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Introduction 

During the writing of this thesis I contracted a Streptococcus infection in my 
throat. I felt sick and miserable, but after a visit to the doctor I got a prescrip-
tion for the antibiotic penicillin. After just a few days on penicillin I was 
cured, and had gained a new appreciation for this wonderful discovery of 
Alexander Fleming. Antibiotics revolutionized the treatment of infectious 
diseases when they were introduced and have since become something that 
we take for granted. However, overuse and misuse of antibiotics has led to 
many of them becoming ineffective due to the emergence of antibiotic-
resistant bacteria. The aim of the research covered in this thesis is the devel-
opment of new antibiotics targeting the bacterium Mycobacterium tubercu-
losis, the causative agent of the disease tuberculosis. Even though tuberculo-
sis might seem as a disease of the past in countries like Sweden, it is very 
much a current reality in developing countries of Asia and Africa. In these 
countries, the deadly combination of HIV and tuberculosis causes the death 
of millions of people annually. Current treatment of tuberculosis relies on 
just a few classes of antibiotics that were developed more than fifty years 
ago. Since then, drug resistant strains of M. tuberculosis have emerged, mak-
ing some of these antibiotics ineffective. Finding new treatments for tubercu-
losis is therefore a global healthcare priority. 

In this thesis, I will give a brief overview of the history and current situa-
tion of tuberculosis and describe the pathogenic bacterium that causes this 
disease. We have used biochemical methods and X-ray crystallography to 
characterize and determine structures of three essential enzymes from M. 
tuberculosis. These particular enzymes were targeted for drug development 
because of their key roles in two important biochemical pathways. These 
pathways and the crystal structures of the targeted enzymes will be de-
scribed. Furthermore, I will summarize the development of inhibitors of 
these enzymes. This summary includes new inhibitors that we have synthe-
sized, evaluated against their enzyme targets and tested for antimicrobial 
activity. I will also describe their binding mode using a number of protein-
inhibitor complex structures that we have determined. These crystal struc-
tures, and the biochemical evaluation of new inhibitory compounds, serve as 
a starting point for further research efforts aimed at finding new antibiotics 
for the treatment of tuberculosis.  
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“I should like to die of consumption, because the ladies would all say 
‘Look at that poor Byron, how interesting he looks in dying!’” 

 
-Lord Byron (1788-1824) 
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Tuberculosis 

Tuberculosis (TB) is a lethal infectious disease, caused by the pathogenic 
bacterium Mycobacterium tuberculosis. It typically affects the lungs, but can 
also spread to other parts of the body. Common symptoms include chronic 
coughing with blood-tinged sputum, chest pain, fever, weakness and weight 
loss. The disease is transmitted through the air when a person with active TB 
coughs or sneezes. In most cases the immune system of an infected person 
will keep the infection latent and asymptotic, but in time the infection can 
revert to active disease. If untreated, a TB infection will be fatal in up to two 
thirds of cases (World Health Organization, 2012). 

 
History 
Tuberculosis is a disease that has been afflicting humans since ancient times. 
Early evidences of TB has been found, in the form of bone lesions, in more 
than 5000 year old Egyptian mummies (Zimmerman, 1979). However, ge-
nomic analysis suggest that TB was already present in East Africa 15 000-20 
000 years ago (Sreevatsan et al., 1997). Early written records describing 
symptoms of TB, or phthisis as the disease was called, are found in the writ-
ings of Hippocrates in ancient Greece, around 460 BC (Daniel, 2006). Alt-
hough TB has been present through all of human history it did not reach 
epidemic proportions until the beginning of the 1800s. This was probably 
due to the socioeconomic conditions of the industrial revolution, with over-
crowding, lack of hygiene and sanitation, poor nutrition and healthcare 
(Bates & Stead, 1993). Due to the impact on society during this period, TB, 
called consumption or “the white plague”, was romanticized and the symp-
toms of the disease were thought to be attractive. Perhaps because of the 
many poets, writers, artist and composers afflicted by the disease. Notable 
people who died of TB during this time include writer Emily Brontë, poet 
John Keats and composer Frédéric Chopin. 

With ever increasing numbers of TB cases physicians struggled to under-
stand the causes of the disease. The idea that TB indeed was infectious in 
nature, and not hereditary as was previously suggested, had been circulating. 
But it was not until Robert Koch, in 1882, made his discovery of the tubercle 
bacillus, Mycobacterium tuberculosis, that this idea was proven. The discov-
ery of the tubercle bacillus was a great leap forward in TB research, and 
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earned Koch the Nobel Prize in Physiology or Medicine in 1905. However, 
the question of how to treat the disease was still unanswered. Koch experi-
mented with injections of tuberculin, an isolated substance from the tubercle 
bacillus. Though it could not cure the disease it became a somewhat useful 
diagnostic tool, in the form of the tuberculin skin test (Kaufmann & 
Schaible, 2005). At around the same time Wilhelm Konrad Röntgen discov-
ered X-rays. This discovery provided physicians with another tool to diag-
nose TB, by detecting abnormalities in patients lungs by chest radiography 
(Murray, 2004). 

 
Figure 1. A group of women patients sit outside the National Red Cross Tuberculo-
sis hospital in St. Eugenie, France around 1918. Photo: U.S. National Library of 
Medicine. 

Despite the lack of progress in finding a cure, TB rates started to decline 
in the mid 1800s, possibly because of better living conditions, sanitation and 
nutrition (Lonnroth et al., 2009). However, people were still afflicted by TB 
and sought treatment in the many sanatoria that emerged during this time. It 
is unclear if sanatorium care actually changed the outcome for TB patients, 
but it did isolate them from other people they might infect, and the rest and 
fresh air that was prescribed could have been beneficial by improving the 
general health of the patients. Other, more invasive, forms of treatment were 
also used, in the form of pulmonary collapse therapy where the diseased lung 
would be surgically collapsed. 

During the first half of the 1900s, TB rates were falling rapidly, but they 
resurged again during World War I. It was during this time that the research 
of Albert Calmette and Camille Guérin led to the development of the BCG 
(Bacille Calmette-Guérin) vaccine; this was tested for the first time in 1921. 
In a subsequent campaign by the World Health Organization (WHO), to 
control TB, based on tuberculin testing and BCG vaccination, nearly 30 mil-
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lion people were tested and 14 million vaccinated (Comstock, 1994). BCG 
was, until recently, the worlds most commonly used vaccine, but due to its 
variable efficiency it is no longer recommended for TB control (Brewer, 
2000). 

 
Figure 2. A physician examines a TB-positive chest radiograph. Photo: Charles 
Farmer, 1963, Centers for Disease Control and Prevention. 

In 1944, Albert Schatz and coworkers reported the discovery of strepto-
mycin, a compound that exhibited antimicrobial activity against a number of 
bacteria, including M. tuberculosis (Schatz et al., 1944). Streptomycin be-
came the first chemotherapeutic drug for treatment of TB, but it was far from 
perfect due to its neurotoxic side effects. It also had a short-lived efficiency 
because the bacteria rapidly developed resistance to it. At the same time, 
another compound with efficiency against M. tuberculosis, para-
aminosalicylic acid (PAS), was developed by Jörgen Lehmann in Sweden 
(Lehmann, 1946). Like in the case of streptomycin, the benefits of PAS 
treatment was only temporary due to bacterial resistance, but the superiority 
of a combined treatment with both drugs was shown in clinical trials 
(Dunner et al., 1949). A major breakthrough in the development of TB drugs 
came in 1951 when three pharmaceutical companies independently devel-
oped the drug isoniazide (Rieder, 2009). It was now clear that almost every 
patient could be cured with the combined treatment of all three drugs 
(Crofton, 1959), and this became a standard treatment for almost 15 years. 
After the discovery of rifampicin in 1959 (Sensi et al., 1959), this drug to-
gether with a reinstated older drug, pyrazinamide, was added to the cocktail 
of compounds that became the base for the modern “short-course” treatment 
of TB (Fox et al., 1999), still in use today. 
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Tuberculosis in the world today 
Even though the total number of tuberculosis cases in the world is slowly 
declining, we now see a resurgence of the disease in developing countries. 
The largest number of new cases, in proportion to population size, is found 
in sub-Saharan Africa, where the deadly combination of HIV and TB is 
common (Murray, 1998). It is estimated that one third of the world popula-
tion is infected latently with TB, and 10 percent of these will develop the 
active form of the disease during their lifetime. For people with HIV, and 
other immunocompromising diseases, this number is much higher. Of the 1.4 
million people that die from TB each year, 350 000 are HIV positive (World 
Health Organization, 2011). This makes TB the second most deadly infec-
tious disease in the world, only surpassed by HIV/AIDS, and the number one 
cause of death among HIV-positive people. 

In recent years there has also been a dramatic increase in cases of drug 
resistant TB. These are classified as multidrug-resistant tuberculosis (MDR-
TB), resistant to the first line drugs isoniazid and rifampicin, and extensively 
drug-resistant tuberculosis (XDR-TB), resistant to first line and some second 
line drugs. Recently, TB strains resistant to all available antibiotics have 
emerged, threatening to take TB treatment back to the time before antibiotics 
(Gandhi et al., 2010). The fact that TB treatment still relies on drugs devel-
oped more than 50 years ago, and that these are rapidly becoming ineffective 
due to resistance development, means there is an urgent need for new antibi-
otics against M. tuberculosis. 

