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ABSTRACT 
Mycobacterium tuberculosis, the causative agent of tuberculosis, is one of the most 
lethal infectious agents affecting humans. The World Health Organisation estimates 
that about one-third of the world’s population is infected with persistent mycobacteria 
and that tuberculosis accounts for approximately 2 million deaths annually. Treatment 
of this disease is complicated by the ability of Mycobacterium tuberculosis to switch 
from the active form into a persistent phase. In this phase the bacteria have little or no 
replication and are not targeted as effectively by the antibiotics used today. The 
emergence of multi-drug resistant and extensively drug resistant strains of 
Mycobacterium tuberculosis poses a major threat to human health worldwide. 
Therefore the development of novel antibiotics especially targeting Mycobacterium 
tuberculosis in the persistent state is of highest interest. 
In this thesis three target proteins from persistent phase Mycobacterium tuberculosis 
have been studied by protein crystallography and biochemical methods. The studies 
have focused on CysM, a cysteine synthase where transposon knockouts are attenuated 
in macrophages and AlaDH, a secreted protein showing altered expression profile upon 
adaptation to dormancy. Furthermore NarL, a member of the two component regulatory 
system family was studied since it has been shown to be up-regulated in dormant 
bacteria. This work has been done within a large consortium with the aim to develop 
novel antibiotics which are active against stationary phase persistent Mycobacterium 
tuberculosis. 
The three-dimensional structure and subsequent functional characterization of CysM 
revealed that the enzyme is an O-phosposerine dependent sulfhydrylase in contrast to 
previous annotations as an O-acetylserine sulfhydrylase. With these findings we can 
conclude that CysM is part of a new cysteine biosynthesis pathway that is independent 
of both O-acetylserine and sulphide. Furthermore it was shown that the C-terminus of 
CysM is acting as a lid and thereby protecting the reaction intermediate from 
spontaneous nucleophilic attack. The C-terminus is also responsible for the specificity 
of the thiocarboxylated protein substrate used in the second half reaction. 
The structures of apo and holo-AlaDH revealed a large domain rotation upon 
nucleotide binding. In the structure of the abortive complex with NAD+ and pyruvate, 
the substrates are suitably placed for hydride transfer between the nicotinamide ring 
and pyruvate. As the abortive complex that we have trapped most likely represents an 
active conformation of the enzyme it can serve as a suitable template for inhibitor 
design. 
The structure of the N-terminal domain of NarL was determined to 1.9Å and is similar 
to the structures of previously determined response regulators. Additionally a key 
residue is identified which might play an important role for the stability of the phospho-
aspartyl anhydride. 
In conclusion this thesis describes the structure and functional characterization of three 
potential drug targets from persistent phase tuberculosis. 
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1 TUBERCULOSIS 

Tuberculosis is a disease that has haunted mankind for several thousand years and is 

caused by the bacteria Mycobacterium tuberculosis. The earliest evidence of the 

bacteria can be dated back to ~16000BC where an ancestral strain of M. tuberculosis 

was found in an extinct bison species [1]. The first proof of the bacteria in humans 

was just recently discovered in Israel from skeletons dating back ~7000BC [2]. In 

another study where a large number of mummies were investigated it was shown that 

infection with M. tuberculosis was frequent in ancient Egypt [3]. 

The M. tuberculosis bacteria were first identified by Robert Koch 1882 when he 

demonstrated that the bacteria caused tuberculosis. He was subsequently awarded the 

Nobel prize for this discovery in 1905, the bacteria was also called Koch:s bacillus 

and the disease Kochs disease in the early 20th century. 

 

 
Figure 1. M. tuberculosis bacteria at 15500 times magnification (CDC public picture library) 
 

In the beginning of the 20th century there was a significant decrease in tuberculosis 

incidence, due to several different factors. It is clear from several studies that living 

conditions had an important effect on the level of exposure to the bacteria and that the 

extent of tuberculosis decreased when overcrowding and hygiene standards were 

improved [4,5]. Another reason was the introduction of sanatoriums, institutions 

where infected patients could be isolated and given good nutrition and fresh air, 

which was thought to help in the recovery from the disease. However the primary 

benefit of sanatoriums was that infected individuals were removed from the society 

thus preventing spread of the disease to the still healthy population. 

 



 

2 

From a public health point of view M. tuberculosis infection continues to be of high 

medical relevance, because the pathogen is still the bacteria killing most adult humans. 

The World Health Organization estimates that one third of the world´s population is 

infected with the bacteria. In 2006 more than 9 million people developed active 

tuberculosis resulting in the death of around 2 million people [6]. These numbers have 

started to increase during the last decade, mainly due to the increased number of HIV 

patients that are co-infected with latent tuberculosis giving them a yearly risk of 10% to 

develop active TB [7].  This is in contrast to individuals that are only infected with 

latent tuberculosis where the life time risk is 10% to develop active disease [8]. 

 

1.1 Physiology of M. tuberculosis 

M. tuberculosis is an obligate aerobe bacteria belonging to the actinomycetes group. 

M.tuberculosis is growing extremely slow compared to other bacteria with a doubling 

time of approximately 15-20 hours. Another feature is the bacteria’s ability to 

withstand harsh conditions; it can survive in macrophages, withstand many 

disinfectants and survive in a dry state for weeks. This property is often attributed to 

the mycobacterial cell wall. 

 

Mycobacteria have adapted to the harsh conditions that they are exposed to in the 

macrophages by several mechanisms; one of the more striking is the thick cell wall. 

The cell envelope is very hydrophobic and forms an exceptionally strong 

permeability barrier, rendering mycobacteria naturally resistant to a wide variety of 

antimicrobial agents. This is due to the unique structure of the mycobacterial cell wall 

and the presence of long fatty acids, the mycolic acids [9]. The central part of the cell 

envelope consists of peptidoglycan connected to arabinogalactan which is covalently 

linked to mycolic acids, thus forming the mycolyl-AG-peptidoglycan complex 

(MAPc) (figure 2). In order to transport hydrophilic molecules across the 

hydrophobic cell wall pores are used as has been observed for other bacteria [10].  
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Figure 2. The mycobacterial cell wall structure. The mycolyl-arabinogalactan-peptidoglycan 
complex (MAPc) forms the core of the robust bacterial envelope [9]. 
 
 

1.2 Pathogenesis 

Primary tuberculosis infection is pulmonary but patients left untreated can end up with 

disseminated disease which in many cases can be lethal. Tuberculosis infection is 

acquired through the inhalation of aerosol droplets containing the bacteria, which travel 

to the pulmonary alveoli in the terminal airways (figure 3). At these sites, the bacteria 

are phagocytized by non-activated alveolar macrophages; within the macrophage the 

bacteria inhibit many of the cellular mechanisms preventing the fusion between 

phagosomes and lysosomes. The bacteria’s ability to thus circumvent phagolysosomal 

degradation gives M. tuberculosis an opportunity to replicate freely, eventually the 

macrophage will lyse and the bacteria can invade new macrophages [11]. When a large 

number of macrophages are infected they will start to fuse and multinucleated giant 

cells called Langhans cells are formed.  In concert with this an immune response 

attracting other immune cells like circulating macrophages and lymphocytes is 

initiated. These cells surround the infected macrophage forming a barrier to the 

surrounding tissue, thereby creating a compartment called a granuloma. These 

granulomas surrounded by immune cells and cell debris are not targeted effectively by 

the immune system [12] (figure 4). The granulomas are however a dynamic structure 

and during different parts of M. tuberculosis life cycle there is activation of certain 
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immune responses. This often triggers the immune system to overreact in a self-

destructive inflammatory response creating lesions in the lungs [13]. In advanced stages 

of tuberculosis large cavities are formed in the lungs, the tissue damage caused by the 

activated immune cells induces coughing and provides an exit strategy for the bacteria 

to spread to another host. These cavities are also used in order to diagnose patients with 

advanced tuberculosis (figure 5). In most cases the immune system suppresses the 

infection and the bacteria stop to replicate and enter a dormant state within the 

granulomas. In these granulomas there is a balance between pathogen virulence factors 

and the host immune response. Suppression of the immune system at a later stage can 

result in reactivation of bacterial multiplication and the continuation of the M. 

tuberculosis infectious cycle.  

 

 
 
Figure 3. Life cycle of Mycobacterium tuberculosis. M. tuberculosis acquired by inhalation 
resides and multiplies in lung macrophages. If untreated, bacteria will spread to other parts of 
the body and can cause death of the host. Bacteria infecting immunocompetent hosts are 
controlled by cellmediated immunity and are either eliminated or persist in low numbers in a 
latent infection. Suppression of the immune system at a later date can result in reactivation of 
bacterial multiplication and the continuation of the M. tuberculosis infectious cycle [14]. 
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Figure 4. Schematic overview of tuberculus lung granulomas. In the center there are non 
activated macrophages filled with M. tuberculosis bacteria. These are surrounded by activated 
macrophages and lymphocytes/cell debris sealing off the granuloma from the surrounding 
tissue. Adapted from [12].  
 

