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Abstract
Jansson, A. M. 2013. Targeting Infectious Disease: Structural and functional studies of
proteins from two RNA viruses and Mycobacterium tuberculosis. Acta Universitatis
Upsaliensis.  Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Science and Technology 1028. 59 pp. Uppsala. ISBN 978-91-554-8618-1.

The recent emergence of a number of new viral diseases as well as the re-emergence of
tuberculosis (TB), indicate an urgent need for new drugs against viral and bacterial infections.

Coronavirus nsp1 has been shown to induce suppression of host gene expression and interfere
with host immune response. However, the mechanism behind this is currently unknown. Here
we present the first nsp1 structure from an alphacoronavirus, Transmissible gastroenteritis virus
(TGEV) nsp1. Contrary to previous speculation, the TGEV nsp1 structure clearly shows that
alpha- and betacoronavirus nsp1s have a common evolutionary origin. However, differences
in conservation, shape and surface electrostatics indicate that the mechanism for nsp1-induced
suppression of host mRNA translation is likely to be different in the alpha- and betacoronavirus
genera.

The Modoc virus is a neuroinvasive rodent virus with similar pathology as flavivirus
encephalitis in humans. The flaviviral methyltransferase catalyses the two methylations required
to complete 5´ mRNA capping, essential for mRNA stability and translation. The structure
of the Modoc NS5 methyltransferase domain was determined in complex with its cofactor
S-adenosyl-L-methionine. The observed methyltransferase conservation between Modoc and
other flaviviral branches, indicates that it may be possible to identify drugs that target a range
of flaviviruses and supports the use of Modoc virus as a model for general flaviviral studies.

1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) is part of the methylerythritol
phosphate (MEP) pathway that produces essential precursors for isoprenoid biosynthesis.
This pathway is used by a number of pathogens, including Mycobacterium tuberculosis and
Plasmodium falciparum, but it is not present in humans. Using a structure-based approach,
we designed a number of MtDXR inhibitors, including a novel fosmidomycin-analogue that
exhibited improved activity against P.falciparum in an in vitro blood cell growth assay. The
approach also allowed the first design of an inhibitor that bridge both DXR substrate and co-
factor binding sites, providing a stepping-stone for further optimization.
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Abbreviations 

α-CoV  alphacoronavirus 
ATP adenosine triphosphate 
β-CoV betacoronavirus 
β-CoVA betacoronavirus lineage A 
β-CoVB betacoronavirus lineage B 
BCG Bacillus Calmette-Guérin 
γ-CoV gammacoronavirus 
CDP-ME 4-diphosphocytidyl-2-C-methyl-D-erythritol 
CDP-ME2P 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate 
CoV coronavirus 
DENV Dengue virus  
DMAPP dimethylallyl pyrophosphate 
DXP 1-deoxy-D-xylulose 5-phosphate 
DXR 1-deoxy-D-xylulose 5-phosphate reductoisomerase  
E. coli Escherichia coli 
Ec Escherichia coli 
ESRF European Synchrotron Radiation Facility 
GMP guanosine 5´-monophosphate 
GTase guanylyltranferase 
GTP guanosine triphosphate 
HCoV human coronavirus 
HIV human immunodeficiency virus 
IBV infectious bronchitis virus 
IPP isopentenyl pyrophosphate 
IRES internal ribosome entry site 
MDR-TB multidrug-resistant tuberculosis 
MEcPP 2-C-methyl-D-erythritol 2,4-cyclopyrophosphate 
MEP 2-C-methyl-D-erythritol 4-phosphate  
MHV Mouse hepatitis virus 
mRNA messenger RNA 
Mt Mycobacterium tuberculosis 
MTase methyltransferase 
MVA mevalonate 
NADPH nicotinamide adenine dinucleotide phosphate 
NCR non-coding regions 
NKV no known vector 



 

NMR nuclear magnetic resonance 
NS non-structural protein 
nsp non-structural protein 
ORF open reading frame 
Pf Plasmodium falciparum 
RdRp RNA-dependent RNA polymerase 
RNA ribonucleic acid 
RRL rabbit reticulocyte lysate 
RTPase RNA 5´-triphosphatase 
SAH S-adenosyl-L-homocysteine 
SAM S-adenosyl-L-methionine 
SARS severe acute respiratory syndrome 
SARS-CoV SARS coronavirus 
SeMet selenomethionine 
sg-mRNA subgenomic messenger RNA 
SIRAS single isomorphous replacement with  

anomalous scattering 
TB tuberculosis 
TGEV Transmissible gastroenteritis virus 
UTR untranslated region 
XDR-TB extensively drug-resistant tuberculosis 
WNV West Nile virus 
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Introduction 

