographic and MD derived B-factors. A. Crystallographic 
B-factors of 1N77 (green) and MD derived B-factors thereof (red). B. MD derived B-factors 
of TtGluRS-tRNAGlu (red) and TtGluRS-tRNAGln (green). C. MD derived B-factors of residues 
at the tRNA-enzyme interface for TtGluRS-tRNAGlu (blue) and –tRNAGln (magenta). A B-
factor threshold of 30 Å2 is indicated by a broken blue line. 
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Figure 5-13: Comparison of crystallographic and MD derived B-factors. A. Crystallographic B-
factors of 1N77 (green) and MD derived B-factors of MtGluRS-tRNAGlu (red). B. MD derived B-
factors of MtGluRS-tRNAGlu (red) and MtGluRS-tRNAGln (green). C. MD derived B-factors of 
residues at the tRNA-enzyme interface for MtGluRS-tRNAGlu (blue) and –tRNAGln (magenta). A 
B-factor threshold of 30 Å2 is indicated by a broken blue line. 
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 in TtGluRS as discussed above shows strong fluctuations both in the crystal and in 

simulation. However, the acceptor arm of tRNAGlu is tightly bound in MtGluRS and 

displays only small B-factor values. Therefore tight coordination of the acceptor arm 

is not necessarily involving the CP domain. Furthermore, the AB domains show 

increased flexibility. Similarly to the CP domain these regions of the enzyme are not 

in contact to the tRNA. Thus, the high flexibility of these segments obviously is seen 

due to their solvent exposure. As in the case of the TtGluRS simulations, residues 

involved in contacts between tRNA and enzyme show only minor fluctuations (Fig. 5-

13c). Most of the residues and nucleotides at the interface show RMSF values well 

below 30 Å2. Further, no major differences of the flexibility pattern in the domains can 

be observed for MtGluRS-tRNAGlu and MtGluRS-tRNAGln (Fig. 5-13b). Therefore the 

MD simulations of the MtGluRS-tRNA complexes point to a general compatibility of 

the enzyme towards both cognate tRNAs. This is in accordance with the non-

discriminating function of the enzyme. 

  

5.4.3.3. Deviations of the complexes from the initial model structure  

 

The time-course of the root-mean-square deviation (RMSD) of all four simulations 

was monitored for both the Cα backbone of the protein and the phosphate backbone 

of the tRNA (Fig. 5-14 and Fig. 5-15). In case of the protein backbone all Cα atoms 

present in loops were excluded, as the stable fold of a protein is usually defined by 

well ordered structural elements like α-helices or β-sheets. Since at the beginning of 

the simulations both Cα and P atoms were restrained with gradually decreasing 

strength, the RMSD is only displayed for the time of the free simulation ranging from 

1 to 5 ns. Generally tRNA backbone RMSD values show an initial equilibration after 

release of the restraints at a time between 1.2 and 1.5 ns. From 1.5 ns on the 

phosphate RMSD fluctuates stably around 2 – 2.5 Å, while the protein backbone 

equilibrates at the same time-scale but at a lower RMSD of about 1.5 - 2 Å. Thus, the 

tRNAs of all models display a stronger deviation from their starting structure, than 

their respective protein partner, MtGluRS-tRNAGlu being the only exception. This kind 

of deviation of a tRNA structure from its initial conformation was observed in other 

studies as well [Yamasaki S. et al., 2006] and was deemed to the consequence of a 

slight elongation of tRNAs molecules simulated in explicit solvent. Further, the tRNA 

molecules observed in the crystal structure of TtGluRS-tRNAGlu exhibit an elevated 
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Figure 5-14: RMSD time courses of the Cα- (red) and P-backbones (green) of the 
TtGluRS-tRNAGlu (A) and TtGluRS-tRNAGln (B) complexes during the MD simulations 
from 1 ns to 5 ns. 

B 
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Figure 5-15: RMSD time courses of the Cα- (red) and P-backbones (green) of the 
MtGluRS-tRNAGlu (A) and MtGluRS-tRNAGln (B) complexes during the MD simulations 
from 1 ns to 5 ns. 