 
Figure 5. An anteroposterior X-ray of a patient diagnosed with advanced bilateral pulmonary 
tuberculosis. This X-ray of the chest reveals the presence of bilateral pulmonary infiltrate 
(mainly in the left apical region) and caving formation in the right apical region indicated by 
an arrow (CDC public picture library).  
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Bacteria in the granulomas can survive for long times and are then usually called 

dormant bacteria, this is one of the main reasons why the long antibiotic treatment is 

needed. In the dormant state the bacteria enter a condition with little or no replication. 

Most of the commonly used antibiotics are directed towards different parts of the 

replication machinery which are not targeted as effectively in dormant bacteria. 

Within granulomas the microenvironment can be characterized by hypoxia, nutrient 

starvation and exposure to Reactive Oxygen Intermediates (ROI) and Reactive 

Nitrogen Intermediates (RNI) [14,15]. These compounds are used by phagocytic cells 

to eliminate internalized bacteria [16-18] yet some pathogens among them Salmonella 

typhimurium and Mycobacterium tuberculosis avoid elimination, leading to long term 

survival and the establishment of persistent infection [19]. The primary targets of ROI 

and RNI are the Fe-S clusters of enzymes and protein sulfhydryl groups [20,21]. 

DNA modifications are not as common but when they occur a single base mutation 

can have drastic effects for the organism [20]. Some pathogenic bacteria have 

developed enzymatic defense mechanisms which efficiently remove the superoxide 

radical (*O2
-) and hydrogen-peroxide (H2O2), however several derivatives like the 

hydroxyl radical (*OH), nitrogen-monoxide (*NO), peroxynitrite (OONO-), 

hypochlorate (OCl-) are not scavenged so efficiently by bacterial defence mechanisms 

[20,21]. Especially the RNI-driven modifications have been recorded in the M. 

tuberculosis proteome, among them S-nitrosylation of cysteine residues and oxidation 

of cysteine and methionine residues [22,23].  

 

To protect the bacteria from the toxic effects of ROS and RNI it is important to 

maintain a physiologically correct redox balance. The maintenance of redox 

homeostasis is largely based on redox active thiol groups of defensive proteins and 

small molecular weight thiols [18]. Mycothiol is the major thiol found in 

Actinobacteria and has many of the functions of glutathione, which is the dominant 

thiol in other bacteria and eukaryotes but is absent in Actinobacteria. Mycothiols 

function as a thiol buffer and play a key role in maintaining a highly reduced 

environment where protein cysteines are retained in their thiol form [24]. In 

mycothiol, the acetyl and GlcN-Ins residues make Cu-catalyzed autoxidation of 

mycothiol some 30-fold slower than that of cysteine and 7-fold slower than that of 

glutathione [25]. Mycothiol is synthesized in a five step pathway and in one of the 

last steps a cysteamine moiety is added to the molecule. Thereby the oxidative 

defense mechanisms are directly linked to the availability of cysteine.  
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1.3 Treatment of tuberculosis 

After M. tuberculosis was identified as the culprit behind tuberculosis, large research 

programs were initiated in order to create a vaccine. The vaccine development proved 

to be difficult and in early research there were some major setbacks [26]. But in the 

1920:s Albert Calmette and Camille Guérin developed the Bacille Calmette-Guérin 

(BCG) vaccine which was successful in order to prevent the active disease. The vaccine 

is based on a weakened strain of Mycobacterium bovis, a bacterial species closely 

related to Mycobacterium tuberculosis [27]. After the Second World War vaccination 

with BCG vaccine accelerated and programs for mass vaccinations were initiated. 

However there is today evidence that it has little effect on adult pulmonary disease, 

which is the primary cause of death [28].  There is however a reduction of severe non-

pulmonary forms such as childhood tuberculous meningitis by at least 70% in 

vaccinated children [29]. 

In Sweden the vaccination policy was changed 1975 from routine vaccination of all 

infants to selective vaccination of high risk groups. This was done because of a low 

incidence of TB and of the risk that not yet diagnosed immune compromised infants 

could develop BCG osteitis from the vaccination strain Mycobacterium bovis. Today 

approximately 15% of all new born are vaccinated in Sweden with 88% coverage of 

the risk groups. Sweden is one of the countries with lowest tuberculosis incidence 

with less than 1/100 000 cases annually for children [30].  

 

The first real treatment for tuberculosis was streptomycin, an antibiotic belonging to the 

class of aminoglycosidases, discovered by Albert Schatz 1943 [31]. Its main effect is 

binding to the 16S ribosome thereby inhibiting the initiation of protein translation. 

Treatment with antibiotics is however complicated by the emergence of drug resistant 

strains. Already 1948 there was a report saying although two thirds of patients with 

advanced pulmonary tuberculosis improved with streptomycin monotherapy, within six 

months bacteria in 35 of 41 patients had developed streptomycin resistance [32]. The 

increase in the number of new tuberculosis drugs was rapid around the 50:s, however 

when the numbers of cases started to decrease research came to a stop and there have 

been practically no new drugs developed. The newest drug used to treat the disease is 

33 years old. But recently pharmaceutical companies have initiated large research 

programs and presently there are nearly 30 drugs for tuberculosis under development 

[33]. 
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 For treatment of tuberculosis today a cocktail of antibiotics is used, the first two 

months usually four antibiotics are used followed by two antibiotics four additional 

months [34,35]. The two most effective antibiotics in tuberculosis treatment are 

Isoniazid and Rifampicin, consequently they are the drugs used for the whole course of 

the treatment. In the initial phase they are complemented with Pyrazinamide and 

Ethambuthol. These drugs are targeting different cellular mechanism which should 

minimize the risk for cross resistance (Scheme 1).  

 

Antibiotic resistance in Mycobacterium tuberculosis occurs via spontaneous 

mutations in the genome and is following the Darwinian evolution principle with 

survival of the fittest. Development of resistant strains in tuberculosis is further 

accelerated by the oxidative damage caused by redox cycling drugs i.e. Isoniazid. 

These are efficiently killing bacteria but also give higher mutation rates in exposed 

bacteria which in turn lead to faster progress of drug resistant strains [20]. Since there 

have been practically no new drugs developed against tuberculosis during the last 30 

years and the large spread use of antibiotics several drug resistant strains have 

emerged. Today many Mycobacterium tuberculosis strains are resistant to several of 

the commonly used antibiotics (figure 6). Multi drug resistant tuberculosis is defined 

as resistant to at least the best anti tuberculosis drugs Isoniazid and Rifampicin [36].  

Lately there have also emerged extremely drug resistant strains; they are defined as 

resistant to Isoniazid, Rifampicin, any Fluoroquinole and at least one of the three 

second line injectable antibiotics (Amikacin, Kanamycin, or Capreomycin) [36]. This 

is of special concern since the drugs available for treatment become limited and they 

are not as efficient as the first line of drugs.  Resistant strains emerge more often 

when drugs are misused or mismanaged by either the patients or the healthcare 

workers. In some parts of the world there can also be problems regarding the 

continuous availability of the drugs. Today multi drug resistant strains are common in 

former Soviet Union with almost half of all cases resistant to one drug and 20% 

showing multidrug resistance [6].  In South Africa there was a recent outbreak of 

extremely drugresistant tuberculosis where none of the available antibiotics helped. 

The treatment was further complicated by co-infection with HIV in most of the cases 

and within 37 days after diagnosis 52 of the 53 patients had died [37]. 
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Table 1. Overview of the drugs used in the first line of defense against tuberculosis. 

 
Antibiotic Activation Mechanism of action Resistance 

Isoniazid 

 

Isoniazid is a 

prodrug that is 

activated by catalase 

peroxidase to the 

active form 

Inhibits the synthesis of 

mycolic acid which is 

essential for cell wall 

synthesis. It also has a 

general mechanism 

where reactive radicals 

are targeting other 

cellular mechanism. 

Mutations in the 

catalase peroxidase in 

64% of the resistant 

strains. In 20-30% 

there are mutations in 

a enzyme involved in 

cell wall biosynthesis 

that is targeted by the 

activated prodrug. 

Rifampicin 

 

No activation needed Inhibits the RNA 

polymerase by binding 

to the β-subunit and 

thereby blocking the 

polymerization of RNA. 

In 96% of the 

resistant strains there 

are mutations in rpoB 

gene which is coding 

for the β-subunit of 

the RNA polymerase. 

Pyrazinamide 

 
 

Pyrazinamide is a 

prodrug which is 

activated by the 

pyrazinamidase gene 

to pyrazinoic acid. 

Pyrazinoic acid inhibits 

the fatty acid synthase I 

[38]. 

Mutations in the 

pyrazimamidase gene 

are common in drug 

resistant strains. 

Ethambuthol 

 

No activation needed Inhibits arabinosyl 

transferase which is one 

of the key players in cell 

wall biosynthesis. 