In 2002, a virus causing severe acute respiratory syndrome (SARS) spread 
rapidly around the world. Almost 8000 people were infected and more than 
800 people died before the SARS epidemic was contained in July 2003. The 
etiological agent of this life-threatening disease was soon identified to be a 
previously unknown coronavirus, SARS-coronavirus (SARS-CoV). Before 
the SARS outbreak, coronaviruses were only known to cause mild symptoms 
in humans, and it was an eye-opener that coronaviruses could cause such 
severe disease. The World Health Organization fears that this type of out-
break is likely to happen again, but that it is difficult to predict when and 
where. 

SARS is a new threat, but even diseases that we associate with the past 
are re-emerging, often in more virulent and resistant forms. Tuberculosis is 
one such disease. For a long time tuberculosis has been a disease mainly 
prevalent in developing countries, and many people have lived with the be-
lief that it had been eradicated. However, tuberculosis is an increasing threat, 
although a successful program initiated by the World Health Organization 
has decreased the number of new cases in the past couple of years. Despite 
this, drug resistant forms of the bacteria are emerging. By the end of 2011, 
77 countries had reported at least one case of extensively drug-resistant tu-
berculosis. 

To be able to deal with infectious diseases like these, there is an urgent 
need for new drugs as well as research to better understand the pathogenesis 
and mechanisms by which these organisms function.  

Aim of the thesis 
Two of the papers in this thesis describe the structural features of two differ-
ent non-structural proteins from the RNA viruses Transmissible gastroenteri-
tis virus (TGEV) and Modoc virus. The aim of the first paper was to shed 
light on the function and evolutionary relationship of the coronavirus protein 
non-structural protein 1 by determining the structure of TGEV nsp1, the first 
nsp1 structure from this genus. The second paper describes the structure of 
Modoc virus methyltransferase. Methyltransferases are attractive drug tar-
gets against flaviviruses. To assess the value of the Modoc virus as a model 
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system for flaviviruses, the structure of the Modoc virus methyltransferase 
was determined.  

The third paper describes structural and functional studies of 1-deoxy-D-
xylulose 5-phosphate reductoisomerase from Mycobacterium tuberculosis 
(MtDXR). DXR catalyses the second step in the methylerythritol phosphate 
pathway, a pathway that produces isoprenoid precursors. Isoprenoids are 
compounds essential to all living organisms, and the isoprenoid precursors 
can be produced by two distinct pathways. In humans, isoprenoid precursors 
are synthesized by the mevalonate pathway. In contrast, mycobacteria and 
protozoa use the methylerythritol phosphate pathway, which make the en-
zymes involved in this pathway attractive as drug targets. DXRs from sev-
eral other pathogenic organisms have been shown to have similar active sites 
to that of MtDXR, indicating that inhibitory compounds developed against 
MtDXR could also target e.g. DXR from Plasmodium falciparum. Activity 
measurements in combination with determined protein-inhibitor complex 
structures were used to guide the design of inhibitory compounds.  

 
 
 



 11 

Coronaviruses 

Coronaviruses (CoVs) are enveloped viruses containing capped and poly-
adenylated positive-stranded RNA genomes. The genome, which has a high 
level of complexity, is between 26-32kb in length. This is the largest genome 
of any RNA virus identified to date (Groot et al., 2011). The first coronavi-
rus was isolated in the 1930s - the Infectious bronchitis virus (IBV). In the 
1940s Mouse hepatitis virus (MHV) and Transmissible gastroenteritis virus 
(TGEV) were discovered. On the basis of the characteristic spikes on the 
capsid surface, visible by electron microscopy, these viruses were grouped 
and named after their crown-like appearance – coronavirus. Since the SARS 
outbreak in 2003, new interest has been directed at coronavirus emergence 
and pathogenesis to be able to find treatment and prevention strategies 
(Weiss and Navas-Martin, 2005). 