 
Figure 3. World map of TB prevalence in 2010. Numbers represent active TB cases 
per 100 000 population. Statistics from the World Health Organization global TB 
database. 
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Mycobacterium tuberculosis 

The causative agent of tuberculosis, Mycobacterium tuberculosis, is a non-
motile, rod-shaped bacterium, 2-4 µm in length. The distinguishing charac-
teristics of M. tuberculosis are its complex cell wall and its slow generation 
time. Whereas Escherichia coli can replicate in approximately 20 minutes, 
M. tuberculosis replication times are 15-20 hours. Sequencing of the com-
plete M. tuberculosis genome has given scientists tools to explore its gene 
products by recombinant techniques. As could be expected, the genome con-
tains a large number of genes coding for enzymes involved in cell wall bio-
synthesis (Cole et al., 1998). Other pathogenic species of the genus include: 
Mycobacterium leprae that causes the disease leprosy, Mycobacterium avi-
um that can cause a TB-like disease in AIDS patients (Inderlied et al., 1993), 
and Mycobacterium bovis, the cause of TB in cows and infrequently even 
human infections (Karlson & Lessel, 1970). There are also non-pathogenic 
mycobacterial species, like the relatively fast growing Mycobacterium 
smegmatis (Gordon & Smith, 1953), commonly used in mycobacterial re-
search. 

 
Figure 4. Scanning electron micrograph of M. tuberculosis bacteria at 21228 x mag-
nification. Photo: Janice Carr, 2006, Centers for Disease Control and Prevention. 

Pathogenesis 
M. tuberculosis is strictly a human pathogen with no known animal reservoir 
and it has limited means for survival outside its host (Gagneux, 2012). The 
typical infection starts in the upper lobes of the lungs where inhaled bacteria 
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are deposited. The bacteria then enter macrophages in the alveolar space and 
from here there are three possible scenarios for the infection: (1) The bacte-
ria replicates and spreads to other macrophages, and ultimately other parts of 
the host body, manifesting as an active disease with clinical symptoms. This 
scenario usually only occurs in immunocompromised individuals (Daley et 
al., 1992). (2) The bacteria are completely eliminated by the macrophages, 
successfully ending the infection. (3) The infected macrophages are con-
tained by the host immune system, inside a structure called a granuloma, 
consisting of specialized macrophages, dendritic cells and T cells (Russell et 
al., 2009). The bacteria can survive in a latent form, inside the granuloma, 
sometimes as long as the entire lifetime of the infected host, or until a 
change in the status of the immune system results in a breakdown of the 
granuloma (Gengenbacher & Kaufmann, 2012). It has been suggested that 
M. tuberculosis can benefit from granuloma formation during the early in-
fection because it provides the bacteria with new macrophages to infect 
which helps dissemination (Davis & Ramakrishnan, 2009). This theory is 
strengthened by the observation that mycobacteria excrete a protein, called 
ESAT-6, which increases recruitment of macrophages to the granuloma 
(Volkman et al., 2010). Upon breakdown of the granuloma, the bacteria 
begin to multiply rapidly, and can spread through the blood stream to cause 
extrapulmonary infections in organs like kidneys, lymph nodes, brain and 
spine.  

The mycobacterial cell envelope 
A traditional method for distinguishing bacteria, on the basis of their cell-
wall characteristics, is Gram staining. The cell wall of Gram-positive bacte-
ria, like Streptococcus or Staphylococcus, is coated with a thick layer of 
peptidoglycans but lack an outer membrane, whereas Gram-negative bacte-
ria, like E. coli, have a thin layer of peptidoglycans within an outer mem-
brane (Beveridge, 2001). Mycobacteria are neither Gram positive or nega-
tive. Even though they have a thick layer of peptidoglycans, the outer layer 
of the mycobacterial cell wall is rich in mycolic acids, making it impervious 
to Gram staining. The method of acid-fast staining is instead used for myco-
bacterial staining (Ellis & Zabrowarny, 1993). 

The M. tuberculosis cell envelope can be divided into four segments: the 
plasma membrane, the cell wall core, the outer membrane and the capsule 
(Kaur et al., 2009). The plasma membrane is a phospholipid bilayer contain-
ing phosphatidylinositol that acts as anchoring points for lipoarabinoman-
nans (LAM) extending throughout the cell wall. LAM from M. tuberculosis 
has been shown to interfere with phagosome maturation and may be respon-
sible for the ability of the bacteria to survive within macrophages (Briken et 
al., 2004). The cell wall core consists of peptidoglycans (PG), which provide 
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rigidity for cellular shape and strength to withstand osmotic pressure, and 
arabinogalactans (AG) that attach the PG to the mycolic acids of the outer 
membrane (Crick et al., 2001). Although there are different models describ-
ing the structure of the outer membrane (Hoffmann et al., 2008; Zuber et al., 
2008), one model describes it as a membrane of lipids where the mycolic 
acids span the entire hydrophobic region. Coating the outer membrane is a 
loosely bound structure called capsule, which mainly consists of the poly-
saccharide glucan. Glucans may also play a role in bacterial survival within 
macrophages by mimicking the cell surface of the host cells (Lemassu & 
Daffe, 1994). The complex mycobacterial cell envelope is still not fully un-
derstood and remains an area of intense research. 

 
Figure 5. A schematic view of the mycobacterial cell envelope. Adapted from Kaur 
et. al., 2009. 
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The MEP pathway for isoprenoid biosynthesis 

In order to find target enzymes for tuberculosis drug development, we have 
explored a biosynthetic pathway, the methylerythritol phosphate (MEP) 
pathway, responsible for producing precursors of a group of essential com-
pounds, called isoprenoids. The enzymes of this pathway are of great interest 
to us since they perform essential functions, and have no human homo-
logues. Humans instead use a different pathway, the mevalonate (MVA) 
pathway, for synthesis of isoprenoid precursors. 

Isoprenoids 
Isoprenoids, or terpenoids, are a large and diverse group of compounds pro-
duced by all living organisms. Isoprenoid compounds have been recovered 
from 2.7 billion year old deposits, making them one of the oldest known 
biomolecules (Brocks et al., 1999). To date, more than 30 000 isoprenoid 
compounds have been described; they exhibit a wide variety of functions as 
primary and secondary metabolites (Sacchettini & Poulter, 1997). Isopre-
noids have essential roles in all forms of life, as regulators of gene expres-
sion, components of signal transduction networks, electron transport chains, 
membranes and the photosynthetic machinery (Holstein & Hohl, 2004). Iso-
prenoids produced by plants are the largest class of natural products in the 
world. Plants use them for protection against herbivores and pathogens, and 
to attract pollinators. Many of these compounds are collected for their com-
mercial value as flavors, pigments, polymers and drugs (Gershenzon & 
Dudareva, 2007). Isoprenoid drugs include paclitaxel, a mitotic inhibitor 
used in cancer chemotherapy (Wall & Wani, 1996), and artemisinin, one of 
the most widely used antimalarial drugs in the world (Meshnick, 2002). A 
number of essential isoprenoid compounds have been characterized in M. 
tuberculosis. Among these are menaquinone, involved in electron transport 
and oxidative phosphorylation (Collins et al., 1977) and polyprenyl phos-
phate, involved in the biosynthesis of the essential cell-wall components 
arabinogalactan and lipoarabinomannan (Wolucka et al., 1994). 

All isoprenoids are synthesized by polymerization of the five-carbon iso-
prene units of the universal isoprenoid precursor isopentenyl diphosphate 
(IPP) and its isomer dimethylallyl diphosphate (DMAPP). The isoprene pol-
ymers can then undergo multiple steps of modifications, including rear-
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rangements and cyclizations, to create an enormous diversity of isoprenoid 
compounds. Biosynthesis of the isoprenoid precursors, IPP and DMAPP, is 
performed via two distinct pathways: the mevalonate (MVA) pathway, 
mainly found in eukaryotes and archea, and the methylerythritol phosphate 
(MEP) pathway, found in bacteria, protozoa, like the malaria parasite, and 
the plastids of photosynthetic organisms (Lange et al., 2000). 

 
Figure 6. Structures of the isoprenoid precursors IPP and DMAPP, the essential 
isoprenoid compounds menaquinone and polyprenyl phosphate, and the isoprenoid 
drugs paclitaxel and artemisinin. 

The MVA pathway 
The mevalonate (MVA) pathway was until recently considered to be the 
only pathway for biosynthesis of the isoprenoid precursors IPP and DMAPP 
(Bloch, 1992). In the first step of this pathway (1) acetyl-CoA is condensed 
with acetoacetyl-CoA to form 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA), by the enzyme HMG-CoA synthase. (2) HMG-CoA is subsequently 
converted by reductive deacylation to form MVA, the intermediate naming 
the pathway, by the enzyme HMG-CoA reductase. This is the committed and 
rate-limiting step of the pathway and HMG-CoA reductase is the target for a 
group of cholesterol-lowering drugs called statins (Istvan & Deisenhofer, 
2001). (3) Two enzymes, MVA kinase and phospho-MVA kinase, then per-
form the dual phosphorylation of MVA, yielding pyrophospho-MVA. (4) 
The enzyme pyrophospho-MVA decarboxylase then catalyzes the ATP-
dependent decarboxylation of pyrophospho-MVA to IPP. (5) The carbon-
carbon double bond of IPP is isomerized by the enzyme isopentenyl diphos-
phate isomerase (Idi), in a reversible reaction where the equilibrium is to-
wards DMAPP formation. 
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Figure 7. The MVA pathway for biosynthesis of isoprenoid precursors IPP and 
DMAPP. 
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CDP-ME is converted to 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-
phosphate (CDP-ME2P) in an ATP-dependent reaction catalyzed by the 
enzyme 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE). (5) CDP-
ME2P is subsequently converted into the cyclic compound 2-C-methyl-D-
erythritol 2,4-cyclodiphosphate (MECDP) by the enzyme 2-C-methyl-D-
erythritol 2,4-cyclodiphosphate synthase (IspF), releasing CMP in the pro-
cess. (6) MECDP is then converted, by the enzyme 1-hydroxy-2-methyl-
2(E)-butenyl-4-diphosphate synthase (IspG), to form 1-hydroxy-2-methyl-
2(E)-butenyl-4-diphosphate (HMBPP), (7) which is then converted to the 
isoprenoid precursors IPP and DMAPP by the enzyme 1-hydroxy-2-methyl-
2(E)-butenyl-4-diphosphate reductase (IspH). (8) The enzyme isopentenyl 
diphosphate isomerase (Idi) catalyzes the interconversion of IPP and 
DMAPP, with an equilibrium favoring the forward reaction, producing 
DMAPP. IPP isomerization is the only enzymatic reaction shared with the 
MVA pathway; however, the MEP-pathway Idi is non-essential because of 
the ability of IspH to produce both IPP and DMAPP. 