Most common is the 

overexpression of 

arabinosyl transferase 

to overcome the 

effect of ethambutol. 

 

 

http://upload.wikimedia.org/wikipedia/commons/7/7c/Pyrazinamide.svg�
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Figure 6. Prevalence for multidrug resistance among new cases of tuberculosis, 1994-2007 
[6,39].  
 
 

1.4 Persistent state models  

In persistent tuberculosis it has been proposed that the mycobacteria are present in a so 

called dormant state with little or no replication.  To investigate which genes that are 

essential for the switch and survival in the dormant state several experimental in vitro 

models have been developed. However their relevance to human latent infection is still 

not fully characterized. There is a large variety in how the different in vitro methods are 

performed since all have some weaknesses in simulating persistent human tuberculosis. 

The method most used so far is to grow bacteria under anaerobic conditions in order to 

mimic the oxygen depletion in the granulomas [40]. Other model systems for dormancy 

employ drug induced persistence [41], nutrient starvation [42] and nitric oxide [43].  

Additionally there have been several gene knock out studies to investigate if the genes 

are essential to M. tuberculosis. The most effective is the transposon site hybridization 

screen were genes are knocked out and further tested for essentiality using macrophage 

cell lines and mouse models [44]. 

 

1.5 Structural genomics 

Tuberculosis research is hampered by the difficulties working with M. tuberculosis in 

lab cultures, slow growth, safety considerations and the danger of being infected with 

the pathogen. The complete genome of M. tuberculosis became available in 1998 [45] 

opening unique opportunities for target specific drug development. There was 

however no immediate larger interest from the pharmaceutical and biotechnology 
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industry so the initial progress was slow. Recently there have however been several 

structural genomics initiatives started with the aim to determine protein structures 

from M. tuberculosis to provide structural information and aid the development of 

new candidates for drug development. 

 

1.6  Aim of this thesis 

The aim of this project is to solve the 3D structure and obtain further knowledge of the 

biological mechanisms of three potential drug targets in persistent phase M. 

tuberculosis. Target selection was initially focused on proteins that are up regulated in 

dormant M. tuberculosis. The structural elucidation and biochemical characterization of 

such potential drug targets could aid the development of novel antibiotics, which are 

active against persistent M. tuberculosis. These antibiotics can either alone or in concert 

with existing antibiotics shorten the duration of chemotherapy. Development of novel 

antibiotics is extremely important today since more and more strains become tolerant to 

conventional antimicrobials.  

We have therefore set out to use crystallography as a tool to determine the structures of 

several target proteins from persistent phase M. tuberculosis. The studies have focused 

on CysM, a cysteine synthase where transposon knockouts are attenuated in 

macrophages, and AlaDH, a secreted protein showing an altered expression profile 

upon adaptation to dormancy. Furthermore NarL, a member of the NarX/NarL two 

component regulatory system was selected because it has been shown to be upregulated 

in dormant bacteria. 

 

 



 

12 

2 CYSTEINE SYNTHASE B  
Cysteine is one of the 20 standard amino acids and is non-essential which means that it 

can be synthesized by humans and is therefore not crucial in the diet. Cysteine is used 

as building block for proteins and because of its reactive thiol it is also involved in 

many enzymatic reactions. In several evolutionary studies it has been shown that 

cysteine is one of the latest additions to the amino acids [46-48].  

In the different kingdoms of life there are at least four diverse biosynthesis pathways 

for cysteine (Scheme 1). The first, characterized as early as 1966 [49], starts from 

serine which is acetylated by a serine transferase to O-acetyl-L-serine (OAS). This 

metabolite is further converted to cysteine by the elimation of acetate and addition of 

hydrogensulphide by the enzyme O-acetylserine sulfhydrylase [50,51]. An alternative 

to this pathway has been found in the hyperthermophilic archaeon Aeropyrum pernix, 

where OAS is substituted by the more stable O-phospho-L-serine (OPS) [52,53]. In 

eukaryotes and mammals the predominant biosynthetic pathway is the catabolism of L-

cystathione derived from methionine by L-cystathionine γ-lyase to produce L-cysteine, 

2-oxobutyrate and ammonia [54,55].  Recently a new cysteine biosynthesis pathway 

was discovered in a methanogenic bacterium (Methanocaldococcus jannaschii) where 

cysteine is synthesized directly on the tRNA [56].  

In M. tuberculosis two cysteine biosynthesis pathways have been characterized. One is 

identical to the pathway found in archaea, plants and most eubacteria and has been 

thoroughly investigated [57]. The pathway starts from acetyl-CoA and serine that is 

converted to O-acetylserine by the enzyme CysE. This metabolite is then further 

processed to cysteine by the enzyme CysK1 (Scheme 2) through the elimination of 

acetate (II) and formation of an aminoacrylate intermediate (III) which is the product of 

the first half reaction. The second half reaction proceeds via the addition of hydrogen 

sulphide (IV) followed by the release of cysteine.  
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Scheme 1. Biosynthetic pathways for L-Cysteine  

 

 
Scheme 2. Reaction mechanism of MtbCysK adapted from [57].   
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More recently a new cysteine biosynthesis pathway was discovered in M. 

tuberculosis, which involves the PLP- dependent enzyme CysM. This enzyme is 

homologous in sequence to the O-acetylserine sulfhydrylases and is predicted to 

belong to the O-acetylserine sulfhydrylase B family. In this cysteine biosynthesis 

pathway an unusual sulphur source is used. CysO, a 93-amino acid sulfur carrier 

protein, is delivering the sulphur needed for the reaction via its thiocarboxylated C-

terminus. In the M. tuberculosis genome CysO is located adjacent to CysM [58]. 

Homologous sulfur carrier proteins have been identified in the biosynthetic pathways 

for molybdopterin [59], thiamin [60] and quinolobactin [61]. A prominent feature of 

these proteins is the flexible C-terminus with a conserved Gly-Gly tail which can be 

inserted into the active site of the partner protein delivering the sulfur.  

 

The mechanism to charge the C-terminus of CysO (I) (Scheme 3) with sulfur is not 

fully characterized. It has been shown for other sulfur carrier proteins that the protein is 

first activated by adenylation of the C-terminus(II) [59,62], furthermore it undergoes 

nucleophilic addition-elimination chemistry with a sulfide equivalent to complete the 

sulfur incorporation(III) [63]. One gene of M. tuberculosis in particular, MoeZ, has 

been implicated to be involved in all the steps in the production of thiocarboxylated 

CysO [58]. The expression of MoeZ is also correlated to the increased expression of 

CysM and CysO in conditions mimicking dormant M. tuberculosis [64].  

 

Cysteine biosynthesis with CysO as sulfur source proceeds via the alkylation of the 

thiocarboxylated CysO by the α-aminoacrylate of CysM (III). CysO carrying the 

cysteine adduct (IV) further undergoes a spontaneous S-N acyl rearrangement to yield 

CysO-Cys (V). Subsequently the bond between CysO and cysteine is cleaved by a Zinc 

dependent metalloprotease Mec+ (VI) which clusters with CysM and CysO in the 

genome [58]. 
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Scheme 3. The reaction cycle of CysO in the cysteine biosynthesis pathway. Adapted from 

[58]. 

 

It has also been shown that mec+, cysO and cysM all are up-regulated in models 

simulating oxidative stress [64]. In M. tuberculosis knock out models it has been 

demonstrated that cysO and cysM deletion mutants are attenuated both in macrophages 

and mouse models [44]. 

 

2.1 Three dimensional structure of MtbCysM 

The structure of CysM was determined using molecular replacement with MtbCysK1 

as search model (Paper I). In the crystal, a homodimer of CysM is found with the 

subunits related by a 2-fold non-crystallographic axis consistent with the 

physiologically relevant dimeric state (Figure 7A). Each of the subunits consists of two 

domains. The N-terminal domain (residues 46–153) contains a four stranded parallel β-

sheet flanked by three α-helices on one side. The C-terminal domain consists of 

residues 11–45 and residues 154–323. This domain is built up by a six-stranded mixed 

β-sheet flanked by four α-helices; two on each side. The electron density for the 

cofactor is very well defined and shows clearly that PLP is covalently bound to Lys51. 

The PLP binding site is located between the two domains and has the characteristic 

glycine-threonine rich sequence that binds the phosphate group of the PLP [65].  