Genome organization 
The coronavirus genome contains seven to fourteen open reading frames 
(ORFs), six of which are common to all coronaviruses (Figure 1). The first 
two, 1a and 1b, constitute the replicase gene. The other four, S, E, M and N, 
encode structural proteins that make up the capsid or associate with the ge-
nomic RNA. The genome also contains a variable number of accessory pro-
teins (Gorbalenya et al., 2006). The replicase gene is translated directly from 
the genomic RNA as either ORF1a, or ORF1ab via a ribosomal frameshift 
located between the two ORFs (Brierley et al., 1989). These large polypro-
teins are cleaved by ORF1a-encoded proteases into 16 non-structural pro-
teins (nsp) involved in replication and evasion of host defence (Ziebuhr et 
al., 2000; Wathelet et al., 2007; Narayanan et al., 2008). The replicase gene 
products mediate both replication of the genome as well as transcription of 
the structural and accessory proteins, which are translated from nested sub-
genomic mRNA (sg-mRNA). The sg-mRNA templates are generated via 
minus-strand RNAs, through a combination of sophisticated regulatory 
mechanisms, unique for coronaviruses (Sawicki et al., 2007).  Each resulting 
piece of mRNA carries a common untranslated region (UTR) leader se-
quence in the 5ʹ′-end, as well as a common sequence in the 3ʹ′-end. 
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Taxonomy 
Coronaviruses belong to the order Nidovirales and the family Coronaviri-
dae. This family is further divided into two subfamilies, Coronavirinae, 
constituting the “original” coronaviruses that were classified based on their 
crown shaped capsids, and Torovirinae. The Coronavirinae subfamily 
branches out into three genera: alpha-, beta-, and gammacoronaviruses (α-, 
β-, and γ-CoVs) (Groot et al., 2011). The first two infect mammals whereas 
the third mainly infects birds. The coronaviruses discussed in this thesis 
belong to the alpha- and betacoronavirus genera. In the α-CoV group we 
find, for example, TGEV and the two human CoVs HCoV-229E and HCoV-
NL63. TGEV is the prototype species for the α-CoV genus. Mouse hepatitis 
virus is the prototype species in the β-CoV group, belonging to lineage A, β-
CoVA. SARS-CoV, the etiological agent of SARS, is also a member of the 
β-CoV-genus, but in lineage B, β-CoVB. 

 

 
Figure 1. Coronavirus genome organization. The non-structural proteins are in dark 
gray, the structural proteins in light gray. White boxes represent accessory proteins 
that vary between the genera. ORF1a and ORF1b are translated as polyproteins and 
are cleaved into 16 different non-structural proteins by viral proteases. 

Coronavirus diseases 
Coronaviruses mostly replicate in the epithelial cells of the respiratory or 
enteric tracts where they cause enteric and respiratory diseases. The viruses 
are connected to large economic losses when cattle, poultry and pigs are 
infected. In humans, CoVs have been known to cause mainly mild disease, 
and they are the second most common cause of the common cold after rhi-
novirus (Lai et al., 2007). However, the SARS outbreak demonstrated that 
coronaviruses do have the potential to cause severe disease also in humans. 
Coronaviruses generally infect only one animal species, but SARS-CoV 
proved to be an exception to this rule, where the virus came from bats, ad-
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adapted to palm civets, and finally to humans (Guan et al., 2003; Yip et al., 
2009). TGEV, in the α-CoV genus, replicates in the intestinal enterocytes 
and causes diarrhea in pigs. For piglets, this acute disease is almost always 
fatal. However, not much is known about TGEV in comparison to other 
coronaviruses, despite its economical importance (Laude et al., 1990; Kim et 
al., 2000).  

Coronavirus nsp1 
Nsp1 is the most N-terminal gene product in the CoV genome. CoV nsp1 
has for a long time been associated with suppression of host gene expression, 
including that of type I interferon (Kamitani et al., 2006). For SARS-CoV 
nsp1, this is accomplished both through degradation of host mRNA and sup-
pression of host translation. SARS-CoV nsp1 has also been shown to bind to 
the 40S subunit of the ribosome (Kamitani et al., 2009; Huang et al., 2011). 
Recent data indicate that TGEV nsp1 also can suppress host mRNA transla-
tion, but does not seem to bind to the 40S subunit nor does it have the ability 
to degrade mRNA (Huang et al., 2011).  

There have been indications that CoV nsp1 also suppresses the expression 
of the CoV genes (Brockway and Denison, 2005; Huang et al., 2011). How-
ever, recent experiments suggest that the virus has a mechanism for protect-
ing its own mRNA. Experiments performed on SARS-CoV nsp1 show that 
the interaction between the nsp1 protein and the first stem loop in the 
5′-UTR effectively protects the CoV mRNA from the nsp1-mediated sup-
pression of mRNA translation (Tanaka et al., 2012). As mentioned previ-
ously, coronaviruses have a mechanism to produce mRNA that share 5ʹ′- and 
3ʹ′-sequences, suggesting that all viral mRNAs are protected via this 5ʹ′ leader 
element. 