 
Figure 8. The MEP pathway for biosynthesis of isoprenoid precursors IPP and 
DMAPP. 
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The enzymes of the MEP pathway are attractive targets for drug devel-
opment, since the pathway is absent in humans but present, and essential, in 
a number of human pathogens, including M. tuberculosis and the malaria 
parasite Plasmodium falciparum. A study using transposon mutagenesis has 
shown the essentiality of most of the MEP pathway genes in M. tuberculosis 
(Sassetti et al., 2003). The MEP pathway has been proven as a viable target 
for drug development since it was shown that the antimicrobial compound 
fosmidomycin and its derivative FR-900098 both inhibit DXR, the enzyme 
catalyzing the second step of the pathway (Kuzuyama et al., 1998). These 
compounds have also proven to be effective against the malaria parasite and 
are currently in clinical trials (van der Meer & Hirsch, 2012; Jomaa et al., 
1999). 
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1-deoxy-D-xylulose 5-phosphate 
reductoisomerase (DXR/IspC) 

In a study to elucidate enzymes responsible for MEP synthesis, mutants of E. 
coli with a requirement for MEP were prepared and selected (Takahashi et 
al., 1998). It was concluded that a single gene, yaeM (later renamed dxr and 
ispC) was responsible for bacterial production of MEP. The gene product 
was overexpressed and characterized as 1-deoxy-D-xylulose 5-phosphate 
reductoisomerase (DXR/IspC), the enzyme responsible for the rearrange-
ment and reduction of DXP, to form MEP, in the second step of the MEP-
pathway. The enzyme requires a divalent metal ion, such as Mg2+, Mn2+ or 
Co2+, and the cofactor NADPH for activity. Further mutational studies re-
vealed a number of residues important for activity (Kuzuyama et al., 2000b). 
The first crystal structure of DXR, of E. coli DXR (EcDXR), revealed that 
the enzyme is a homodimer, where each monomer is composed of three do-
mains arranged in a V-like shape (Reuter et al., 2002). Additional structures 
of EcDXR in complex with substrate, cofactors and the inhibitor fosmido-
mycin revealed the residues involved in ligand binding and catalysis (Mac 
Sweeney et al., 2005; Steinbacher et al., 2003; Yajima et al., 2002). The M. 
tuberculosis DXR (MtDXR) was later characterized, and it was shown that 
the enzyme is also inhibited by fosmidomycin at nanomolar concentrations 
(Dhiman et al., 2005; Argyrou & Blanchard, 2004). 

To date, a number of DXR structures have been determined from organ-
isms like Zymomonas mobilis (Ricagno et al., 2004), Yersinia pestis (Osipi-
uk et al., 2009, unpublished work), Thermotoga maritima (Takenoya et al., 
2010), and Plasmodium falciparum (PfDXR, Umeda et al., 2011). All of the 
reported DXR structures share a common topology and fold. The PfDXR, 
being the only eukaryotic DXR structure, has a long additional N-terminal 
sequence that is thought to contain an endoplasmic-reticulum signal peptide 
followed by a plastidial targeting sequence (Jomaa et al., 1999). However, 
the active form of the PfDXR, without the signaling sequence, exhibits the 
same general fold as the bacterial enzymes. 

We have determined the first structure of MtDXR, in an apo form with a 
sulphate ion bound in the active site, and a number of complex structures 
with the cofactor NADPH, the inhibitor fosmidomycin (Henriksson et al., 
2007), its acetyl derivative FR-900098, and analogues thereof.  
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The MtDXR structure (Paper I) 
MtDXR has an extended C-terminal region, not present in other DXRs. We 
cleaved off this region to obtain a well-behaving enzyme for biochemical 
and crystallographic studies. However, the region is most likely unstruc-
tured, as suggested by secondary-structure predictions and its susceptibility 
to protease cleavage. The enzyme was crystallized by the sitting-drop vapor-
diffusion method. Diffraction data were collected from crystals under cry-
oconditions using synchrotron X-ray radiation. The structure was solved by 
molecular replacement, using a modified version of the EcDXR structure. 

Our crystal structure of MtDXR exhibits the same general fold as the pre-
viously described DXR structures. The enzyme functions as a homodimer, 
where each monomer consists of three domains: an N-terminal NADPH-
binding domain, a central catalytic domain, and a C-terminal helical domain. 
They are arranged in a V-like shape with the central domain at the vertex. 
The N-terminal domain has a Rossmann nucleotide-binding fold (Rao & 
Rossmann, 1973) comprised of a central, seven-stranded parallel β-sheet 
flanked by α-helices. The central domain has a α/β topology with a four-
stranded β-sheet on one side and a layer of α-helices that form the interaction 
surface to the other two domains. The β-sheet is also part of the dimerization 
surface and forms an eight-stranded β-sheet together with the corresponding 
sheet in the symmetry related molecule. Dimerization interactions are also 
provided by a β -strand in a connective region between the central and C-
terminal domain. The C-terminal domain consists of a four-helix bundle with 
a mainly structural role. 

 
Figure 9. The structure of MtDXR, displaying the N-terminal domain (blue) with a 
bound NADPH (gold), the central domain (green) with an inhibitor (magenta) bound 
in the active site, and the C-terminal domain (red). The second monomer is colored 
in gray. 
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The catalytic site is located in a pocket formed by the central and N-
terminal domains, with all of the catalytic residues found in the central do-
main. A flexible loop, in the central domain, acts as a lid, shielding the ac-
tive site from the outside solvent. The catalytic pocket contains a phosphate 
binding-site and a metal-ion binding-site. The phosphate binding-site is a 
positively charged pocket where the phosphate groups of the substrate and 
product are anchored during catalysis. In our apo enzyme, a sulphate from 
the crystallization buffer is bound in the phosphate binding-site, making 
equivalent interactions. The metal-ion is bound to three carbonic acid resi-
dues, two glutamic acids and an aspartic acid, forming an octahedral coordi-
nation sphere that is completed by three water molecules in the metal-bound 
apo enzyme. In the inhibitor-bound complexes the coordination is instead 
completed by two oxygens in the hydroxamic acid moiety of fosmidomycin 
and its analogues, thus mimicking the coordination of the substrate and 
product (Henriksson et al., 2007). 

Upon substrate binding an active site loop closes over the catalytic pock-
et, shielding it from the outside solvent. In particular the indole ring of a 
tryptophan residue comes in close contact with the substrate. The cofactor 
NADPH binds at the edge of the N-terminal domain, with its nicotinamide 
moiety facing the catalytic pocket. Upon substrate and cofactor binding, the 
enzyme undergoes rigid-body domain movements, moving the N- and C-
terminal domains closer together with the central domain acting as a hinge. 
The domain movement brings the NADPH cofactor, bound in the N-terminal 
domain, closer to the substrate, bound in the catalytic site of the central do-
main. This places the nicotinamide moiety of NADPH within distance for 
hydration of the substrate. 

Depending on the distance between the N- and C-terminal domains, DXR 
is described as having open and closed forms. Our apo enzyme structure, 
crystallized as a dimer, exhibits an open form with a closed and ordered ac-
tive site loop in both monomers. 

The MtDXR assay (Papers I, III & IV) 
We determined the kinetic parameters for our MtDXR construct by spectro-
photometric monitoring of NADPH consumption (Takahashi et al., 1998). 
Michaelis-Menten constants (Km) for the substrate DXP and cofactor 
NADPH, and the catalytic rate constant (kcat), were similar to previously 
reported values using the same experimental parameters (Argyrou & 
Blanchard, 2004). Inhibitors were evaluated by initial screening for inhibito-
ry activity at a high concentration and subsequent measurement of the half 
minimum inhibitory concentration (IC50), of the active compounds. 
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Figure 10. Inhibition of MtDXR by the inhibitory compound FR-900098 at various 
concentrations. Data points are fitted to a dose-response curve to calculate the IC50. 

Inhibitors of DXR (Papers III & IV) 
During a screening study aimed at finding new antibiotics, a new strain of 
Streptomyces bacteria was isolated from a soil sample collected in a moun-
tainous region of Japan. The strain produced a new antibiotic, designated 
FR-900098, with broad antibacterial activity against Gram-negative and 
some Gram-positive bacteria (Okuhara et al., 1980a). Three related com-
pounds were subsequently isolated, of which the most potent was designated 
FR-31564 and later renamed to fosmidomycin (Okuhara et al., 1980b). Lat-
er, as part of a study to find specific inhibitors of MEP pathway enzymes, a 
database search for antibiotics reported to be active against bacteria using the 
MEP pathway, but inactive against bacteria using the MVA pathway, was 
performed. Fosmidomycin came up as a potential candidate, and due to its 
substrate similarity it was assayed against EcDXR and shown to inhibit the 
enzyme at nanomolar concentrations (Kuzuyama et al., 1998). 