The structure was solved both with and without cryo protectant. The structure of the A 

subunit is very similar in both structures. However in crystals not treated with cryo 

protectant subunit B shows significant differences to the structure in subunit A (Paper 

II). One of the subunit adapts a closed conformation (Figure 7B), while the other is in 
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an open conformation (Figure 7C). All major differences in the structures between the 

two chains are found at the entrance of the active site and involve three surface loops, 

loop-L-6 (residues 103-108) including the subsequent helix, loop L-8 (residues 124-

132) and loop L-15 (residues 210-229). In particular loop L-15 undergoes complete 

rearrangement, with a maximum displacement of the tip of the loop by 14 Å. Another 

important structural change occurs at the C-terminal, which is disordered in the A 

subunit but adopts a well defined conformation and extends the C-terminal helix by one 

turn. The last C-terminal amino acids (residues 319-GQLWA-323) are inserted into the 

active site cleft. Overall the conformation of the A subunit is with an accessible active 

site while the structural changes in the B subunit result in a closed conformation, which 

renders the active site completely inaccessible to the solvent.  

Approximatly at the same time as we published the structure of CysM (Paper I)  

Begley, Ealick and co-workers published the structure of CysM in a open conformation 

and as a complex with the sulphur donor CysO (Figure 7D) [66]. The overall structure 

of CysM in the complex adapts a closed conformation similar to the one seen in our 

studies with a rmsd of 2.0 Å, on 312 equivalent Cα atoms. There are however several 

large local conformational differences between the two closed conformations, 

especially in the loops binding to CysO. To conclude there are presently three 

structures with different conformations known for MtbCysM, the open conformation 

where PLP is accessible for substrates (Paper I),  and two closed conformations both 

with [67] and without (Paper II) the sulfur carrier protein bound. 

 
2.2 Biochemical properties of MtbCysM  

MtbCysM was annotated as an OAS sulfhydrylase, but at the initial characterization of 

the enzyme we realized that it was not very efficient in using OAS as a substrate. This 

prompted us to further investigate if OAS was the true substrate for MtbCysM and we 

tested a set of alternative substrates in the formation of the aminoacrylate intermediate. 

We discovered that CysM is able to form the aminoacrylate intermediate with both 

OAS and OPS, however at a strikingly different rate.  

During the course of our work with MtbCysM we also noticed an unusual stability of 

the α-aminoacrylate intermediate. The spontaneous decay of this reaction intermediate 

had a half-life of more than four hours. The closed conformation of the B subunit has a 

novel conformation that had not been seen in any sulfhydrylase before, and we 

hypothesized that it might be involved in the extraordinary stability of the 

aminoacrylate intermediate.  
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Figure 7. Stereoview of the overall structure of MtbCysM. Cα trace of the biologically active 
dimer. The position of the noncrystallographic two fold symmetry axis is shown by the black 
dot. Surface and cartoon figures of CysM closed B (Paper II), CysM open C (Paper I), and 
CysM/CysO complex D [66]. The position of Arg220 is marked in red in the cartoon figures. 
In D, CysO is colored in blue.   
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2.3 Modeling  

In order to further investigate these findings we employed modeling. The PLP-OPS 

external aldimine was modeled into the active site of CysM in the open conformation 

and the aminoacrylate intermediate in the closed conformation. The modeling was 

based on the structure of the experimentally determined CysK1 aminoacrylate 

intermediate complex [57]. Only minor changes of the active site were required to 

accommodate the reaction intermediates. In this model the phosphate group of the OPS 

intermediate interacts with Arg220 and additional interactions are made with Tyr152 

and Thr185. In the model of the closed conformation the aminoacrylate intermediate 

appears to be completely protected from the bulk solvent. Accessibility calculations 

using the program AREAIMOL [68] show complete burial of all atoms of the 

intermediate in the closed conformation, i.e. inaccessible from the solvent. 

 

2.4 Mutational studies 

To evaluate these models Arg220 was replaced with an alanine residue using site 

directed mutagenesis, and the mutant was produced and purified to homogeneity. A 

mutant lacking the last five aminoacids was also cloned, expressed and purified. Both 

mutants showed UV/visible spectra identical to that of the wild type enzyme. To further 

evaluate the functional consequences of these mutations a more detailed kinetic 

characterization of both half reactions was performed. This was done using single 

turnover experiments, from which second order rate constants of the individual half 

reactions could be derived (Scheme 9). 

 

2.5 Kinetic measurements 

The kinetics for the individual half reactions catalyzed by CysM was determined using 

single wavelength spectrophotometry. The reactions were followed by monitoring the 

appearance (in the case of OPS and OAS) or disappearance (in the case of CysO-SH 

and sulphide) of the aminoacrylate intermediate at 463 nm (Figure 8).  For the second 

half-reaction the aminoacrylate intermediate was produced and subsequently desalted 

to remove any residual OPS that might interfere with the reaction.  
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Figure 8. UV/visible spectra of CysM in the resting state (full line) and as the α-aminoacrylate 
complex (broken line). The shift of the peak from 410nm in the resting state to 463nm in the 
complex is due to the formation of the α-aminoacrylate intermediate. 
 

The single turnover experiments of the individual half reactions were analysed using 

the formalism described by Cook and co workers [69]. First the experimental data 

B fitted to equation (I) to derive the first order rate constant k1  (Figure 9, A and ) was 

0     (I) 

A(t)= Absorbance at any time t, A(0)= Absorbance at time zero, k1= First order rate 

constant, A∞=Absorbance at time ∞ 

Determination of the second order rate constant was carried out by plotting k1 against 

1/[Substrate] (Figure 9, C and D). The slope of the curve is related to the second order 

te  to equation (II). ra  constant according

/   (II) 

k2= Second order rate constant 

 

2.6 First half reaction 

The kinetic data (Table 2) clearly indicate that MtbCysM is a phosphoserine 

sulfhydrylase, with only a minor activity with OAS. It is also obvious that CysMR220A 

has lost its substrate preference for OPS. In an O-phosphoserine sulfhydrylase from 

Aeropyrum pernix an arginine residue has also been shown to be responsible for the 

substrate specificity [70].   
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Figure 9. Example of the kinetics of the formation and quenching of the α-aminoacrylate; A, B 
increase/decrease in the absorption at 463nm following rapid mixing with OPS (0.125, 0.25, 
0.5, 1, 1.5 and 2.0mM) or CysO-SH (15, 22.5, 30, 45 and 60µM). C and D plots of the rate of 
the formation/decomposition of the aminoacrylate as a function of substrate concentration.   
 

Table 2.  Kinetic parameters of the first half-reaction for wild-type CysM, CysMR220A and 
CysM(Δ318-323) from M. tuberculosis. The data were evaluated using the formalism described 
above. 
 

 CysM CysMR220A CysM(Δ318-323) 

Substrate OPS OAS OPS OAS OPS OAS 

 kmax /Ks  

(M-1 s-1 ) 

1.34 103 

(+ 48.25) 

2.1  

(+ 0.2) 

1.8 

(+0.3) 

2.8 

(+0.5) 

8.85 103 

(+ 10.7) 

3.5 

(+0.1) 

 

Approximately at the same time as our data was published Begley and co-workers 

presented similar results showing that OPS is indeed the substrate for MtbCysM  [67]. 

Determination of the first and second order rate constants was done in a similar way as 

in our study and there are only minor differences in the results. In addition they find a 

much higher elimination rate for phosphate in the case of OPS than for acetic acid in 

the case of OAS, indicating stabilizing interactions at the CysM active site which 

facilitates such rate enhancement [67]. In view of our model of bound OPS, and the 

mutagenesis results at position Arg220, we suggest that these stabilizing interactions 

are provided by the side chain of this residue.   
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These findings have implications for the cysteine biosynthesis in mycobacteria since all 

previous schemes assume OAS as the substrate providing the carbon skeleton of 

cysteine and are further discussed below. 

 

2.7 Decomposition of the aminoacrylate intermediate 

In order to address the structural basis of the exceptional stability of the α-

aminoacrylate intermediate in MtbCysM, we compared the spontaneous decomposition 

of this intermediate in MtbCysM, with that of MtbCysM(Δ318-323), MtbCysK1 and 

EcCysM (Figure 10). The reaction intermediate in the E. coli enzyme has the lowest 

stability with a half-life of approximately 90s. The highest stability was seen for 

MtbCysM with a half life around 4h which was significantly higher than the truncated 

version with a half life of 750s. The MtbCysK1 reaction intermediate was more stable 

than in the EcCysM but considerable less stable than MtbCysM with a half life of 

2100s. 

 
Figure 10. Stability of the α-aminoacrylate intermediates in different cysteine synthases. 
Disappearance of the intermediate was monitored at 463 nm (MtbCysM), 469 nm (MtbCysK1) 
and 470 nm (EcCysM). 
 

2.8 Second half reaction 

To investigate the second half reaction kinetic experiments were performed with 

thiocarboxylated CysO and sodium sulphide which is the substrate of MtbCysK1. The 

reaction was monitored by the rate of the disappearance of the aminoacrylate at 463nm 

in a sample were all excess substrate (OAS and OPS, respectively) had been removed 

after formation of the reaction intermediate (Paper I, Suppl. Figure 1). Furthermore the 
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second order rate constants were derived from the data as described previously (Figure 

9BD). 

 

Table 3. Kinetic parameters of the second half-reaction for wild-type CysM, CysMR220A and 
CysM(Δ318-323) from M. tuberculosis. The data were evaluated using the formalism described 
above. 
 