The replicase gene is generally well conserved between the different coro-
navirus genera. The greatest difference is in the N-terminus, and the nsp1 
protein is considered a genus specific marker (Snijder et al., 2003; Connor 
and Roper, 2007). The nsp1s vary substantially in size in the different CoV 
clusters, where the α-CoV, β-CoVA and β-CoVB proteins are about 110, 250 
and 180 amino acids long, respectively. γ-CoVs do not have an nsp1. The 
nsp1 sequence similarity between these clusters is very low, and the fact that 
homology based on sequence could not be inferred between the different 
nsp1s, nor with any host protein, raised the question whether or not these 
proteins share the same structure and function (Connor and Roper, 2007). 
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TGEV nsp1 (Paper I) 

The TGEV nsp1 protein was recombinantly expressed in E. coli BL21-AI 
cells. Initial work was done with a clone expressing the full length 
TGEV nsp1 with an N-terminal His-tag. The expressed protein was soluble 
and produced in good yield. The protein was purified by trapping to a Ni-
sepharose column, followed by size exclusion chromatography, and then 
concentrated. For crystallization, various commercial screens were set up at 
different protein concentrations. Crystals appeared in several conditions but 
were difficult to reproduce. A third purification step, an anion exchange 
column, was introduced after the gel filtration. The crystallization results 
were still batch-dependent, although every batch was purified in the same 
way. Some batches of protein failed to crystallize at all. 

The first crystals were taken to MAXlab, Lund, Sweden, where cryo con-
ditions were optimized and initial data were collected. However, these data 
were of poor quality and low resolution. In an attempt to improve crystal 
packing, the sequence was analyzed with secondary structure prediction 
software to detect unstructured ends in the N- or C-terminal that could be 
removed. After analysis with Phyre (Kelley and Sternberg, 2009) and I-
Tasser (Zhang, 2008), a new construct was designed where the C-terminal 
end of the protein was truncated with five amino acids. This truncated ver-
sion of the protein could be expressed, purified and crystallized under the 
same conditions as the full length construct. Crystals were brought to the 
European Synchrotron Radiation Facility (ESRF) in Grenoble, France. Na-
tive data were collected to 1.5Å and the space group was determined to be 
P1. Since the TGEV nsp1 sequence does not show any significant sequence 
similarity to any other protein, SeMet TGEV nsp1 was produced. Crystals 
appeared in the same conditions as the native protein. The SeMet incorpora-
tion was verified with mass spectrometry. However, the anomalous signal of 
these crystals was weak and did not give enough phasing power to solve the 
structure. The lack of crystallographic symmetry also increased the difficulty 
collecting redundant anomalous data.  

New native crystals were produced, this time soaked with different heavy 
atom salts to obtain a phasing signal. Derivative crystals were brought to 
ESRF. Crystals soaked with K2PtCl4 diffracted to about 2.4Å and produced a 
sharp peak close to the Pt-absorption edge despite a 30ʹ′ back soak in mother 
liquor. Two 360°-sweeps were collected at the peak using two different kap-
pa angles. The derivative and the native data were scaled together and four 
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four platinum sites were identified by single isomorphous replacement with 
anomalous scattering (SIRAS) using ShelxD. The sites were further refined 
in SHARP (de La Fortelle and Bricogne, 1997). Subsequent solvent flatten-
ing and histogram matching using DM (Cowtan and Main, 1998) signifi-
cantly improved the electron density and extended phases beyond 2Å. Buc-
caneer (Cowtan, 2006) was used to create a first trace of the polypeptide 
backbone. The initial model was further improved by alternate cycles of 
model rebuilding in the program O (Jones et al., 1991) and refinement in 
autoBuster (Bricogne et al., 2011).  

The structure 
The TGEV nsp1 structure is characterized by a six stranded β-barrel with an 
α-helix on the side of the opening of the barrel. The barrel is flanked by a 
small β-sheet, with a short 310-helix preceding one of the strands. Strands β3, 
β7, β5 and β6 make an anti-parallel sheet forming one side of the barrel, 
where β3 and β6 are loosely connected to β1 and β8 that make up the other 
side of the barrel. The structure is compact, lacking long flexible loops 
(Figure 2).  

 
Figure 2. Structure of TGEV nsp1 (A) Cartoon representation of TGEV nsp1 in 
rainbow color from blue in the N-terminal to red in the C-terminal. (B) Topology 
diagram with the secondary structure elements colored in the same way as in (A). 