Since DXR is an essential enzyme for organisms utilizing the MEP path-
way, fosmidomycin has been assayed against a number of DXR enzymes 
from bacteria, plant and protozoa, for use as an antibiotic, herbicide or anti-
malarial drug. Most notably, fosmidomycin, and its acetyl derivative FR-
900098, have been shown to inhibit growth of the malaria parasite, P. falci-
parum. Fosmidomycin is currently in clinical trials as an antimalarial drug 
(Jomaa et al., 1999). Fosmidomycin is also a potent inhibitor of MtDXR, 
inhibiting the enzyme at nanomolar concentrations (Henriksson et al., 2007; 
Dhiman et al., 2005). It is however ineffective in whole cell assays against 
mycobacteria. Bacterial resistance is thought to be a result of poor uptake of 
the compound into the cell. Fosmidomycin is a polar compound that requires 
the aid of a transporter to penetrate the cell membrane. The lack of such a 
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transporter and the complexity of the cell envelope are suggested to be the 
reasons for mycobacterial resistance to fosmidomycin (Brown & Parish, 
2008). Detailed knowledge about the binding mechanism of fosmidomycin 
and development of analogues with the ability to cross the mycobacterial cell 
wall are needed in order to develop this type of antibacterial compounds into 
new antibiotics for treatment of tuberculosis. 

Fosmidomycin and FR-900098 are simple compounds, consisting of a 
phosphonate connected to a hydroxamic acid group by a three-methylene 
linker. They mimic DXP, the substrate of DXR, and bind in a similar manner 
as the substrate in the active site pocket. Their phosphonate group is an-
chored in the phosphate-binding pocket by a number of positively charged 
residues, and the hydroxamic acid moiety is bound by the divalent metal ion 
coordinated in the metal binding-site (Henriksson et al., 2007; Steinbacher et 
al., 2003). The length of the methylene linker is important for inhibitor bind-
ing, since a longer or shorter linker would prevent the compound from bind-
ing in both binding-sites. Indeed, it has been shown that alterations of the 
length of this linker in fosmidomycin decrease inhibitory efficiency against 
EcDXR (Zingle et al., 2010). FR-900098 differs from fosmidomycin by an 
additional methyl group near the hydroxamic acid. This methyl group is 
pointing towards the tryptophan in the active site loop, making close con-
tacts with the indole ring. This contact could be the reason for the slight de-
crease in inhibitory potency of FR-900098, compared to fosmidomycin, 
which we observed in our biochemical assay. 

 
Figure 11. Examples of MtDXR inhibitors. 

All our previously solved structures of MtDXR, in complex with fos-
midomycin and cofactors, were crystallized as dimers where one monomer 
exhibits a closed form and the other monomer an open form, with inhibitors 
only bound in the closed form (Henriksson et al., 2007). However, our ter-
nary complex with Mn2+, FR-900098 and NADPH, crystallized in a space 
group, new for this enzyme, where both monomers are in a closed form with 
inhibitors bound in the active site. The structure of this complex displays the 
enzyme in the most closed form reported yet, providing a view of the con-
formation during catalysis. 

In a study to investigate the inhibitory activity of fosmidomycin and FR-
900098 analogues with aromatic substituents in the α -position of the phos-
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phonate group, a number of compounds with improved activity against P. 
falciparum were developed (Haemers et al., 2006). Our collaborators syn-
thesized these compounds, and their monoethyl and diethyl phosphonate 
esters, for our structural studies and to evaluate their inhibitory activity 
against MtDXR. Fosmidomycin and FR-900098 analogs with 3,4-
dichlorophenyl substitutions were shown to be active against MtDXR, but 
not as active as the original compounds. The monoethyl phosphonate esters 
were significantly less active and the diethyl phosphonate esters lacked ac-
tivity, demonstrating the importance of the interactions with the phosphate 
binding-site for inhibitory activity. 

We determined crystal structures of MtDXR in complex with the 3,4-
dichlorophenyl substituted analogs of fosmidomycin and FR-900098, and 
also a complex with the fosmidomycin analog and NADPH. The analogs 
bind in a similar way as fosmidomycin and FR-900098 in the active site of 
MtDXR, with the phosphonate groups anchored in the phosphate binding-
site and the hydroxamic acid groups bound to the metal ion coordinated in 
the metal binding-site. Some differences were observed in the torsion angles 
of the methylene linker, but a more dramatic change involved the active site 
loop, which was open and disordered in these structures. This is due to the 
introduction of the dichlorophenyl ring that would have clashed with the 
previously described indole ring of the tryptophan in the closed form of the 
active site loop. 

 
Figure 12. Interactions of MtDXR with (a) FR-900098 and (b) 3,4-dichlorophenyl 
substituted FR-900098, showing the side-chains and waters that interact with the 
inhibitors. The Mg2+ ion is the larger gold-colored sphere. Hydrogen bonds or salt 
links with the phosphonate are shown as green dotted lines, while those involving 
the metal are orange-coloured. The interactions of the hydroxamic acid group are 
indicated in light blue. Interactions with the tryptophan in the active site loop are 
indicated with dark blue dotted lines in (a). The active site loop with this tryptophan 
is disordered due to the introduction of the dichlorophenyl-group in (b). 
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In order to explore the large solvent-exposed area that is created due to 
displacement of the active site loop, additional FR-900098 analogues with 
other substituents in the α -position of the phosphonate group, were synthe-
sized by our collaborators. The substituents were all phenyls with extensions 
at the ortho position of the ring. Most of the extensions were hydrophilic in 
nature in order to preserve the hydrogen-bonding pattern in the solvent ex-
posed area, as predicted by docking simulations. Our enzymatic inhibition 
studies with these compounds showed that all of them had reduced inhibitory 
activity against MtDXR, compared to FR-900098. Even though no new 
compounds with higher inhibitory potential than fosmidomycin or FR-
900098 were discovered in our study, it did provide insight into the binding 
characteristics of new compounds in the MtDXR active site. 
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2-C-methyl-D-erythritol 4-phosphate 
cytidylyltransferase (IspD) 

In a search for downstream intermediates of the MEP pathway, radiolabeled 
MEP was incubated with E. coli cell extracts (Rohdich et al., 1999). A radio-
labeled product was detected and determined by NMR spectroscopy to be 
CDP-ME. A database search using the sequence of a characterized gene, 
whose product catalyzes a similar reaction (the formation of CDP-ribitol 
from ribitol-5-phosphate and CTP), uncovered a similar unannotated gene, 
designated ygbP, later renamed to ispD. Interestingly enough, this gene was 
only present in organisms utilizing the MEP pathway. Cell extracts from E. 
coli strains overexpressing the ispD gene product catalyzed the formation of 
CDP-ME at high rates. The gene product was purified and characterized as 
2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (IspD) responsible 
for synthesis of CDP-ME, from MEP and CTP, in the third step of the MEP 
pathway (Kuzuyama et al., 2000a). The enzyme showed specificity for CTP 
and required a divalent metal ion for activity. The crystal structure of E. coli 
IspD (EcIspD) showed that it is a functional homodimer, each monomer 
comprising a large globular domain, and a small β -domain responsible for 
dimerization interactions (Kemp et al., 2003; Richard et al., 2001). Kinetic 
analysis and mutational studies of the EcIspD revealed active site residues 
essential for activity and proposed a catalytic mechanism involving the se-
quential binding of CTP and MEP, and the formation of a pentacoordinate 
phosphate transition state stabilized by three positively charged residues 
(Richard et al., 2004). 

A number of organisms have a fused ispDF gene, expressing a bifunc-
tional enzyme with both IspD and IspF (2-C-methyl-D-erythritol 2,4-
cyclodiphosphate synthase) activity (Gabrielsen et al., 2004b). These en-
zymes are peculiar in that they catalyze non-consecutive steps in the MEP 
pathway. The structure of the bifunctional Campylobacter jejuni IspDF 
(CjIspDF) revealed a hexameric assembly of three IspD dimers and two IspF 
trimers (Gabrielsen et al., 2004a). Observation of complex formation of 
CjIspDF and CjIspE (4-diphosphocytidyl-2-C-methyl-D-erythritol kinase), 
and also of the monofunctional EcIspD, EcIspF and EcIspE, suggest that an 
organized assembly of these three enzymes may serve as a catalytic platform 
at the center of the MEP pathway. 
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Differences in the quaternary structure arrangements of the IspD ho-
modimer in the structure of EcIspD, Thermotoga maritima IspD (Joint Cen-
ter for Structural Genomics, 2004, unpublished work), Neisseria gonorrhoe-
ae IspD (Badger et al., 2005) and Arabidopsis thaliana IspD (AtIspD, 
Gabrielsen et al., 2006), indicate that conformational flexibility of the mon-
omers can contribute to enzyme function. 

We have determined the first structures of both the M. tuberculosis IspD 
(MtIspD) and the Mycobacterium smegmatis IspD (MsIspD) in complex with 
the cofactor CTP and Mg2+, as well as a structure of MsIspD in complex with 
CMP. 

The mycobacterial IspD structures (Paper II) 
Because of solubility problems with MtIspD, we started our structural work 
with the related MsIspD. This is not an uncommon problem in working with 
M. tuberculosis proteins; they are often less soluble than their M. smegmatis 
homologues. The design of a construct of the M. smegmatis enzyme, suitable 
for crystallization, could then also be applied to the M. tuberculosis enzyme. 
The enzymes were crystallized using the sitting-drop vapor-diffusion method 
in the presence of MgCl2 and CTP or CMP. Diffraction data were collected 
from single crystals under cryoconditions using synchrotron X-ray radiation. 
The MsIspD structure was solved by molecular replacement using a truncat-
ed polyalanine model of an EcIspD as a search-model. The MtIspD structure 
was also solved by molecular replacement using the refined MsIspD struc-
ture as a search-model. 