 CysM CysMR220A CysM(Δ318-323) 

Substrate CysO-SH Sulphide CysO-SH Sulphide CysO-SH Sulphide 

 kmax /Ks  

(M-1 s-1 ) 

1.46 105  

(+2.2 104) 

110.5  

(+ 1.2) 

1.52 105  

(+2.5 104) 

73.6 

(+ 5.2) 

857.0  

(+ 39.2) 

3.98 103 

(+ 389.4) 

 

In an earlier study Begley and coworkers had shown that CysM can use 

thiocarboxylated CysO as sulfur source [58]. We extended these observations to a more 

quantitative kinetic analysis showing that the second order rate constant is about 1000 

fold higher using thiocarboxylated CysO compared to sulphide. An almost identical 

rate difference was also observed by Begley and coworkers in their just recently 

published paper [67]. The rate constants for the truncated mutant show that this 

substrate preference is however compromised in CysM(Δ318-323) indicating that the 

C-terminus of MtbCysM plays an important role in substrate selectivity. In absence of 

the five C-terminal residues the active site has a more open conformation allowing 

small nucleophiles, i.e. sulphide to enter the active site and attack the α-aminoacrylate 

intermediate. The increase in the rate constant for sulphide can therefore be understood 

due to the increased accessibility of the active site. 

 

2.9 Hydrogen peroxide 

The amazing stability of the α-aminoacrylate intermediate observed in MtbCysM 

against small nucleophiles such as sulphide led us to further investigate if this stability 

also extended towards oxidative agents. The decomposition of the enzyme intermediate 

was therefore monitored in the presence of hydrogen peroxide. The second order rate 

constant of this side-reaction is more than 800 times greater in the MtbCysM(Δ318-

323) variant  than in the wild type enzyme. Surprisingly the O-acetylserine 

sulfhydrylase CysK1 from M. tuberculosis shows a rate constant for H2O2 specific 

degradation of the aminoacrylate intermediate similar to the value observed for 

MtbCysM(Δ318-323) (See table 2 in paper II). 
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2.10 Mechanism  of MtbCysM 

Based on recent publications [67,71] and our data (Paper I and II) we propose the 

following reaction mechanism for CysM (Scheme 4). There is a convincing case that 

the natural substrates are O-phosphoserine and thiocarboxylated CysO. The resting 

enzyme is in the open conformation, with the PLP bound to Lys51, and the Cβ atom of 

the PLP accessible to the surrounding bulk solvent (Figure 7C). In the first step of the 

reaction OPS performs a nucleophilic attack on C-4´ of the internal Schiff base (I) with 

its unprotonated α-amine. The external aldimine is formed via a transient germinal 

diamine intermediate (II). Arg220 is involved in the recognition and the consequent 

release of phosphate from OPS (III). Loss of the phosphate group triggers large 

conformational changes including reorganization of loop regions moving Arg220 away 

from the active site, and the insertion and ordering of the C-terminus into the active 

site. The product of the first half-reaction, the stable aminoacrylate intermediate, is 

formed and it is sealed off from the surrounding bulk solvent by these structural re-

arrangements (IV) (Figure 7B).  

At the beginning of the second half reaction Lys51 is protonated [72] and the 

thiocarboxylated CysO is binding to CysM (Figure 7D) introducing movements in 

several loops triggering a gating mechanism that make the aminoacrylate accessible for 

the thiocarboxylate tail of CysO (Figure 11). After the subsequent nucleophilic attack 

by the sulfur and protonation of the Cα of the intermediate by Lys51 an external 

aldimine with bound CysO-Cys is formed (VI). The product is released via the 

formation of a diamine and the subsequent reformation of the internal aldimine of the 

PLP (I).   

Wild-type CysM shows a clear preference for CysO versus sulphide as sulphur donor 

(paper I and [67]). The preference is however abolished in CysM(Δ318-323) indicating 

that the C-terminus plays an important role in substrate selectivity. We propose that the 

C-terminus of CysM and the CysO binding loops are involved in a gating mechanism 

that controls access of the sulfur donor to the aminoacrylate intermediate (Figure 11). 

The molecular details of this mechanism are outlined in more detail in paper II. 
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Scheme 4. Reaction mechanism of MtbCysM. 

 

                  
 
Figure 11. Comparison of the closed conformations of CysM in the absence (dark grey) and 
presence (light grey) of the sulphur carrier CysO. A model of the α-aminoacrylate intermediate 
is labeled PLPA. The proposed movements are shown by black arrows. 
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2.11 Homologues in actinomycetales 

The operon containing cysM, cysO and mec+ is a common feature in the 

Actinomycetales group comprising Corynebacteria, Streptomyces and Mycobacteria. 

Further analysis of the sequences of this class of cysteine sulfhydrylases revealed that 

the arginine responsible for the OPS specificity is conserved. The sequence of the C-

terminal plug is also conserved within this class of CysMs with the exception of 

Mycobacterium ulcerans and Mycobacterium marinum, which are both truncated by 

approximately 10 amino acids from the end.  

 
Figure 12. Alignment of CysMs from actinomycetes (Mycobacterium smegmatis, Rhodococcus 
sp, Nocardia farcinica, Thermobifida fusca, Streptomyces clavuligerus and Mycobacterium 
ulcerans) with the secondary structure of MtbCysM shown. Indicated by arrows are the 
conserved C-terminus and Arg220 responsible for the OPS specificity.  
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2.12 A new cysteine biosynthesis pathway in mycobacteria 

The fact that CysM is a phosphoserine sulfhydrylase presents an alternative route of 

cysteine formation in M. tuberculosis that is not dependent on OAS. Further analysis of 

the M. tuberculosis genome revealed that the genes necessary for the biosynthesis of 

phosphoserine from 3-phosphoglycerate, D-3-phosphoglycerate dehydrogenase SerA1, 

(Rv2996c) [73] and phosphoserine amino transferase SerC (Rv0884c) are present in the 

genome (Figure 13). A transposon mutagenesis study further suggests that these two 

genes, serA1 and serC are essential for M. tuberculosis [44], hence showing the 

necessity of OPS for the bacteria. 

This new branch of the cysteine biosynthesis pathway in M. tuberculosis may be 

particularly important in the persistent phase of the pathogen, because OPS is more 

stable than OAS and thiocarboxylates are more resistant to oxidation than thiols. The 

finding that the C-terminus is stabilizing the aminoacrylate intermediate against 

hydrogen peroxide further emphasizes that this pathway is of particular interest during 

persistent state tuberculosis. There is a constant exposure to ROS and RNI within 

macrophages and CysM with a reaction intermediate well-protected against oxidative 

agents might be advantageous for cysteine biosynthesis under these conditions.  

        
Figure 13. A. The two independent pathways of cysteine biosynthesis in M. tuberculosis. In the 
conventional (left branch) pathway L-serine is converted to OAS by CysE, which in the next 
step is converted to cysteine by CysK. The CysM dependent pathway utilizes OPS (Paper I and 
[67]) and the CysO-thiocarboxylate resulting in the CysO-Cys adduct which is hydrolysed by 
the carboxypeptidase mec releasing L-cysteine and regenerating CysO [58]. OPS is synthesized 
from 3-phosphoglycerate (3PG) in two steps by SerA and SerC . B, Organization of the operons 
encoding CysE, CysK1 from the OAS specific pathway (left), and CysM, CysO and mec from 
the OPS specific pathway (right) in the M. tuberculosis genome. 
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2.13 Conclusions  

We have solved the structure of MtbCysM in an open and closed conformation to 

around 2Å resolution. We show that CysM is, in contrast to previous annotations, an O-

phosphoserine specific cysteine synthase. Using modeling and site directed 

mutagenesis we further show that Arg220 is a key residue for the O-phosphoserine 

specificity. This residue replacement of Arg220 is however not affecting the reaction 

rate in the sulfur donor step. With these findings we and others [67] have concluded 

that CysM is part of a new cysteine biosynthesis pathway that is independent of both O-

acetylserine and sulphide. The structure of MtbCysM in a closed state revealed that the 

five carboxy-terminal amino acid residues are inserted into the active site cleft. 