 
The only other coronavirus nsp1 structure available is an NMR structure of 
the N-terminal domain of SARS-CoV nsp1. However, SARS-CoV belongs 
to lineage B in the genus β-CoV, and its nsp1 protein is different in size and 
shows no significant sequence similarity to TGEV nsp1. The SARS-CoV 
structure contains residues 13-128 from the 180 amino acid long protein, 
where the C-terminal part is assumed to be disordered (Almeida et al., 
2007).  
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Despite the lack of sequence similarity, the TGEV nsp1 β-barrel fold was 
found to exhibit significant similarity to the SARS-CoV nsp113-128 structure 
(Figure 3). However, the structures also display clear differences. The small 
β-sheet flanking the barrel in the TGEV nsp1 structure is absent in the 
SARS-CoV nsp113-128 structure. In addition, the strands in the barrel have 
different angles and the position of the long helix is shifted. The loop be-
tween β5 and β6 is also longer in the SARS-CoV nsp113-128 structure. Al-
though these might seem like small differences, the difference between sol-
vent accessible surface in the two structures is larger than first expected. The 
shape of the structures is different, and the SARS-CoV nsp113-128 structure is 
significantly bulkier than the TGEV nsp1. 

 

 
Figure 3. Stereo view of TGEV nsp1 (green) and SARS-CoV nsp113-128 (orange). 

Conservation within alphacoronavirus nsp1 
In order to find clues on areas and residues that could be important for the 
function of the α-CoV nsp1 proteins, sequences from other nsp1s in the α-
CoV genus were gathered by iterative searches using the most distant group 
member in the next search. Eight sequences were subsequently selected on 
the basis of diversity and aligned. The alignment featured a number of con-
served residues. The majority of the conserved residues were found in the 
hydrophobic core of the nsp1 structure and can be assumed to be involved in 
the stability of the protein and not the function. However, when plotting the 
conserved residues on the surface of the protein, two loosely connected 
patches emerge (Figure 4). Both patches are located along a ridge on one 
side of the molecule. A few highly conserved hydrophilic residues stand out 
as potential candidates to be involved in nsp1 activity or interaction with a 
partner or target molecule. The first patch include Asp13, Gln15, Asn92 and 
Asn94, located in the loops between β1-β2 and β7-β8. The second patch is 
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mainly made up of side chains from strand β8. This group also includes a 
couple of conserved hydrophobic residues together with Glu98 and Asp99, 
located in the N-terminal portion of β8.  

 
Figure 4. The surface of TGEV nsp1 displays two areas with high sequence conser-
vation. Two loops make up the first area (A), where Asp13, Gln15, Asn92, and 
Asn94 form a conserved circle. The second area (B), centered on strand β8, displays 
both exposed hydrophobic residues and charged residues that potentially could in-
teract with a partner molecule or partner protein. 

Nsp1 conservation between the genera 
To compare the conservation patterns in the two genera, four representative 
nsp1 sequences from viruses in β-CoVB were aligned. Based on the superpo-
sition of the two nsp1 structures, the separate α-CoV and β-CoVB align-
ments were merged. Interestingly, only a few areas of the combined align-
ment overlap. The residues that are conserved between the two genera are 
mainly hydrophobic residues found in the β-barrel core. When mapping the 
conserved residues in group β-CoVB on the surface of the SARS-CoV 
nsp113-128 structure, the pattern is very different from the one seen in 
TGEV nsp1, and there is very little overlap in the conservation. There is also 
poor correlation between conserved patches and the electrostatic potential of 
the surfaces (Figure 5). 
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Figure 5. Superposed structures of TGEV nsp1 and SARS-CoV nsp113–128 are pre-
sented separately in two different rotations: rotation 1 (A to F) and rotation 2 (G to 
L). Conserved residues within each genus are shown in green, where darker green 
corresponds to a higher level of conservation. In each rotation, TGEV nsp1 and 
SARS-CoV nsp113–128 are shown as cartoons and surface representation displaying 
the conserved areas. Subfigures C, F, I, and L show the electrostatic surface poten-
tials of the two structures. The area within the dotted oval in subfigure H corre-
sponds to the two conserved areas shown in Figure 4. 
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The function of alphacoronavirus nsp1 
The conserved areas within the α-CoV genus does not give any immediate 
indication on the function or molecular mechanism of the nsp1 proteins. 
Two conserved patches emerge as being of particular interest, harboring 
residues that could potentially be important for nsp1 function. The lack of 
cavities in the structure and the protruding shape of the ridge, suggests that 
the α-CoV nsp1 might be involved in protein-protein interactions. This is 
supported by experiments showing that TGEV nsp1 suppresses protein trans-
lation in cell-free HeLa extracts but not in rabbit reticulocyte lysate (RRL). 
This suggests that a host factor that exists in the HeLa extracts but not in 
RRL is needed for TGEV nsp1 function (Huang et al., 2011).  