B 

 

A 
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mean B-factor of 60 Å2 compared to a mean B-factor of 34 Å2 for the protein. This 

implies an increased flexibility of the tRNA compared to the protein. In turn this 

increased flexibility might be the cause for most of the structural changes of the 

different GluRS models compared to their starting structures. Domain decomposition 

of the RMSD values shows that the single domains generally only display little 

structural rearrangements over the simulation time. For all GluRS models the single 

domains except for the CP domain display RMSD values to the starting model of only 

0.5 to 1 Å, indicating a strong integrity of the single domains. In all simulations the CP 

domain shows the highest RMSD with values between 1.2 and 1.5 Å. In contrast the 

AB domains show the smallest deviation from their initial coordinates with RMSDs 

between 0.4 and 0.8 Å.  Finally, RF and SC domains vary between 0.8 and 1.2 Å in 

all GluRS complexes. The small deviations from the starting structure of all enzymes 

point to rigid body movements of the single GluRS domains during the simulation. 

Most likely due to the elongation of the tRNA, the proteins must adapt to the new 

conformation and this is done by a rearrangement of the domain orientations relative 

to one another. In the MD simulations the integrity of the domains is not 

compromised during this adaptation process. Similar was observed in the crystal 

structure of TtGluRS of going from the apo to the tRNA liganded state [Sekine S et 

al., 2003]. The only larger conformational change is observed for the CP domain and 

likely is a consequence of the larger exposure to solvent. However, comparing all 

models and especially the tRNAGln complexes all models prove to be reasonably 

stable during the simulations. This provides the basis for the detailed study of the 

anticodon recognition by the conserved arginine and the influence of the protein 

environment in its vicinity during the MD simulations.  

 

5.4.3.4. Anticodon recognition in the MD simulations 

 

The anticodon recognition for both non-discriminating and discriminating GluRS 

complexes with tRNAGlu mediated by the contacts between Arg372/Arg358 and C36 

is stable throughout the entire simulation as expected. Both NE and NH1 atoms of 

the respective arginine are in stable contact to the carbonyl group and the ring 

nitrogen of C36 throughout the entire simulation. Therefore the MD calculations prove 

that the anticodon of tRNAGlu is properly accommodated in the domain cleft between 

AB4 and AB5. Furthermore, the MD simulation of the MtGluRS-tRNAGln complex 
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Figure 5-16: Anticodon recognition in MtGluRS-tRNAGln and 
TtGluRS-tRNAGln A. Change of the distance between C 
R372:Cα-G36:P (red) and R358:Cα- G36:P (green) during 
the MD simulation. B. Change of the distance between 
R372:CZ- V369:CB (red) and R358:CZ - M355:SD (green) 
during the MD simulation. The time scale is displayed 
logarithmically. 

B 
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 shows that the alternative conformation of Arg372 is favourable. During the 

simulation Arg372 is accommodated in a position near the protein surface that allows 

proper interaction of the AB domains with the anticodon region. This can be seen by 

the virtually unchanged distance between Arg372 and V369 during the simulation 

(Fig. 5-16b). As no direct interactions can be observed between Arg372 and G36, the 

distance of between their Cα and P atoms was monitored throughout the simulation. 

After the release of the restraints Arg372 and G36 approach each other by ~4 Å 

within the first 500 ps and afterwards stay close throughout the entire simulation (Fig. 

5-16a). During this time the side chain of Arg372 is safely accommodated at the 

protein surface and no sterical hindrance for this conformation can be observed. In 

contrast, the results of the MD simulation for TtGluRS-tRNAGln show that almost 

immediately after the start the interaction between Arg358 and Met355 is broken and 

the distance between Arg358:NH1 and Met355:SD increases to 8 Å within 100 ps 

and stays between 7 and 9 Å during the entire rest of the simulation (Fig. 5-16b). This 

is accompanied by a conformational change of Arg358 turning its side chain into the 

direction of the base G36 (Fig. 5-17b). This prevents the anticodon region of tRNAGln 

to adopt a stable conformation at the cleft between AB4 and AB5. Monitoring the 

distance between the Arg358:Cα and G36:P shows that very rapidly G36 increases 

its distance to the backbone of Arg358 (Fig. 5-16a). This is likely the result of the 

movement of the guanidinium group of Arg358 towards the anticodon region. The 

increased B-factor values of TtGluRS-tRNAGln in the anticodon region suggest that 

the orientational change of Arg358 infers a general instability on this segment. 