The mycobacterial IspDs function as homodimers, where each monomer 
is comprised of a larger globular domain and a smaller β-domain. The globu-
lar domain exhibits a variant of the nucleotide-binding Rossmann fold, 
where the central seven-stranded β-sheet has a mixed directionality because 
of an inserted antiparallel β-strand. The β-domain extends from the globular 
domain like an arm, “grabbing” the corresponding arm from a symmetry 
related molecule to form a dimerization interaction surface around a local 
two-fold axis. A hydrophobic patch on the C-terminal helix in the globular 
domain also contributes to dimerization interactions. A C-terminal His-tag, 
added for purification purposes, becomes part of this helix and is clearly 
visible in our structures. 

The catalytic pocket is mainly formed by residues in the globular domain, 
but also by some residues in the symmetry related β-domain. This pocket is 
particularly polar in order to bind the many phosphates in the substrate, 
product, and cofactor. The cofactor CTP binds at the edge of the central 
strands in the β-sheet of the globular domain. The α, β and γ-phosphates are 
wrapped around a Mg2+ ion with one oxygen from each phosphate forming 
an octahedral coordination sphere that is completed by three water mole-
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cules. The α-phosphate is oriented towards the MEP-binding site and coor-
dinated by three conserved residues, two lysines and an arginine, that are 
proposed to take part in catalysis by stabilizing a pentacoordinated transition 
state of CDP-ME. Structural superposition of our mycobacterial IspDs and 
the EcIspD in complex with CDP-ME (Richard et al., 2001) allowed us to 
model the interactions of the MEP moiety of CDP-ME, and presumably 
MEP. These interactions were later observed in the structure of MtIspD in 
complex with CDP-ME (Sacchettini et al., 2011, unpublished work). 

 The MEP-binding site is formed by residues from the globular domain 
and the symmetry related β -domain. In our structures, water molecules oc-
cupy the positions of the MEP hydroxyl groups, indicating that this binding 
site is formed before substrate binding. In contrast, the cytosine-binding site 
seem to form upon cofactor binding, as illustrated by the differences be-
tween the apo and CTP-bound forms of the enzyme. The binding of CMP, 
observed in our complex structure with MsIspD, is similar to the binding of 
CTP. However, in one of the monomers CMP is shifted with resulting local 
changes in the protein and interacting residues. 

All IspD structures reported to date, share a general topology and fold. 
The central β -sheet is highly conserved, but some variation is seen in the 
conformation and length of loops and external helices. A number of active 
site residues are conserved. Among these are all of the residues predicted to 
take part in catalysis. However, a serine in the Ms and EcIspDs, involved in 
hydrogen bonding to the cytidine base, is substituted by a threonine in 
MtIspD, but makes an equivalent hydrogen bonding interaction. The con-
served nature of the active site suggests that inhibitors designed to target this 
enzyme will exhibit a broad antibacterial activity. 

 
Figure 13. The structure of MtIspD with one monomer in rainbow colours (red to 
blue) and the other in grey. A CTP (magenta) is bound in the active site. 
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The MtIspD assay (Paper II) 
We measured the kinetic parameters for our MtIspD construct in a coupled 
assay (Bernal et al., 2005), where the released pyrophosphate is converted to 
phosphate by an inorganic pyrophosphatase. The phosphate forms a colored 
complex with malachite green that can be used for spectrophotometric quan-
tification. Our Km for the substrate MEP and cofactor CTP are similar to 
previously reported values for this enzyme (Eoh et al., 2007; Shi et al., 
2007) but with larger variations seen in kcat, due to differences in experi-
mental parameters. However, the kcat value for the EcIspD is consistently 
found to be higher than the values reported for the M. tuberculosis enzyme 
(Richard et al., 2004; Cane et al., 2001; Rohdich et al., 1999). This could be 
attributed to the substitution of a stabilizing arginine for a glutamic acid in 
the active site of the mycobacterial enzyme. The IspD assay is suitable for 
high throughput screening and evaluation of inhibitory compounds is ongo-
ing. 

Inhibitors of IspD 
Development of IspD inhibitors is at an early stage and few inhibitors of this 
enzyme have been reported. Erythritol-4-phosphate is reported to be a weak 
inhibitor of EcIspD (Lillo et al., 2003), most likely because of its strong 
resemblance to the substrate MEP. The AtIspD was crystallized in complex 
with CMP, acquired from the bacterial expression system (Gabrielsen et al., 
2006). CMP was also shown to decrease enzyme activity by 50% at high 
concentrations. It is speculated that CMP, being a byproduct of the down-
stream IspF enzyme, might play a role in feedback inhibition of IspD. Our 
structure of MsIspD in complex with CMP demonstrates that CMP is also 
capable of binding in the cytosine-binding site of the mycobacterial enzyme. 
Interestingly, it was not possible to obtain cocrystals of the mycobacterial 
IspDs and CDP. 

The most potent IspD inhibitors reported to date are a number of hydrox-
ytriazolopyrimidines that were discovered in a high throughput screening 
study targeting the AtIspD, aimed at finding new herbicides (Witschel et al., 
2011). They inhibit the enzyme at nanomolar concentrations and also show 
herbicidal activity. Surprisingly, the crystal structure of the enzyme in com-
plex with these inhibitors shows that they do not bind in the active site, but 
instead in a newly formed allosteric pocket close to the MEP-binding site. 
Binding of inhibitors in this allosteric pocket reduces the size of the MEP-
binding site, and probably hinders substrate binding. However, differences 
between the mycobacterial IspDs and the AtIspD suggest that these inhibi-
tors will not be able to inhibit the mycobacterial IspDs. This remains to be 
tested. 
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Figure 14. Examples of IspD inhibitors. Erythritol-4-phosphate is a weak inhibitor 
of EcIspD, and the hydroxytriazolopyrimidines are inhibitors of AtIspD. 

In a study to quantify metabolites of the MEP pathway in P. falciparum 
and E. coli, it was found that fosmidomycin treatment reduced intracellular 
levels of CDP-ME, but not MEP, indicating that IspD might be a second 
target for this compound (Zhang et al., 2011). Overexpression of IspD in E. 
coli promoted fosmidomycin resistance, but only inhibited the enzyme at 
millimolar concentrations in an in vitro assay. 
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The CoA biosynthetic pathway 

In addition to the MEP pathway, we were also interested in another essential 
pathway for drug development, the universal pathway for Coenzyme A bio-
synthesis. Even though humans also utilize this pathway, the individual en-
zymes exhibit large differences in sequence and structure, compared to their 
bacterial counterparts. Thus making them viable as targets for tuberculosis 
drug development. 

Coenzyme A 
Coenzyme A (CoA) is an essential enzyme cofactor in all living organisms. 
It functions as an acyl-group carrier and carbonyl-activating group in a large 
number of key metabolic enzymes involved in, for example, the fatty acid 
metabolism and the citric acid cycle. CoA is also the source of phosphopan-
tetheine, the prosthetic group of acyl carrier proteins in fatty acid synthases, 
polyketide synthases and non-ribosomal peptide synthetases (Kleinkauf, 
2000). It is estimated that approximately 4 percent of all known enzymes 
utilize CoA as a cofactor (Begley et al., 2001). CoA consists of a 3’-
phosphate ADP linked to a pantothenate and cysteamine moiety (Baddiley et 
al., 1953). The functional group is the thiol of the cysteamine that binds acyl 
groups via a thioester bond.  

The CoA pathway 
In a study aimed at finding substances involved in yeast growth, an acidic 
compound that strongly stimulated the growth of Saccharomyces cerevisiae 
was discovered (Williams et al., 1933). Since this acid appeared to be uni-
versally distributed among many biological groups, it was called pantothenic 
acid or pantothenate, from the Greek word pantothen, meaning from every-
where. It was subsequently shown to stimulate growth of a wide variety of 
organisms. 

Pantothenate (Vitamin B5) is now known to be a precursor for CoA bio-
synthesis (Brown, 1959). Animals lack the ability to synthesize pantothenate 
and are totally dependent on exogenous uptake. Most bacteria, plants and 
fungi, on the other hand, are capable of de novo synthesis of pantothenate 
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from β -alanine and α -ketoisovalerate (Webb et al., 2004). E. coli produces 
and secretes 15-times more pantothenate than what is required for CoA bio-
synthesis (Jackowski & Rock, 1981), thus showing the importance of the 
intestinal flora for pantothenate uptake in animals. Once pantothenate is 
synthesized or otherwise acquired, it enters the universal CoA biosynthetic 
pathway. 

 
Figure 15. The universal CoA biosynthetic pathway. 

The CoA pathway consists of five enzymatic steps (Brown, 1959) where 
(1) the first and rate-limiting step involves the phosphorylation of pantothe-
nate by the enzyme pantothenate kinase (PanK/CoaA), forming 4’-
phosphopantothenate. The enzyme PanK will be discussed in detail later. 
(2) 4’-phosphopantothenate is then condensed with cysteine and CTP by the 
enzyme phosphopantothenoylcysteine synthetase (PPCS/CoaB), thus form-
ing 4’-phosphopantothenoylcysteine. 
(3) The cysteine moiety of 4’-phosphopantothenoylcysteine is then decar-
boxylated to form 4’-phosphopantetheine by the enzyme phosphopanto-
thenoylcysteine decarboxylase (PPCDC/CoaC). 
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(4) In the next step, an adenylyl-group is transferred from ATP to 4’-
phosphopantetheine by the enzyme phosphopantetheine adenylyltransferase 
(PPAT/CoaD), yielding dephospho-CoA. 
(5) In the final step, dephospho-CoA is phosphorylated at the 3’-position by 
the enzyme dephospho-CoA kinase (DPCK/CoaE) to give CoA. In most 
bacteria both the second and third steps of this pathway are catalyzed by a 
bifunctional CoaBC enzyme (Strauss et al., 2001; Kupke et al., 2000), 
whereas eukaryotes utilize two monofunctional enzymes. 