The majority of the conserved residues overlapping between α-CoV and β-
CoVB seem to be involved in the stability of the β-barrel fold and there is 
little overlap between the conserved patches on the surface. Interestingly, 
biochemical studies of the coronavirus nsp1s have highlighted both differ-
ences and similarities between the different genera. Nsp1s from α-CoV and 
both the A and B lineages of β-CoV have been shown to suppress host 
mRNA translation (Narayanan et al., 2008; Kamitani et al., 2009; Huang et 
al., 2011). However, in equivalent experiments, where SARS-CoV nsp1 has 
been shown to render host mRNA translationally inactive, bind to the 40S-
subunit of the ribosome and promote mRNA degradation, TGEV nsp1 does 
suppress translation of host mRNA, but without binding to the 40S subunit 
or by promoting mRNA degradation (Huang et al., 2011).  

Contrasting to these results, two other α-CoV nsp1 proteins from HCoV-
229E and HCoV-NL63, were shown to bind the ribosomal 6S protein which 
is a part of the 40S subunit (Wang et al., 2010). Both these proteins share the 
conserved areas within α-CoV nsp1s. In the same study, three-dimensional 
structure predictions of HCoV-229E and HCoV-NL63 were presented, 
showing a much higher structure similarity to SARS-CoV nsp113-128 than is 
seen between TGEV nsp1 and SARS-CoV nsp113-128 (Wang et al., 2010). If 
the nsp1 structures from HCoV-229E/HCoV-NL63 and SARS-CoV are 
more closely related remains to be elucidated by experimentally determined 
structures. Until then the possibility that the prediction was biased by the 
SARS-CoV nsp113-128 structure cannot be excluded. However, the HCoV 
binding data do suggest that the closely related TGEV nsp1 might also have 
the ability to bind the 40S subunit via the 6S protein. 

The limited amount of degraded mRNA in the presence of SARS-CoV 
nsp1 compared to the significant suppression of reporter gene expression 
suggests that there are two mechanisms for suppression of host mRNA trans-
lation, where SARS-CoV nsp1 induced mRNA cleavage only accounts for 
part of the suppression (Kamitani et al., 2009). It might seem reasonable to 
hypothesize that the β-barrel domain of SARS-CoV nsp113–128 and TGEV 
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nsp1 share a similar mechanism for the 40S/mRNA cleavage independent 
suppression of host mRNA translation. However, this is not supported by 
experimental data. Experiments done with a SARS-CoV nsp1 carrying 
K164A and H165A mutations in the C-terminal domain showed that the 
mutant was completely inactive. Compared to wild type SARS-CoV nsp1, 
the mutant form was unable to bind the 40S-subunit and hence could not 
degrade mRNA. The mutant also failed to suppress translation, indicating 
that the N-terminal domain alone is not responsible for this additional sup-
pression. 

The shared fold of TGEV nsp1 and SARS-nsp113-128 suggests that nsp1s 
from the different coronavirus genera share common ancestry despite the 
large variance in sequence. However, the conservation pattern and differ-
ences in surface electrostatics and shape between the α-CoV and β-CoVB 
nsp1 structures, together with the biochemical data, led us to speculate that 
the mechanism for 40S-independent nsp1-induced suppression of host 
mRNA translation is different in the two genera. 
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Flaviviruses 

The genus flavivirus is one out of three genera in the family Flaviviridae. 
The other two genera are pestivirus and hepacivirus. In addition, a fourth 
genus is currently under evaluation (Simmonds et al., 2011). Viruses in the 
Flaviviridae family are enveloped and carry a positive stranded RNA ge-
nome with a size between 9.6 and 12.3kb. Common to all members of this 
family is the lack of a poly-A tail in the 3ʹ′-end (Wengler, 1981). A feature 
specific for the flavivirus genus is a specific type 1 cap structure in the 5ʹ′-
end of the genome, needed for transcription and replication (Chambers et al., 
1990; Choi et al., 2004).  

There are currently more than 50 different species in the flavivirus genus, 
divided into three groups: mosquito-borne, tick-borne and a third group with 
no known vector (NKV). Many flaviviruses are severe human pathogens like 
the Dengue virus, the West Nile virus and the Yellow fever virus. An in-
credible 40% of the world population is living in areas where they are at risk 
of being infected with the Dengue virus. The World Health Organization 
estimates that 50-100 million people are infected each year and about 20 000 
people die from the disease (World Health Organization, 2012a). For Yellow 
fever virus, about 200 000 people are infected and 30 000 die each year 
(World Health Organization, 2011). Flaviviruses are spread all around the 
globe and cause extensive disease and mortality (Gubler, 2002).  