 

5.4.4. Interim summary 

 

Modelling and/or comparison of the enzyme-tRNA complexes of glutamyl-tRNA 

synthetases from M. tuberculosis (MtGluRS) and T. thermophilus (TtGluRS) plus 

their validation by molecular dynamics (MD) showed the following main points: 

 

- Despite their different enzymatic function both MtGluRS and TtGlurs carry the same 

arginine (Arg372 and Arg358, respectively) that is believed to be the major 

determinant for discrimination between tRNAGlu and tRNAGln in TtGluRS [Sekine S et 

al., 2001]. 
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- Since both enzymes and the respective tRNAs are structurally closely related, 

docking complexes of TtGluRS and MtGluRS with tRNAGlx were modelled on the 

basis of the TtGluRS-tRNAGlu crystal structure. 

 

- In the modelled complexes with tRNAGln the “discriminating” arginine can adopt a 

position that theoretically allows both in TtGluRS and MtGluRS the proper 

accommodation of G36 in the anticodon. 

 

- However, in TtGluRS the bulky side chain of a methionine (Met355) in the vicinity of 

Arg358 is in sterical conflict with the alternative position of the arginine, while the 

alternative orientation of Arg372 in MtGluRS is tolerated by a considerably smaller 

valine (V369). 

 

- The MD simulations show that the tRNA-enzyme complexes are overall stable and 

both TtGluRS and MtGluRS make stable contacts to the anticodon of tRNAGlu.  

 

- In contrast, the alternative conformation of Arg358 is instable in the vicinity of the 

methionine and therefore, in agreement with the discriminating function of the 

enzyme, disfavours the accommodation of the tRNAGln anticodon. 

 

- However, the alternative conformation of Arg372 is stable and allows the proper 

accommodation of the G36 of the tRNAGln anticodon during the MD simulation, 

thereby making possible the recognition of both tRNAGlu and tRNAGln, as implied by 

the non-discriminating function. 

 

5.5. Discussion 

 

MtGluRS is the only GlxRS present in M. tuberculosis. Based on the genomic 

criterion of the absence of any GlnRS or paralogous GluRSs in the genome and the 

presence of the genes gatA, gatB and gatC encoding for Glu/Asp AdT it may be 

concluded that the enzyme is non-discriminating. In contrast, the genome of T. 

thermophilus contains genes not only for GluRS and Glu/Asp AdT, but also for 

GlnRS. As T. thermophilus does not have an AsnRS, the Glu/Asp AdT is required for 

the synthesis of asparagine. This might be the reason that the gatCAB genes were 
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not lost during evolution of this eubacterium. The discriminating character of TtGluRS 

was described previously [Becker HD and Kern D, 1998], and it was demonstrated 

that a replacement of the discriminating Arg358 by Gln (R358Q) resulted in a 

substantial change towards non-discrimination of wild type (C36) and variant (C36G) 

tRNAGlu transcripts [Sekine S et al., 2001]. 

 

Structural and sequence aligments of GluRSs from M. tuberculosis and T. 

thermophilus show that both enzymes are closely related to each other (Fig. 5-5 and 

Fig. 5-6). Both enzymes display a high sequence homology and possess closely 

similar three-dimensional structures. Further, they interact with tRNAs that are 

structurally similar. This was used to for the comparison of the docking model of the 

MtGluRS-tRNAGlu complex to the TtGluRS-tRNAGlu structure. Both models underlined 

the close similarity in the interactions of both GluRSs with their cognate tRNAGlu. The 

key amino acids interacting with the anticodon loop bases are practically identical for 

both enzymes. In particular the interaction of the arginine (Arg372 in MtGluRS, 

Arg358 in TtGluRS) and the nucleotide C36 of tRNAGlu (CUC) can be modelled in an 

identical conformation. While this arginine residue is almost invariant in discriminating 

GluRSs, not only MtGluRS but nearly 50% of all non-discriminating GluRSs contain 

an arginine in this position. Further, close agreement between MtGluRS and TtGluRS 

is observed also for key residues involved in the recognition of C34 (Arg435 and 

Leu447 in TtGluRS, Arg452 and Leu464 in MtGluRS) and U35 (Thr444 in TtGluRS, 

Ser461 in MtGluRS) on the basis of the modelling. 