Removal of these amino acids results in a CysM variant that shows a considerable 

decrease of the lifetime of the α-aminoacrylate intermediate, increase in sensitivity to 

oxidants such as hydrogen peroxide, and partial loss of substrate selectivity with respect 

to the sulphur donor. These results suggest that active site closure, i.e. folding of the C-

terminus into the active site pocket, is required for the stability of the reaction 

intermediate and is one determinant for the preference of CysM for the sulphur donor 

CysO. Results from a previous transposon based knockout study [44] suggesting that 

cysM and cysO gene knockouts are attenuated in macrophages and that serA and serC 

are essential genes provide strong evidence that the CysM based cysteine biosynthesis 

pathway is an interesting target for drug design against persistent state tuberculosis. 
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3 ALANINE DEHYDROGENASE 
 

Alanine dehydrogenase (Rv2780) from M. tuberculosis was first identified using 

antibodies derived from mice that were immunized with culture filtrates from the 

bacteria. The antibody called HBT10 reacts with AlaDH that is found in early culture 

filtrates from M. tuberculosis [74]. The enzyme has been thoroughly investigated 

over the years: it is a secreted protein without any signal sequence that in solution 

forms hexamers as observed for most alanine dehydrogenases from other species [75-

77]. The enzyme catalyses the reversible NADH-dependent conversion of pyruvate 

and ammonia to L-alanine and NAD+ (Scheme 5) The direction of the reaction is pH 

dependent and at basic pH the oxidative deamination occurs while at physiologically 

relevant pH the reductive amination is the main reaction [78]. Earlier kinetic work 

[79-81] has resulted in the understanding of several aspects of the enzyme 

mechanism. It has been observed that the mycobacterial enzyme has a distinct 

substrate specificity compared to other L-alanine dehydrogenases [78]. Previous 

studies also suggested that the reaction is ordered where NADH is binding first in the 

reductive amination followed by pyruvate and ammonia. Release of the product is 

also ordered with the initial release of alanine followed by NAD+  [79,80].  

 

 
Scheme 5, Proposed catalytic steps for the conversion of pyruvate and ammonia to L-alanine, 
catalyzed by AlaDH, adapted from [80].  
 
Comparison of gene-expression profiles and proteome analyses in several model 

systems mimicking M. tuberculosis bacteria in the dormant state has identified AlaDH 

as one of the first proteins to be upregulated [82]. The TB structural consortium is 
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ranking AlaDH as the second most interesting target for persistent tuberculosis 

(http:/www.webTB.org). Increased levels of this enzyme have been linked to 

maintenance of the NAD+ pool under conditions where the terminal electron acceptor 

becomes limiting [83] and to the generation of alanine for the peptidoglycan 

biosynthesis [78].  

 

Secretion of proteins is an important mechanism that bacteria use to interact with their 

surroundings and is often critical for bacteria to infect and survive in the unfriendly 

environment in the host. Moreover, secreted proteins are frequently used by bacteria to 

modify immune responses, as many virulence factors are either secreted or anchored to 

the bacterial surface [84]. Additionally, secretion of proteins by intracellular pathogens 

has a central role for the host immune system in determining pathways of antigen 

presentation and recognition by effector T-cells involved in protective immunity 

[85,86]. Therefore knowledge of secreted proteins from M. tuberculosis should better 

equip us to battle the bacterial infection by blocking the bacterium’s offensive 

weaponry and giving us the opportunity to design more effective vaccines.  

 

3.1 Three-dimensional structure of MtbAlaDH 

AlaDH was crystallized both with and without substrates and the structure was 

determined for the enzyme alone and with different substrate combinations. The 

previously determined structure of AlaDH from Phormodium lapideum [87] is similar 

to the apo-enzyme with an rmsd of 1.0Å2. The subunit of AlaDH folds into two 

compact domains that are structurally similar with an rmsd= 2.4 Å2. They both are 

variants of the classical dinucleotide binding fold common to NAD-dependent 

dehydrogenases [88,89]. Both the fold of the substrate binding domain (residues 1-

128 and 309-371) and the NAD-binding domain is characterized by a mainly parallel 

central eight stranded β-sheet flanked by α-helices. It is also notable that residues 

from both domains are involved in active site topology and contribute with active site 

residues.  
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Figure 14. Schematic cartoon of the structure of the MtbAlaDH subunit in the closed 
conformation. The bound cofactor NAD+ and pyruvate are shown as ball-and-stick models. 
  

3.2 Quarternary structure 

Size exclusion chromatography experiments suggested that MtbAlaDH like previously 

characterized L-Alanine dehydrogenases forms hexamers in solution. The six subunits 

of L-AlaDH pack together to form the hexamer with 32 symmetry in all crystal forms 

that were determined in the course of this study. The packing of the subunits in the 

hexamer generates two major interfaces, the “dimer” interface between two subunits 

from the upper and lower layers of the hexamer and the “trimer” interface between 

adjacent “dimers” in the hexamer. The most extensive interface in the hexamer is that 

formed between subunits in a dimer, in which residues from the NAD-binding domain 

binds to a symmetry related residues of the other NAD binding domain in the “dimer”. 

This interface region buries a surface of more than 1700Å2 and is responsible for the 

dimer being the building block of the hexamer. The “trimer” interface is smaller and 

buries 1100Å2 with the main interactions between NAD domains from adjacent dimers. 

Given the difference in accessible surface area buried on assembly, the hexamer can 

best be described as a trimer of dimers (Figure 15). 
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Figure 15. Left panel. The hexameric AlaDH molecule in a side view of the hexamer the two-
fold axis is perpendicular to the plane of the paper. Right panel view along the molecular three 
fold axis. One dimer is shown in black, and the other two are shown in grey. 
 

3.3 Conformational changes upon dinucleotide binding 

Crystallization of MtbAlaDH with significant excess of NADH resulted in a crystal 

form different from the apo-enzyme. The structure revealed large movements where the 

major structural difference is a shift in the relative orientation of the two domains with 

respect to each other. This is the first structure of an AlaDH where this domain rotation 

has been seen. The movement originates from the hinge region linking the nucleotide 

binding domain to the substrate binding domain and can best be described as a rigid 

body rotation of the substrate binding domain by 16° around an arbitrary axis towards 

the substrate binding domain (Figure 16).  This movement results in large 

displacements of residues of the nucleotide binding domain located far away from the 

rotational axis. The description of the conformational change as a closure of the 

substrate binding domain towards the nucleotide binding domain is based on a further 

analysis of the hexamer formation, which did not reveal any structural differences in 

the packing of the NAD binding domains in the main core of the hexamer, i.e. the 

relative positions of these domains within the hexamer remains unchanged. 
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Figure 16. Stereoview of the superimposed Cα backbone of the dimer of apo and the ternary 
complex of MtbAlaDH. The movements are indicated for the upper subunit. 
 

Nucleotide binding induces better order in the crystal, with several surface loops visible 

in the holo-enzyme that did not show interpretable electron density maps in the apo-

structure. These regions include two loop regions (residues 241-253 and 267-293) 

which also participate in nucleotide binding.  

The rotation of the substrate binding domain toward the NAD binding domain upon 

binding of nucleotide gives a more closed conformation of the active site. The closure 

of the active site moves several of the putative active site residues closer to the 

nucleotide suggesting that it reflects a catalytically relevant state of the enzyme. 

 

3.4 Ternary complex  

In order to obtain structural information of the ternary complex of the enzyme with 

substrates co-crystallization and soaking experiments were performed. The only 

condition containing representatives for all substrates and giving diffracting crystals 

was when the enzyme was crystallized in the presence of 0.5mM NAD+, 10mM NH3 

and 5mM pyruvate. These crystals had a different crystal form from both apo and holo-

enzyme. They also contained the whole hexamer in the asymmetric unit in contrast to 

the other crystal forms where the dimer formed the content of the asymmetric unit.  The 

hexamer showed a hybrid structure with two closed and four open subunits and only 



 

  33 

the closed subunits contain the bound ligands. Binding of NAD+ is indistinguishable 

from the nucleotide binding in the holo-enzyme. There was additional electron density 

in the active site pockets, which was modeled as a pyruvate molecule.  Subsequent 

refinement indicated that the occupancy was lower than 1.0. This can possibly be 

attributed to the presence of high concentrations of formate in the crystallization 

condition, which competes with pyruvate for the binding site for the carboxyl-moiety. 

However modeling of the difference density as a formate molecule resulted in residual 

electron density after refinement, suggesting presence of a larger ligand (Figure 5 in 

paper II).  

 

 
Figure 17. Stereo view of the ternary complex of MtbAlaDH with NAD+ and pyruvate. The 
residues making up the binding pocket are shown. Dotted lines indicate hydrogen bonds. 
 

The carboxyl group of pyruvate binds tightly to two of the nitrogen atoms of Arg15. 

The molecule is additionally anchored to the enzyme via interactions with Lys75 both 

with one of the oxygen atoms of the carboxyl group but also to the carbonyl oxygen. 

The carbonyl oxygen atom is also within hydrogen bonding distance to His96 and 

Asp270. Additionally Phe94, Leu130, Met133 and Ala299 are further positioning the 

pyruvate by non-polar interactions. The C2 carbon atom of the pyruvate is located 

approximately 3Å from the C4 carbon of the nicotimamide ring in a position suitable 

for hydride transfer. Comparison of the active site arrangement to previously 

determined structures with substrates bound in the open conformation [87] revealed 

that pyruvate sits in a position suitable for hydride transfer and Asp270 has moved 

close to the active site and can take part in the reaction. 
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After our paper was accepted for publication additional apo (2voe) and ternary 

structures (2voj) of MtbAlaDH were deposited by Tripathi et al [90], albeit at lower 

resolution. The overall structures correspond very well to each other, with an rmsd of 

0.7 Å2 and 0.5 Å2 for the apo-enzyme and the ternary complex, respectively. In the 

structure determined by Tripathi et al NAD is binding in an almost identical way to that 

seen in the structure reported in paper II. However there are some minor differences in 

the pyruvate binding. The carboxyl interaction to Arg15 is similar but the pyruvate is 

slightly tilted towards Phe94 and is not in a suitable position for hydride transfer. 