Genome organization 
The flavivirus genome consists of one ORF, flanked on both sides by two 
non-coding regions (NCR) (Chambers et al., 1990; Markoff, 2003). A con-
served di-nucleotide AG-sequence is found in the 5ʹ′-end, after the type 1 cap 
(Cleaves and Dubin, 1979). The viral polyprotein is co- and posttranslation-
ally processed into three structural proteins and seven non-structural proteins 
(NS). The structural proteins are called C, prM and E, where C is the capsid 
protein and the other two are envelope proteins. The seven non-structural 
proteins are called NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 (Figure 
6). NS2B, together with the N-terminal one-third of NS3, form the viral ser-
ine protease involved in processing of the viral polyprotein together with 
host proteases. NS5 is the largest of the non-structural proteins and shows 
the highest level of conservation (Mandl et al., 1989; Chambers et al., 1990). 
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The N-terminal part of NS5 harbours the methyltransferase domain, and the 
C-terminal part is the RNA-dependent RNA polymerase (RdRp). The meth-
yltransferase domain has recently been shown to also have guanylyltrans-
ferase activity, and has therefore been suggested to be called the NS5 cap-
ping enzyme (CE) (Geiss et al., 2011). 
 

 
Figure 6. Flavivirus genome organization. 

mRNA capping 
The mRNA cap is a unique structure found at the 5ʹ′-end of mRNA (Figure 
7). The cap promotes stability and protects the RNA from 5ʹ′-exonucleases 
and is important for the recognition of the mRNA by the ribosomal protein 
eIF4E. The cap also enhances initiation of mRNA translation (Furuichi and 
Shatkin, 2000; Shuman, 2001; Gu and Lima, 2005).  

The nascent mRNA has a triphosphate in the 5ʹ′-end (pppN-RNA). In the 
conventional capping process, one of these phosphates is first hydrolyzed by 
an RNA 5ʹ′-triphosphatase (RTPase). Next, a guanosine 5ʹ′-monophosphate 
(GMP) is linked to the last phosphate in a 5ʹ′-5ʹ′ orientation by a guanylyl-
transferase (GTase), converting it into GpppN-RNA. This is followed by one 
or several methylation events. The N7 of the guanine is methylated by a 
guanine-N7-methyltransferase, making a cap 0 structure (m7GpppN-RNA). 
This is also called a minimal cap, and has the lowest level of methylation. 
The next reaction is carried out by a nucleoside-2ʹ′-O-methyltransferase that 
methylates the 2ʹ′-OH group of the first nucleotide, making a cap 1 
(m7GpppNm-RNA). This is the cap found in flaviviruses. In some cases, the 
2ʹ′-OH is methylated on the next nucleotide as well, making it a cap 2 struc-
ture (m7GpppNmNm-RNA). The methylation reactions use S-adenosyl-L-
methionine (SAM) as a cofactor and produces S-adenosyl-L-homocysteine 
(SAH) as a by-product. 

The mRNAs cap of the host is added directly in the nucleus when the 
mRNA exits the RNA polymerase (Shatkin, 1976a; Shatkin and Manley, 
2000).  Since most viruses are transcribed and replicate in the cytoplasm, 
they cannot use the capping machinery of the host. Viruses have solved this 
in a wide range of ways. Most viruses express their own capping machinery 
and use the conventional route for the acquisition of the cap. However, some 
viruses have alternative features to the cap structure. Other viruses use an 
internal ribosome entry site (IRES) in their 5ʹ′-UTR. With the help of the 
IRES, the virus is able to directly recruit the ribosomal subunits (Cullen, 
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2009; Sonenberg and Hinnebusch, 2009; Jackson et al., 2010). Other viruses 
that have uncapped RNA, e.g. caliciviruses, covalently attach their RNA to a 
protein called VPg. This VPg protein can directly interact with the cap-
binding protein eIF4E and initiate translation (Goodfellow et al., 2005). 
However, the most common way for viruses to avoid mRNA degradation 
and ensure efficient translation is to acquire a 5ʹ′-end cap. Not all viruses use 
the conventional route for acquisition of the cap, but use completely differ-
ent pathways. For example, Semliki forest virus, methylates GTP, and the 
m7GMP is subsequently transferred to the 5′-end of the mRNA (Ahola and 
Kaariainen, 1995). Others, like the influenza virus, use ‘cap-snatching’, 
meaning that they steal the cap of a capped host mRNA and attach it to viral 
mRNA (Krug et al., 1981; Plotch et al., 1981). In several viruses, the order 
of the methylation events is switched. However, the Modoc virus, belonging 
to the genus flavivirus, employs the conventional mode of capping. 