 

While similarities between both GluRSs are strikingly close, TtGluRS discriminates 

between glutamate and glutamine, whereas MtGluRS does not. The discriminative 

Figure 5-17: Arg358-Met355 hydrogen bonding in the TtGluRS-tRNAGln complex model. 
A: Starting conformation, B: Conformational change during the MD simulation 
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character of TtGluRS was explained essentially by differences in the interactions of 

Arg358 with C36 of tRNAGlu (CUC) and G36 of tRNAGln (CUG), respectively [Sekine 

S. et al., 2001]. The crystal structure of TtGluRS-tRNAGlu (1N77) showed that the 

Arg358 side chain formed hydrogen bonds with C36. These specific interactions 

could be modelled in a practically identical conformation for Arg372 in the docking 

model of MtGluRS-tRNAGlu and were proven to be stable in a 5 ns MD simulation. In 

contrast, modelling of G36 into the TtGluRS-tRNAGlu structure, replacing C36, was 

described to result in a steric clash between G36 and the Arg358 side chain [Sekine 

S. et al., 2001]. Notably, neither Arg358 in TtGluRS nor Arg372 in MtGluRS can form 

hydrogen bonds between their side chains and G36. The docking models of the 

complexes of MtGluRS and TtGluRS with tRNAGln (CUG) presented in this work 

provided a more detailed picture of the interactions of these arginine residues with 

their respective environment. In the case of the MtGluRS-tRNAGln complex, the 

Arg372 side chain in fact cannot adopt a similar orientation as in the complex with 

tRNAGlu (CUC), as this would cause a collision with the G36 base (Fig. 5-11a). 

However, the Arg372 side chain can swing to a different rotamer orientation, which is 

essentially the same as it was observed in the crystal structure of tRNA-free 

MtGluRS. This allows Arg372 to form a hydrogen bond via the backbone nitrogen to 

the backbone carbonyl of Val369. Given this conformation of Arg372 tRNAGln may 

dock onto the MtGluRS without any sterical hindrance, maintaining the stacking 

arrangement around G36. In total, the interactions between MtGluRS and the 

Figure 5-18: Arg372-V369-G36 interactions in the MtGluRS-
tRNAGln complex model. R372 in darkblue: starting conformation, 
R372 in lightblue: average position in the MD simulation 

G36 

V369 
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anticodon loops of tRNAGlu and tRNAGln, respectively, do not involve discriminating 

structural elements. This observation is in agreement with the function of the enzyme. 

 

A different situation is encountered in the case of TtGluRS. The docking model of the 

complex of TtGluRS with tRNAGln confirms the previous observation [Sekine S. et al., 

2001] that the Arg358 side chain can not adopt a similar orientation as in the 

TtGluRS-tRNAGlu complex (1N77), due to a sterical clash with G36. However, 

theoretically the arginine side chain can be modelled in a similar rotamer state as in 

the MtGluRS-tRNAGln docking complex (Fig. 5-11b). This orientation brings the side 

chain into hydrogen-bonding distance with the sulphur atom of the Met355 side chain 

(Fig. 5-17a). Such an Arg-Met interaction seems highly unusual as there is only one 

single protein structure in the PDB with a possible hydrogen bond between Arg:NH 

and Met:SD. That such an interaction is highly unlikely was further seen in a 5 ns 

molecular dynamics simulation of the interaction of TtGluRS with tRNAGln. This 

simulation showed that the tRNA in the vicinity of the anticodon base G36 gradually 

moved away from the protein surface (Fig. 5-16a). This movement correlates with an 

increase of the distance between Arg358:NH1 and Met355:SD (Fig. 5-16b). Analysis 

of the trajectories made clear that the motion of the Arg358 side chain was hindered 

by possible collisions with the side chains of Met355 and Lys368 in its vicinity. This is 

in accordance with observations [Sekine S. et al., 2001] of a predominantly 

discriminative character of wildtype TtGluRS and a change towards a non-

discriminative behaviour upon replacement of C36 by G36 in tRNAGlu a change of the 

R358Q mutant towards non-discriminative behaviour against the tRNAGlu variant 

C36G. Clearly, the glutamine side chain is considerably smaller than that of arginine. 

Therefore less conflict is expected with the bulky side chains of Met355 and Lys368. 