The enzymes of the CoA pathway are interesting from a drug develop-
ment point of view since they are essential for pathogens like M. tuberculo-
sis (Awasthy et al., 2010; Sassetti et al., 2003), and even though humans 
utilize the same pathway as bacteria, the enzymes of the pathway share little 
or no homology (Genschel, 2004). 
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Pantothenate kinase (PanK) 

In early studies to determine the biosynthetic pathway of CoA from panto-
thenate, pantothenate kinase (PanK) was purified from rat liver (Brown, 
1959). The enzyme catalyzes the phosphorylation of pantothenate, to form 
4’-phosphopantothenate, in the presence of ATP and Mg2+ (Abiko, 1967). It 
was shown that the enzyme is strongly inhibited by CoA, therefore its role as 
a regulatory enzyme for CoA biosynthesis was proposed (Karasawa et al., 
1972). A gene coding for a bacterial PanK, designated coaA, was first dis-
covered in Salmonella typhimurium (Dunn & Snell, 1979) and later in E. coli 
(Vallari & Rock, 1987) by studying bacterial strains with mutations that 
caused temperature-dependent inactivation of PanK activity. The E. coli 
PanK (EcPanK) was subsequently overexpressed, purified and characterized. 
This enzyme also showed inhibition by CoA and its thioesters (Song & 
Jackowski, 1994; Vallari et al., 1987). Crystal structures of EcPanK, in 
complex with pantothenate, ADP, the feedback inhibitor CoA and an ATP 
analog, were later determined (Ivey et al., 2004; Yun et al., 2000). These 
structures revealed residues involved in substrate and product binding, and 
the structural basis for feedback inhibition by CoA through competitive 
binding with ATP. 

To date, three types of PanK enzymes, different in their structural and bi-
ochemical characteristics, have been described. The EcPanK, encoded by the 
gene coaA, is the prototypical type I PanK, and homologs of this enzyme are 
found in many bacterial species. Cloning and characterization of an eukary-
otic PanK from Aspergillus nidulans showed that it shared little sequence 
similarity to its bacterial counterparts (Calder et al., 1999). Eukaryotes uti-
lize a type II PanK that is also inhibited by CoA and its thioesters. Humans 
express four isoforms of this enzyme (PanK1 to 4), where defects in the 
panK2 gene have been linked to neurodegenerative disease (Hong et al., 
2007; Zhou et al., 2001). Some bacteria, like Staphylococcus aureus, also 
express a type II like PanK that has sequence and structural similarity to the 
eukaryotic PanKs, but is refractory to inhibition by CoA and its thioesters 
(Hong et al., 2006; Leonardi et al., 2005). A gene coding for a type III PanK, 
designated coaX, was discovered in the genomes of Bacillus subtilis and 
Helicobacter pylori (Brand & Strauss, 2005). The type III enzyme belongs to 
the same structural superfamily as the type II enzymes but has major differ-
ences in the active site architecture resulting in a lack of feedback inhibition 
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by CoA and its thioesters (Nicely et al., 2007; Hong et al., 2006; Yang et al., 
2006). 

Several bacterial genomes harbor homologs of two PanK genes, coding 
for combinations of two different types of the enzyme. Bacillus anthracis, 
for example, harbor genes for both type II and III PanKs; the type II enzyme 
was shown to be non-functional and the coaX gene, coding for the type III 
enzyme, was found to be essential for growth (Paige et al., 2008; Nicely et 
al., 2007). M. tuberculosis harbor coaA and coaX genes, coding for type I 
and III PanKs respectively. However, only the coaA gene was shown to be 
essential for the bacterium, and the coaX gene could not complement its 
function (Awasthy et al., 2010). The M. tuberculosis type I PanK (MtPanK) 
has been biochemically characterized (Kumar et al., 2007) and a number of 
structures of the enzyme in complex with the substrate pantothenate, the 
product 4’-phosphopantothenate, ATP/GTP analogs, ADP/GDP, and the 
feedback inhibitor CoA have been determined (Chetnani et al., 2011; 
Chetnani et al., 2010; Chetnani et al., 2009; Das et al., 2006). 

We have determined the first crystal structures of MtPanK in complex 
with engineered inhibitors, some of which crystallize in a space group new 
for this enzyme that provide us with new structural insights into the function 
of the enzyme. 

The MtPanK structure (Paper V) 
Like the previously described EcPanK (Yun et al., 2000), MtPanK is a ho-
modimeric enzyme, with each monomer displaying the familiar Rossmann 
nucleotide-binding fold with a central seven-stranded β -sheet flanked by 
helices, and a second β-sheet composed of two antiparallel strands. The di-
merization interface consists mainly of a long α-helix that forms an antipar-
allel coiled-coil with the corresponding helix in a symmetry-related mole-
cule. 

The catalytic pocket is located in a large groove at the edge of the central 
β-sheet, surrounded by α -helices. The substrate-binding site is formed by 
these helices and a loop inserted between the two strands of the second β -
sheet. The nucleotide binding site consists of a P-loop, with a conserved 
Walker A motif (Walker et al., 1982), inserted between a central β -strand 
and an adjacent helix, and a second loop inserted between two adjacent 
strands. The pantothenate moiety of the feedback inhibitor CoA binds in the 
substrate-binding site, but instead of extending into the nucleoside-binding 
site, it adopts a bent conformation with the adenosine moiety bound by resi-
dues adjacent to the substrate-binding site. CoA still competes with ATP 
binding by overlapping with the P-loop bound β-phosphate. 
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Figure 16. The structure of MtPanK with one monomer in rainbow colours (red to 
blue) and the other in grey. An inhibitor (magenta) is bound in the active site and a 
phosphate ion (red) is bound in the P-loop. 

A structural feature of type I PanKs is an adenosine-lid loop that opens 
the nucleotide-binding site when the adenosine moiety of the nucleoside 
cofactor is bound. This is observed in the structures of EcPanK in complex 
with the non-hydrolysable ATP analog adenylyl imidodiphosphate (AMP-
PNP) or ADP (Ivey et al., 2004; Yun et al., 2000), and the structure of Coxi-
ella burnetii PanK in complex with ADP (CbPanK, Franklin et al., 2011, 
unpublished work). However, the binding mode of nucleoside cofactors is 
different in the previously reported MtPanK structures in complex with 
ATP/GTP analogs or ADP/GDP (Chetnani et al., 2010; Chetnani et al., 
2009). In these structures the adenosine-lid retains a closed conformation, 
even in the presence of nucleosides, forcing the nucleosides to adopt an al-
ternate binding mode. Although the β -phosphates of the nucleoside di- or 
triphosphates bind in the P-loop in all structures, the adenosine or guanosine 
moieties in the MtPanK structures bind in the same site as CoA, instead of 
the nucleotide-binding site. A closer examination of the crystal contacts in 
these structures reveals several close contacts between the adenosine-lid and 
a symmetry related molecule. These contacts could be responsible for keep-
ing the adenosine-lid in a closed conformation in these structures. 

We have determined eight structures of MtPanK in complex with inhibi-
tory compounds. The enzyme was crystallized by the sitting-drop vapor-
diffusion method, and diffraction data were collected under cryoconditions 
using synchrotron X-ray radiation. The structures were solved by molecular 
replacement, using the previously reported MtPanK structure as a search-
model. Seven of the protein-inhibitor complexes were crystallized in a space 
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group new for this enzyme. The crystallization conditions for this new space 
group contained high concentrations of phosphate, resulting in a phosphate 
ion bound to the P-loop in these structures. In this new space group, the crys-
tal contacts with the adenosine-lid are absent, thereby allowing us to ob-
serve, for the first time, an open conformation of the adenosine-lid in the 
MtPanK. Superposition of our structures and the nucleoside-bound EcPanK 
and CbPanK structures reveal that all of the residues involved in nucleoside-
binding are conserved; they adopt a similar conformation as in the superim-
posed structures, with the nucleotide cofactors fitting nicely in this binding 
site. The conserved nature of the nucleoside-binding site and the ability of 
MtPanK to adopt both open and closed forms of the adenosine-lid suggest 
that the same mode of nucleoside binding as seen in the E. coli and C. bur-
netii enzymes is biologically relevant. 

The MtPanK assay (Paper V) 
The kinetic parameters for MtPanK have previously been determined by 
isothermal titration calorimetry and a coupled biochemical assay (Chetnani 
et al., 2010; Chetnani et al., 2009; Kumar et al., 2007). These studies 
showed that MtPanK has a lower catalytic rate than EcPanK and displays 
dual specificity for ATP and GTP, with comparative values for Km and kcat 
observed for both cofactors. Our collaborators evaluated our MtPanK inhibi-
tors in a pyruvate kinase–lactate dehydrogenase coupled assay where the 
IC50s were measured using a suitable concentration range of inhibitors, while 
keeping the concentration of pantothenate and ATP at their respective Km. 
To determine the effect of cofactor competition, a second set of IC50 meas-
urements were performed with the ATP concentration at 50 times the Km. 
The mode of inhibition was also evaluated using a thermal shift assay at 
various ATP concentrations. 

Inhibitors of PanK (Paper V) 
PanK is an attractive target for development of antimicrobial compounds. 
Prokaryotic type I PanKs have little sequence or structural similarity to the 
eukaryotic type II enzyme, even though they catalyze the same essential 
reaction. As mentioned earlier, CoA and its thioesters are natural feedback 
inhibitors of type I PanKs (Vallari et al., 1987). Our collaborators have eval-
uated the inhibitory efficiency of CoA against MtPanK, and it displays an 
IC50 in the low micromolar range (Mukherjee et al., personal communica-
tion). 