 

The sequences of the AlaDHs from M. tuberculosis, P. lapideum and T. thermophilus 

have been aligned with respect to each other and with the structure of the M. 

tuberculosis AlaDH. Within these three sequences there are high sequence identities 

and the proposed catalytic residues are conserved (Figure 18). A blast search using 

MtbAlaDH gives alanine dehydrogenases from a wide variety of species as result and 

the catalytic residues are conserved in all of these.  

 

          
 

Figure 18. Sequence alignment of alanine dehydrogenases where structural information is 
available; MtbAlaDH, Thermus thermophilus AlaDH PDB (2eez) and Phormodium lapideum 
AlaDH (1pjb). Secondary structure elements of MtbAlaDH are indicated on the top of the 
alignment. The conserved catalytic residues are indicated by black arrows. 
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3.5 Enzyme kinetics  

To further investigate the catalytic mechanism a set of residues were chosen for site 

directed mutagenesis studies based on the structure of the ternary complex presented 

here. It has previously been implicated that there is acid/base chemistry involved in this 

reaction [79,80]. Based on the structure of the ternary complex His96 and Asp270 were 

selected for mutational studies due to their ability to act as acid/base catalysts and 

proximity to pyruvate in the structure. They were subsequently changed to alanine or 

asparagine, residues which are not likely to take part in proton transfer reactions. 

 

Kinetic measurements were performed for wt AlaDH both for the reductive amination 

and the oxidative deamination (Table 4). The alanine dehydrogenase activity of 

recombinant enzyme showed little or no deviation from previously published data [78].  

The mutants were tested for the forward as well as the reverse reaction and showed that 

both of them were completely inactive in catalyzing the reaction and did not allow a 

more detailed kinetic analysis.  

 

Table 4. Kinetic parameters of wild-type and mutant MtbAlaDH for L-alanine and pyruvate. 
 
Enzyme oxidative deamination reductive amination 

 kcat (sec-1) Km L-alanine (mM) k cat (sec-1) Km pyuvate (mM) 

Wild-type 126±4  15.64±1.09 694±33 0.76±0.05 

H96A                  inactive                inactive 

D270A                  inactive                inactive 

D270N                  inactive                 inactive  

 

3.6 Mechanism 

Based on kinetic studies of alanine dehydrogenases from other species a mechanism 

for the enzyme catalyzed reaction has been described [79,80]. It has been shown that 

the reaction follows a sequential reaction mechanism and proceeds through 

iminopyruvate and carbinolamine intermediates. The crystal structures that we 

determined, and the subsequent biochemical analysis of active site mutants are 

consistent with His96 and Asp270 as being critical residues involved in the proton 

transfer steps of the reaction. However it is not possible with this data to pinpoint 

exactly which of the several protein transfer steps is catalyzed by which of these 

residues. In the following reductive amination of pyruvate by MtbAlaDH is 
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described. The first step in the reaction is the binding of NADH, which induces a 

domain rotation and stabilizes a closed conformation. The movement of the substrate 

binding domain towards the nucleotide binding domain is accompanied by the 

binding of pyruvate, which is tightly anchored in the active site via hydrogen bonds 

from Arg15 to the carboxyl group and further hydrogen bonds to Lys75, His96 and 

Asp270 (Figure 19, I). The carbonyl-oxygen bond is polarized by Lys75 which 

facilitates a nucleophilic attack of ammonia (Figure 19, I) resulting in the 

carbinolamine intermediate (Figure 19, II). The nucleophilic attack is followed by 

protonation of the hydroxyl group which is subsequently released as water, resulting 

in the protonated iminopyruvate (Figure 19, IV). The domain rotation has positioned 

the Cα of the pyruvate/iminopyruvate approximately 3Å away from the C4 of the 

nicotinamide ring in a position suitable hydride transfer. The reduction of the 

iminopyruvate to L-alanine (Figure 19, V) is further promoted by the hydrophobic 

environment created by the domain closure. When the product is formed there is a 

domain movement opening the active site accompanied by the ordered release of 

alanine and NAD+ and the reaction cycle can be initiated again. We cannot 

unambiguously conclude from the structures reported in paper III if ammonia attacks 

from the re or si side of pyruvate. This question was however addressed in the paper 

by Tripathi and Ramachandran [90]. Based on the position of a water molecule in the 

active site of the ternary complex it was concluded that ammonia has to attack the 

pyruvate from the side of the nicotimamide ring, i.e. the re side. This water molecule 

however does not have a well defined electron density, and in my opinion the 

direction of attack of the small nucleophiles water and NH3 still remains an open 

question.  
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Figure 19. Illustration of the proposed catalytic mechanism of MtbAlaDH. The cartoons show 
the major stages of the reaction pathway in the direction towards reductive amination of 
pyruvate to L-alanine. The substrate binding domain is depicted in light gray and the NAD 
binding domain in dark grey. The proposed domain movements in the initial and final step are 
illustrated by bold arrows. In the first step polarization of the bond by Lys75 is depicted with a 
wavy bond. The catalytic residues involved in acid/base catalysis His96 and Asp270 are 
denoted X and Y since we cannot unambiguously determine which step is catalyzed by which 
residue.  
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3.7 Conclusions 

The reaction cycle of M. tuberculosis L-Alanine dehydrogenase encompasses a large rigid 

body domain movement in order to position the active site residues and to create a suitable 

hydrophobic environment for the reaction. We have trapped two of these states: an open apo 

structure and a closed holo/ternary complex conformation using X-ray crystallography. The 

closed ternary state revealed several key residues that could be involved in the reaction; 

hence these were mutated and tested for activity in both the oxidative deamination as well as 

in the physiologically relevant reductive amination. Asp270 and His96 were shown to be 

essential for the reaction, implicating that they might act as acid/base catalysts in the enzyme 

mechanism. Combining our results presented here with previously published data about 

alanine dehydrogenases we propose a detailed reaction mechanism for MtbAlaDH. As the 

abortive complex that we have trapped most likely represents an active conformation of the 

enzyme it can serve as a suitable template for inhibitor design. 
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4 NARL  
A putative response regulator involved in adaptation to anaerobic energy 
metabolism. 
 
Environmental adaptation is required during the life cycle of M. tuberculosis. The 

hostile environment in macrophages can trigger bacteria to enter a persistent state. 

Persistent bacteria rely on metabolic pathways that are distinct from those in operation 

during active infection in M. tuberculosis as the environmental conditions of the 

persistent state are different. Two component regulatory systems (TCRS) are one of the 

most common means by which bacteria sense, respond and adapt to changes in the 

environment. In several pathogenic bacteria TCRS have been shown to play a crucial 

role in survival in the host [91-93].  

Two component regulatory systems consist of a sensor kinase and a response regulator 

transcription factor. The membrane localized kinase senses a specific signal which can 

vary from cellular redox state, nutrient supply to changes in osmolarity between 

different classes of TCRS. The signal leads to transphosphorylation in the histidine 

kinase dimer at a specific histidine residue (I) (Figure 20), which is followed by transfer 

of the phosphoryl group to a conserved aspartate residue on the cytoplasmic response 

regulator (II). The phosphorylation further induces dimerization (III) of the response 

regulator leading to formation of the DNA binding site (IV). The stability of the 

phosphorylated aspartyl is limited to minutes under physiological conditions. Beside 

spontaneous dephosphorylation specific proteins can catalytically remove the 

regulatory phosphate moieties giving the advantage of strict timing for the regulatory 

process [94,95].  

 Response regulators generally have a characteristic domain organization with an N-

terminal signal receiver containing the phosphorylation site and an effector domain that 

is responsible for the binding to regulatory DNA sequences. While the effector domain 

is diverse the response regulator domains are highly conserved within the TCRS, 

indicating a similar mechanism for activation [91,96,97]. The activated response 

regulator can both act as transcriptional activator or repressor depending on the location 

of the DNA-binding site. 
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Figure 20. Schematic picture of the signaling cascade in two component regulatory systems. 
Top left: the histidine kinase with the catalytic ATPase domain (CA) that is responsible for 
binding ATP and catalyzing autophosphorylation of a conserved histidine on the dimerisation 
and histidine phosphotransferase domain (DHp). Top right the response regulator with its two 
domains and the conserved aspartate. Bottom right the dimer of the phosphorylated response 
regulator with the effector domain in a suitable conformation for DNA binding in this example. 
 