In contrast to the instability in the interactions between TtGluRS and tRNAGln, a 

similar 5 ns MD simulation of the MtGluRS-tRNAGln complex showed high stability in 

the enzyme-tRNA contacts (Fig. 5-16 and Fig. 5-18). Whereas in the case of 

TtGluRS Arg358 swings away from the protein surface, Arg372 in MtGluRS actually 

moves closer to the protein surface. This results in a decrease of the distance 

between Arg372:CA and G36:P by ~ 4 Å, indicating the good accommodation of the 

anticodon to the protein surface near Arg372 (Fig. 5-16a). On the other hand, the 

distance between Arg358:CA and G36:P in TtGluRS increases by almost 2 Å. 
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The residues Val369 and Leu382 in the non-discriminating MtGluRS are replaced by 

residues with more bulky side chains, Met355 and Lys368 in the discriminating 

TtGluRS Therefore the protein surface close to the arginine recognizing base 36 

differs substantially between the two enzymes. A number of other GluRSs have been 

identified that suggest that such differences in the protein surface accessible to the 

arginine may correspond to a more general concept (Fig. 5-19). The identified 

GluRSs contain a conserved segment in their amino acid sequences that includes 

the same arginine as MtGluRS and TtGluRS. Therefore a similar interaction with 

tRNA near the anticodon base 36 can be expected. Notably, the discriminating 
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species with GluRSs containing 
less bulky (A, V, I, C, S) or more 
bulky residues (Q, L, M, F) at the 
position corresponding to 
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shown. The position corresponding 
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to R372 in MtGluRS is indicated in 
red 
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GluRSs among them possess residues with bulky side chains at the locations 

corresponding to Met355 and Lys368 in TtGluRS, the non-discriminating GluRSs 

have less bulky residues instead (Fig. 5-19). Hence, the discriminating or non-

discriminating function of GluRSs may depend not only on the immediate interaction 

of residues with the anticodon base 36 of the tRNA, but also on the conformation of 

the protein environment. In this respect the structural models of MtGluRS with 

tRNAGlx further may provide a basis for identifying new antimicrobial drugs. As drugs 

targeting a singular interaction might be less effective than those that are specifically 

designed to target a more complex environment, the model suggested above might 

be helpful to guide such strategies.  
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6. Conclusions and outlook 

 

This work presents the high-resolution structures of two enzymes chorismate 

synthase (MtCS) and glutamyl-tRNA synthetase (MtGluRS) from two important 

metabolic pathways of the bacterium M. tuberculosis. The three dimensional 

structures of both enzymes were solved with the help of X-ray crystallography and 

provided detailed new insights into the respective catalytic mechanism.  Comparison 

of the MtCS structures with a highly homologue SpCS structure allowed a detailed 

view of the structural changes necessary for ternary complex formation and indicates 

for the first time the important role of an invariant arginine necessary for the correct 

enzymatic function. This special role was further validated by molecular dynamics 

(MD) calculations. Additionally a novel ligand binding mode of NCA may support an 

unproductive active site conformation that also involves the invariant arginine. In the 

case of GluRS modelling of enzyme-tRNA complexes for MtGluRS and TtGluRS and 

MD simulations thereof suggest a special non-discriminating/discriminating function 

of GluRSs: Here the bulkiness of a single residue next to the arginine in contact to 

the tRNA anticodon may decide upon the discriminating or non-discriminating nature 

of the enzyme. Currently mutagenic studies are carried out on MtGluRS to test the 

proposed mechanism in vitro employing kinetic studies. 

 

Despite the difference of the catalytic function of both enzymes they are of high 

interest for a joint presentation from a structural point of view. Both examples point 

out how small structural elements such as single side chains may determine the 

macroscopic function of an enzyme. In the case of MtCS a single invariant arginine is 

suggested to be important for the correct formation of the closed ternary complex and 

hence for the correct catalytic function of the enzyme. In a similar way the bulkiness 

of a single residue seems to determine whether a GlxRS is able to discriminate 

between two highly similar tRNA molecules. This implies a special importance for X-

ray crystallographic studies of enzymatic mechanisms, as only these provide 

sufficient atomic detail for the functional implications presented in this work. Finally, 

these functional insights may provide a good starting point for the rational design of 

novel compounds against TB.   
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