Since the discovery of pantothenate as a universal growth promoter in 
1933, there has been great interest in synthesizing pantothenate analogs, 
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some of which have shown antimicrobial activity (Spry et al., 2008). One 
class of these analogs, N-alkylpantothenamides, inhibit growth of E. coli 
down to a minimum inhibitory concentration (MIC) in the low micromolar 
range (Clifton et al., 1970). However, the antimicrobial activity of this class 
of compounds was not due to inhibition of PanK or any of the other enzymes 
of the CoA pathway. Instead, they acted as alternative substrates, resulting in 
CoA analogs that inhibit CoA-utilizing enzymes (Zhang et al., 2004; Strauss 
& Begley, 2002). The ability of MtPanK to phosphorylate a compound of 
this class, N-nonylpantothenamide, has also been demonstrated, and a crystal 
structure of the enzyme in complex with this analog has been determined 
(Chetnani et al., 2011). A series of pantothenamide analogs with different N-
substituents have been synthesized and evaluated (Virga et al., 2006). Even 
though they showed varying degrees of inhibitory activity against EcPanK, 
none of these inhibited growth of E. coli bacteria. 

A high-throughput screening study, by our collaborators, aimed at finding 
new inhibitors of MtPanK resulted in the discovery of three new classes of 
compounds that inhibit the enzyme (Venkatraman et al., 2012). These new 
inhibitors belong to three classes: triazoles, quinolone carboxamides and 
biaryls, which have no resemblance to the substrate pantothenate. Selected 
inhibitors from all three classes inhibit the enzyme at nanomolar concentra-
tions. 

We have determined structures of MtPanK in complex with eight of these 
inhibitors and evaluated their inhibitory activity. Six of the inhibitors are 
triazoles and two are biaryls. Both classes of compounds are potent inhibi-
tors of the enzyme, with IC50s in the nanomolar range, and the most potent in 
the lower nanomolar range. The biochemical and thermal-shift assays with 
increasing ATP concentrations indicated that the triazole compounds exert a 
competitive mode of binding, in respect to ATP, whereas the biaryls exert a 
non-competitive mode of binding. 

 
Figure 17. Examples of MtPanK inhibitors. 

Both classes of the inhibitors bound in the substrate-binding site, over-
lapping with the substrate pantothenate and the pantothenate moiety of the 
product 4-phosphopantothenate and feedback inhibitor CoA. In the triazole 
compounds, a set of important interactions is observed. These include: hy-
drogen bonding of two nitrogens in the triazole ring with conserved tyrosine 
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and asparagine residues (residues involved in substrate-binding) and electro-
static interactions involving the halogen-substituted phenyl rings. The tria-
zole compounds that are capable of these interactions showed the lowest IC50 
values. The biaryl compounds did not interact directly with the conserved 
tyrosine and asparagine. Instead, a nitrogen in the piperazine ring forms a 
hydrogen bond to a water molecule that, in turn, interacts with these resi-
dues. Other interactions that contribute to binding of this class of inhibitors 
are mainly hydrophobic, with additional contacts formed by a hydrogen 
bond to a conserved tyrosine, and in one compound, a salt link to an arginine 
that otherwise interacts with the P-loop bound phosphate. 

The competitive and non-competitive binding modes observed for the tri-
azole and biaryl compounds, respectively, are explained by a superposition 
of our crystal structures and the previously described structures in complex 
with ATP-analogs. In all the triazole compounds, an electronegative fluorine 
or chlorine atom is in close contact with a γ -phosphate oxygen of an ATP-
analog. This interaction is absent in the biaryl compounds, thus making a 
non-competitive binding mode possible. 

Even though these compounds are potent inhibitors of MtPanK, none of 
them were found to be active in the whole-cell assay. However, the struc-
tures provide structural insight into the function of the enzyme as well as a 
detailed view of the binding of novel inhibitory compounds in MtPanK ac-
tive site. 

 
Figure 18. Interactions of MtPanK with examples of (a) a triazole compound and (b) 
a biaryl compound, showing the side-chains and waters that interact with the inhibi-
tors. The biaryl compound was crystallized in a space group new for this enzyme, 
where a phosphate ion binds to the P-loop (the yellow loop at the bottom of the 
figures). 
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Conclusions and future perspectives 

As part of the work for this thesis, crystal structures of three essential en-
zymes from Mycobacterium tuberculosis were determined by X-ray crystal-
lography. Two of these, DXR and IspD, represent the first structures of these 
enzymes from this organism. Structures of IspD from the related bacterium 
Mycobacterium smegmatis were also solved. Additionaly, structures of the 
previously described M. tuberculosis PanK enzyme were determined in a 
space group new for this enzyme. The structures in this space group provid-
ed new insight into the function of the enzyme. 

The aim of this work was to use these structures for designing new anti-
biotics targeting M. tuberculosis. To this end, a number of compounds were 
evaluated for inhibitory activity against the MtDXR and MtPanK enzymes. 
Structures of MtDXR in complex with the previously reported inhibitor FR-
900098 and three analog compounds were determined, revealing their spe-
cific binding mode. Structures of MtPanK in complex with eight new inhibi-
tors, belonging to two structural classes, were determined, giving us insight 
into the binding mode of these new classes of inhibitors. The most potent 
inhibitors of these enzymes were active at nanomolar concentrations, but 
unfortunately they showed no activity against M. tuberculosis when tested in 
a whole-cell assay. However, some of the DXR inhibitors have shown activi-
ty against other pathogens, like the malaria parasite P. falciparum. So far, no 
potent inhibitors of the mycobacterial IspD enzymes have been reported. 
These enzymes were instead crystallized in complex with CMP and the co-
factor CTP. 

M. tuberculosis has proven to be a difficult target for drug development. 
This can, partly, be attributed to its complex cell wall that hinders uptake of 
compounds that otherwise have proven to be efficient inhibitors of enzymes 
with essential roles. To date, we have been unsuccessful in finding analogs 
of the potent DXR inhibitors fosmidomycin and FR-900098, that can pene-
trate the cell wall. However, the structural information gathered from the 
structures of this enzyme in complex with inhibitors provide us with tools to 
redesign, synthesize and evaluate new compounds which could show in vivo 
activity. The same is true for the PanK inhibitors presented here. Here too, 
despite their potency, the PanK inhibitors showed no antimicrobial activity, 
probably because of a lack of uptake 

Structure-based drug design efforts are currently underway using the 
structures of these enzymes. The protein-inhibitor complexes of the DXR 
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and PanK enzymes provide us with a detailed view of the interactions that 
are important for inhibitory activity. These interactions can be maintained in 
new compounds that are designed to expand into other parts of the active 
sites, with the aim of improving specificity and inhibitory activity. The struc-
tures of the IspD enzymes are being used as starting points for modeling of 
new compounds. The first series of these are analogs of the cofactor CTP 
and are currently being evaluated in biochemical assays. 

Structural biology studies like these increase our understanding of the 
function of pathogens like M. tuberculosis, at a molecular level, and act as 
starting points for future development of new antibiotics for the treatment of 
tuberculosis.  
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Popular science summary 

Tuberculosis is an infectious disease caused by the bacteria Mycobacterium 
tuberculosis. Common symptoms include fever, chest pain, weight loss and 
chronic cough, sometimes with blood-tinged sputum. The disease is trans-
mitted when a person with active tuberculosis coughs up small droplets of 
fluid containing tuberculosis bacteria, which are inhaled by another person. 
A tuberculosis infection therefore often starts in the lungs. The immune sys-
tem of a healthy individual often manages to control the infection by encap-
sulating the tuberculosis bacteria. The infection then enters a latent asymp-
tomatic phase that can last the entire lifetime of the individual. However, in 
10 percent of cases the infection will revert to an active phase in which the 
tuberculosis bacteria break free of their capsule and multiply. The bacteria 
can then spread to other parts of the body through the bloodstream. The tran-
sition from latent to active phase can occur when the immune system is 
weakened, for instance by other diseases, age or an immunosuppressive drug 
treatment. An untreated tuberculosis infection is lethal in two out of three 
cases. 

At the end of the 1800s, tuberculosis was one of the leading causes of 
death in Europe. Since then, the cases have decreased dramatically, thanks to 
better sanitation and the invention of antibiotics. Although tuberculosis is 
often seen as a disease of the past in developed countries, it is very much a 
present reality in other parts of the world. The situation is most serious in 
sub-Saharan Africa and Southeast Asia, where the deadly combination of 
HIV and tuberculosis causes millions of deaths annually. It is estimated that 
one third of the world population is infected latently with tuberculosis. 

Tuberculosis is treated with a combination of antibiotics, which have to 
be taken for up to 6 months to completely cure the patient. Many of these 
antibiotics are now becoming ineffective due to overuse and misuse, which 
has led to antibiotic-resistant bacteria. Therefore, the development of new 
antibiotics targeting tuberculosis is urgently needed. 

Antibiotic is the common name for drugs that are lethal or growth-
inhibiting to bacteria. These drugs are often small molecules that act by in-
hibiting the function of an essential protein, or enzyme, in the bacterium; 
hence they are called inhibitors. For example, the antibiotic penicillin acts by 
inhibiting an enzyme that is essential for building bacterial cell walls. 

The aim of the research presented in this thesis was to develop new anti-
biotics for the treatment of tuberculosis. We have, for this purpose, deter-
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mined the three-dimensional structures of three essential enzymes, with and 
without bound inhibitors, from the tuberculosis bacterium. 