Nitrate is an efficient electron acceptor replacing oxygen during anaerobic growth. In 

Eschericia coli it has been shown that the homologous two component regulatory 

systems NarX/NarL and NarQ/NarP are part of a transcriptional regulatory network of 

adaptation to anaerobic energy metabolism. The response regulator of the NarX/NarL 

system in E. coli has been thoroughly investigated both structurally [96,98] and 

biochemically [99] The structure of the full length E. coli NarL revealed that the 

effector domain is located on the side of the protein opposite to the phosphorylation site 

(Figure 21) [96], implicating that there is no direct interaction between the active site 

and the effector domain. Upon phosphorylation there is a large movement in the 

effector domain [100] which induces dimer formation and further exposes crucial 

elements for DNA binding [101,102]. There is also structural data for the effector 

domain in complex with DNA showing that solely the effector domain is needed for 

DNA binding and that dimerisation is essential for DNA binding [98,101,102]. 
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Figure 21. Structure of full length E.coli NarL (PDB code, 1a04), the receiver domain and 
effector domain is colored in grey and black, respectively.  
 
Being crucial in the main regulatory mechanism of environmental adaptation in 

prokaryotes, TCRSs are believed to play an important role in survival of pathogenic 

bacteria in the host. TCRSs are not present in mammals and higher eukaryotes [103], 

and several of these systems were found to be essential [93] or involved in the 

expression of virulence factors in pathogenic bacteria [92,104]  making them potential 

targets for the development of novel antibiotics.  

 

4.1 M. tuberculosis two component regulatory systems 

There are at least 12 complete two component systems and six orphan response 

regulator genes in the M. tuberculosis genome [97,105,106]. In models simulating 

latent or dormant M. tuberculosis several of these response regulators have been found 

to be up-regulated. In particular the gene coding for NarL (Rv0844c), homologous to 

the E. coli response regulator NarL was up-regulated four-fold in late stationary 

cultures [107]. Based on the function of E.coli NarL and the 35% sequence identity to 

M. tuberculosis NarL it has been suggested that this protein is involved in regulation of 

the anaerobic nitrogen energy metabolism in M. tuberculosis. There is however no 

biochemical data or genetic evidence to support the annotation.  
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TCRS from M. tuberculosis have been the subject to extensive structural investigations 

[101,108-111]. There are several structures available in PDB both alone and in 

complex with DNA (Figure 22). 

 
Figure 22. Crystal structures of response regulators from M. tuberculosis. A (PrrA, PDB code 
1ys6), B (PdtaR, PDB code 1s8n) and C (MtrA PDB code 2gwr). D is the structure of the 
effector domain of DosR with DNA (PDB code 1zlk).  
 

4.2 Structure solution 

In order to facilitate crystallization a construct containing only the receiver domain of 

MtbNarL was expressed and purified. Recombinant NarLN was crystallized and data 

was collected to 1.9Å resolution at the ESRF using synchrotron radiation. The 

moderate sequence identity to EcNarL suggested that structure as a potential search 

model for molecular replacement. This approach however failed in spite of extended 

attempts using a variety of MR programs. Finally, the structure was determined by 

molecular replacement using the automated BALBES pipeline [112] with the structure 

of an uncharacterized response regulator of the LuxR family from Staphylococcus 

aureus as search model (PDB code, 3b2n, Malashkevich et al unpublished). The search 

model (sequence identity 24%) was modified by substituting the amino acid side chains 

according to the sequence of MtbNarL. The Matthews coefficient indicated that three 

molecules were the most likely content of the asymmetric unit, and molecular 

replacement runs included searches for two, three and four molecules. 
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The molecular replacement pipeline located three monomers in the asymmetric unit 

with a score of 4.28 and an R factor of 0.50. Refinement with three NarL-N molecules 

resulted in residual electron density clearly indicating a fourth molecule in the 

asymmetric unit. An additional molecule was fitted into this difference density and 

included in the model. It became clear during following refinement runs that the fourth 

NarL-N molecule is partly disordered in the crystal. The electron density map of chains 

A and B is of good quality, for chain C the electron density map is continuous except 

for two loop regions. In the fourth chain there are large regions that are disordered and 

only 72 (12-42, 55-65, 85-92 and 103-124) residues could be modeled. Examination of 

the packing interactions in the crystal shows that molecules C and in particular D have 

a significantly lower buried surface area compared to chain A and B. These 

observations might explain the partial disorder of chain C and D and the higher B 

factors compared to chain A and B. Additionally a chloride ion was found in the 

interface between molecules B and C, interacting with the side chain of Arg26 from 

both monomers, leading to a better packing, and better defined electron density map of 

molecule C compared to D.  

 

4.3 Structure description 

The structure of NarLN has (β- α)5  topology as has been seen for other response 

regulatory domains. The overall structure contains a central parallel β-sheet comprising 

of five strands which is flanked by five α-helices, three on one side and two on the 

other. The active site is made up from the loops connecting the β strands with the α-

helices, where the conserved aspartate residue is located in the loop between β3 and α3. 

 
Figure 23. A The NarLN domain with α helices in grey and β-strands in black, the active site 
aspartate is shown in black. B. Topology diagram of the fold of NarLN showing the central β-
sheet flanked by five α-helices. 
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4.4 Comparison to EcNarL 

Comparison of the structure of NarLN and other structures in the PDB was performed 

using the DALI algorithm [113]. For EcNarL, the molecule with the highest sequence 

identity, the rmsd is 2.0 Å2 over 123 residues.  

 
Figure 24. A. Ca trace of EcNarL overlayed with MtbNarL, The loop showing the largest 
deviation is marked with an arrow. B, Plot of the rmsd values vs residue number.  
 

The structural differences between the receiver domains of M. tuberculosis and E. coli 

NarL are not spread evenly along the polypeptide chain, but are localized mainly to one 

loop region and the subsequent helix, residues 64 – 77, with a maximal displacement of 

Cα positions of 7.7 Å (Figure 24). The active site residues are however located in 

almost identical positions supporting the proposed function of MtbNarL as a member 

of the two component regulatory systems with a function in signal transduction via 

phosphorylation of a conserved aspartic acid. 

The comparison of MtbNarLN to other structures in the PDB by the DALI algorithm 

[113] showed that E. coli NarL is not the closest structural homologue. The closest 

structural homologue was identified as the signal receiver domain from an 

uncharacterized response regulator from Staphylococcus aureus ( PDB code 3b2n, 

Malashkevich et al, unpublished) with 25 % sequence identity and an rmsd. value of 

1.2 Å based on 120 equivalent Cα atoms. When limiting the comparison to response 

regulators from M. tuberculosis there is a surprisingly high structural homology among 

all receiver domains of the response regulators (Table 5).  
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Table 5. Structural comparison between NarLN and other response regulators from M. 
tuberculosis. 
 
NarLN (1-145) Rmsd (Å2) Aligned residues 

1s8n 1.8 115 

1ys6 1.6 115 

2gwr 1.6 114 

 

It has been noted before that a similar set of residues as MtbNarL active site also are 

present in members of the haloacid dehalogenase (HAD) family [114,115]. When 

comparing the active site to members of this family that are using short lived phospho-

aspartyl intermediates during the catalytic cycle we found an obvious difference. The 

Asp residue that has been proposed to act as acid/base catalyst in both histidinol-

phosphate phosphatase HisBN [116] and the bacterial phosphatase AphA [117], is 

substituted to an Arg in NarLN (Figure 25) which is less likely to be involved in proton 

abstraction. Since acid/base catalysis may contribute to rate enhancement by a factor of 

100-1000, the absence of such a catalytic group indicates that the life time of the 

phospho-aspartyl andhydride may not be as long as in the corresponding phosphatases 

This corresponds well with biochemical studies that showed lifetimes in the 

millisecond range [116] of the phospho-aspartyl intermediates in the phosphatases 

while in different response regulators the lifetime is in the minute range [118,119].  

 
Figure 25. Comparison of the phosphorylation site in NarL from M. tuberculosis (light grey) 
with the active site of histidinol phosphate phosphatase from E. coli (dark grey). 
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4.5 Conclusion: 

The structure of the signal receiver domain of the response regulator from MtbNarLN 

has the common (β- α)5  fold as has been seen for other response regulators. The closest 

structural homolog is an uncharacterized response regulator of the LuxR family from 

Staphylococcus aureus with an rmsd of 1.2 Å2, whereas the closest sequence homolog, 

EcNarL, has a significantly greater rmsd of 2.0 Å2. The active site residues in E. coli 

and M. tuberculosis NarL are however almost identical supporting the proposed 

function of MtbNarL as a member of the two component regulatory systems with a 

function in signal transduction via phosphorylation of a conserved aspartic acid. By 

comparison of the active site architechture to related phosphatase enzymes we 

identified a key residue which might play an important role in timing the activated state 

of response regulators. 
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