The method we use to determine the structure of proteins is called X-ray 
crystallography. The method is based on purifying a protein of interest and 
then finding conditions under which it will form crystals. These crystals are 
then irradiated with powerful X-rays from a type of particle accelerator, 
called a synchrotron. The diffraction pattern that is formed when the X-rays 
go through the crystal is used to recreate mathematically the structure of the 
smallest repeating unit of the crystal, i.e. the protein. The structure is visual-
ised as a three-dimensional model with such a high resolution that individual 
atoms can be distinguished. Knowing the high-resolution structure can pro-
vide information about how the protein functions. The protein can also be 
crystallized in the presence of small molecules, e.g. potential inhibitors, to 
enable us to observe how these interact with the protein at an atomic level. 

 
Figure I. (a) Crystals of the enzyme PanK, about 0.1 mm in diameter. (b) X-ray 
diffraction pattern from a crystal of the enzyme IspD. (c) Closeup view of a structure 
of the enzyme DXR with an inhibitor bound in the active site. 

A number of structures of three different enzymes from the tuberculosis 
bacteria are described in this thesis. The enzymes 1-deoxy-D-xylulose 5-
phosphate reductoisomerase (DXR) and 2-C-methyl-D-erythritol 4-
phosphate cytidylyltransferase (IspD) both contribute to the biosynthesis of a 
group of compounds called isoprenoids. A large variety of isoprenoids, 
many of which have essential roles, are found in all living organisms. Hu-
mans also produce isoprenoids, but with a completely different set of en-
zymes. DXR and IspD are therefore attractive targets for the development of 
inhibitors that could be used as antibiotics against tuberculosis. 

We have determined the first structures of the enzymes DXR and IspD 
from the tuberculosis bacterium, and also the structure of IspD from the 
closely related bacterial species Mycobacterium smegmatis. Additionally, we 
determined a number of structures of the enzyme DXR with bound drug 
candidate inhibitors. These structures have given us knowledge about the 
function of these enzymes and also detailed views of how new inhibitors 
interact with the enzyme. 



 50 

We also determined a number of structures of a previously reported 
enzme, pantothenate kinase (PanK), in the presence of a new set of inhibi-
tors. PanK plays an essential role in the synthesis of Coenzyme A, a biomol-
ecule that is used by many enzymes in all living organisms. Humans use a 
variant of the PanK enzyme that is different from the one used by bacteria. 
This makes also this enzyme a good target for antibiotics development. 

All inhibitors were also evaluated with biochemical methods to find the 
most potent of them. Even though the compounds we developed and tested 
were potent inhibitors of their target enzymes, none of them proved to be 
lethal or growth inhibitory to tuberculosis bacteria. However, our structures 
show how these new inhibitors bind to their respective target enzyme and 
what structural properties are important for achieving effective inhibition of 
the enzyme. This knowledge is an important starting point for further devel-
opment of inhibitors, which could become new antibiotics for treating tuber-
culosis. 
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Populärvetenskaplig sammanfattning 

Tuberkulos är en infektionssjukdom som orsakas av tuberkulosbakterien 
Mycobacterium tuberculosis. Vanliga symptom innefattar feber, bröstsmär-
tor, viktförlust och kronisk hosta, ibland med upphostat blod. Sjukdomen 
överförs när en person med aktiv tuberkulos hostar upp små vätskedroppar 
med tuberkulosbakterier som andas in av en frisk individ. En tuberkulos-
infektion börjar därför oftast i lungorna. Immunförsvaret hos en fullt frisk 
person klarar oftast att kontrollera infektionen genom att kapsla in tuberku-
losbakterierna. Infektionen övergår då till en latent symptomfri fas som 
ibland kan pågå under hela individens livstid. Hos en av tio smittade kom-
mer dock infektionen återgå till en aktiv fas då tuberkulosbakterierna bryter 
sig ur inkapslingen och förökar sig. Bakterierna kan då sprida sig via blod-
omloppet till andra delar av kroppen. Övergången från latent till aktiv tuber-
kulos orsakas ofta av en försämring av immunförsvaret. Detta kan ske som 
en följd av andra sjukdomar, ålder eller en immunhämmande läkemedelsbe-
handlingar. En obehandlad tuberkulosinfektion har dödlig utgång i två tred-
jedelar av fallen. 

I slutet av 1800-talet var tuberkulos en av de vanligaste dödsorsakerna i 
Sverige. Sedan dess har tuberkulosfallen minskat kraftigt, mycket tack vare 
bättre sanitära förhållanden och utvecklingen av antibiotika. Även om tuber-
kulos ibland kan uppfattas som en sjukdom från det förgångna är den i 
högsta grad en nutida sjukdom i andra delar av världen. Mest allvarlig är 
situationen i södra Afrika och Sydostasien där den dödliga kombinationen av 
HIV och tuberkulos orsakar miljoner dödsfall årligen. Det uppskattas att en 
tredjedel av jordens befolkning är bärare av tuberkulosbakterier. 

Behandling av en tuberkulosinfektion sker med hjälp av en kombination 
av olika antibiotika och måste pågå i upp till 6 månader för att patienten ska 
bli helt infektionsfri. Många av de antibiotika som behandlingen baseras på 
utvecklades för mer än 50 år sen. Dessa börjar nu bli ineffektiva på grund av 
över- och felanvändning som resulterat i antibiotikaresistenta bakterier. Re-
sistenta tuberkulosbakterier är ett allt större problem som hotar att ta tuber-
kulosbehandlingen tillbaka till tiden före antibiotika. Det finns därför ett 
stort behov av utveckling av nya antibiotika mot tuberkulos. 

Antibiotika är det allmänna namnet på läkemedel som är dödliga eller 
tillväxthämmande för bakterier. Dessa läkemedel är oftast små molekyler 
som agerar genom att hindra funktionen hos ett livsviktigt protein, eller en-
zym, i bakterien. De är alltså hämmare, eller inhibitorer. Antibiotikan peni-
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cillin t.ex. verkar genom att hämma ett enzym som är nödvändigt för upp-
byggnaden av bakteriella cellväggar. 

Målet för forskningen som presenteras i denna avhandling är utveckling 
av nya antibiotika för behandling av tuberkulos. För detta syfte har vi be-
stämt tredimensionella strukturer av tre livsviktiga enzymer från tuberku-
losbakterien. 

Metoden vi använder för att studera proteiners struktur kallas för rönt-
genkristallografi. Metoden går ut på att rena fram ett protein av intresse och 
sedan hitta betingelser under vilket det bildar kristaller. Dessa kristaller be-
skjuts sedan med mycket kraftig röntgenstrålning i en typ av partikelaccele-
rator som kallas synkrotron. Diffraktionsmönstret som bildas när röntgen-
strålarna passerar kristallen används för att, med matematiska beräkningar, 
återskapa strukturen på den minsta beståndsdelen i kristallen, alltså proteinet. 
Strukturen visualiseras som en tredimensionell modell med så hög upplös-
ning att enskilda atomer kan urskiljas. Modellen ger oss en detaljerad bild av 
hur proteinet fungerar och vilka beståndsdelar som är viktiga för dess funkt-
ion. Proteinet kan även kristalliseras tillsammans med små molekyler, t.ex. 
potentiella inhibitorer, för att på atomnivå kunna observera hur dessa intera-
gerar med proteinet. 

 
Figur I. (a) Kristaller av enzymet PanK, ca 0.1 mm i diameter. (b) Röntgendiffrakt-
ionsmönster från en kristall av enzymet IspD. (c) Närbild på en struktur av enzymet 
DXR med en inhibitor bunden i den aktiva ytan. 

I denna avhandling beskrivs ett flertal strukturer av tre olika enzymer från 
tuberkulosbakterien. Enzymerna 1-deoxi-D-xylulos 5-fosfat reduktoisomeras 
(DXR) och 2-C-metyl-D-erytritol 4-fosfat cytidylyltransferas (IspD) bidrar 
båda till biosyntesen av en grupp föreningar som kallas isoprenoider. Det 
finns en enorm variation av isoprenoider i alla levande organismer, av vilka 
många är livsnödvändiga. Även människor producerar isoprenoider, men 
detta sker med hjälp av en helt annan uppsättning enzymer än de bakterier, 
som tuberkulosbakterien, använder. DXR och IspD är därför attraktiva mål 
för utveckling av inhibitorer som skulle kunna användas som antibiotika. 

Vi har bestämt de första strukturerna av enzymerna DXR och IspD från 
tuberkulosbakterien, och även strukturen av IspD från den närbesläktade 
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bakterien Mycobacterium smegmatis. Vi har dessutom bestämt ett flertal 
strukturer av enzymet DXR med bundna inhibitorer. Dessa strukturer har 
gett oss kunskap om hur enzymerna fungerar och gett oss en detaljerad bild 
av hur nya inhibitorer interagerar med enzymet. 

Ett flertal strukturer av ett sedan tidigare känt enzym, pantotenatkinas 
(PanK), har också bestämts med nya inhibitorer bundna. PanK spelar en 
livsnödvändig roll i syntesen av koenzym A, en biomolekyl som används av 
en mängd andra enzymer hos alla levande organismer. Människan använder 
en variant av PanK enzymet som inte liknar den som används av bakterier. 
Det gör även detta enzym till ett bra mål för utveckling av antibiotika. 

Alla inhibitorer har därtill utvärderats med hjälp av biokemiska metoder 
för att hitta de som är mest potenta. Tyvärr har ingen av de inhibitorer vi 
utvecklat visat sig vara dödliga eller tillväxthämmande för tuberkulosbakte-
rien. Strukturerna visar dock hur nya inhibitorer binder till respektive må-
lenzym samt vilka egenskaper hos inhibitorerna som är viktiga för att de 
effektivt ska hämma enzymerna. Denna kunskap är en viktig startpunkt för 
vidareutveckling av inhibitorer som kan bli nya antibiotika för behandling av 
tuberkulos. 
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