 

 
Figure 7. Cap 1 structure found at the 5′-end of flaviviral mRNA. (a) N7 methylation 
results in a cap 0 structure, referred to as m7GpppN-RNA. (b) When the 2′-O posi-
tion on the first ribose also is methylated, a cap 1 structure is formed. This is re-
ferred to as m7GpppNm-RNA. (c) In some cases, the 2′-O position on the second 
ribose is also methylated, making a cap 2 structure, m7GpppNmNm-RNA. 
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Diversity of methyltransferases 
Methyltransferases are a diverse group of proteins with a wide range of tar-
gets. There are those that methylate DNA, histones, RNA and small mole-
cule secondary metabolites. Most of these reactions involve SAM as the 
methyl donor (Figure 8). Two types of specific methyltransferases are in-
volved in methylation of the cap structure: guanine-N7-methyltransferase 
and nucleoside-2ʹ′-O-methyltransferase. In cellular systems, these reactions 
are performed by different enzymes that are assigned either methylation 
activity.  

The NS5 protein 
NS5 is the largest cleavage product in the flaviviral genome. It is located at 
the very 3ʹ′-end of the genome, and consists of two separate domains. The C-
terminal one has been identified as an RNA-dependent RNA polymerase 
(RdRp), but the nature of the N-terminal domain was unclear for a long time 
(Rice et al., 1985; Poch et al., 1989; Koonin, 1991). Eventually, it was pre-
dicted to be a methyltransferease (Koonin, 1993). When the domain was 
found it was speculated that it might be responsible for both methylation 
events in flaviviruses (Koonin, 1993). When the structure of the predicted 
methyltransferase domain from Dengue virus (DENV) was determined, it 
was also verified that this protein indeed exhibited 2ʹ′-O-methyltransferase 
activity (Egloff et al., 2002). However, no N7-methyltransferase activity 
could be observed under the experimental conditions used. Later, the meth-
yltransferase from West Nile virus (WNV) was shown to exhibit both 2ʹ′-O 
and N7-methyltransferase activity, thereby confirming the initial hypothesis 
(Koonin, 1993; Ray et al., 2006). At the time, it was known that the flavivi-
ral NS3 protein harboured RNA-triphosphatase activity, and the two methy-
lation events needed for completion of the 5ʹ′-type 1 cap were attributed to 
the NS5 methyltransferase. However, the whereabouts of the guanylyltrans-
ferase remained unclear. Several studies had shown that the methyltrans-
ferase domain could bind GTP, leading to speculation that this domain could 
also exhibit guanylyltransferase activity (Egloff et al., 2002; Egloff et al., 
2007; Bollati et al., 2009; Geiss et al., 2009). In 2009, it was finally demon-
strated that the N-terminal domain of the flaviviral NS5 protein indeed has 
guanylyltransferase activity (Issur et al., 2009). 

Development of antivirals 
The diversity of the viral capping machinery, along with differences from 
the cellular capping process in humans, make these proteins potential targets 
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for antiviral drugs. During the last decade, viral RNA cap methyltransferases 
have become popular drug targets (Dong et al., 2008; Liu et al., 2010; Issur 
et al., 2011; Ferron et al., 2012). The lack of N7-methylation blocks viral 
RNA translation, and is therefore essential for virus replication (Ray et al., 
2006; Dong et al., 2008). For this reason, N7-methyltransferase activity was 
considered a better target than 2ʹ′-O-methylation. However, 2ʹ′-O methylation 
was discovered to be connected with antiviral response (Zust et al., 2011), 
and now both methyltransferase activities are the focus for development of 
antivirals.  

 
Figure 8. The cofactor S-adenosyl-L-methionine (SAM), and the two antiviral drugs 
ribavirin and sinefungin. The circle in the SAM molecule and sinefungin highlights 
the difference between the two molecules. 

Targeting the flaviviral NS5 methyltransferase 
The essentiality of the flavivirus methyltransferase (MTase) for replication is 
known for several species. This protein has two clear binding pockets, where 
GTP and SAM bind. Both these binding sites have been explored in terms of 
enzyme inhibition. 

The GTP analogue ribavirin was one of the first compounds to be tested 
against the MTaseDENV. Ribavirin is a broad spectrum antiviral (Sidwell et 
al., 1972; Declercq, 1993). The mechanism of this compound was unknown 
although interference with capping had been proposed (Shatkin, 1976b; 
Goswami et al., 1979; Scheidel et al., 1987; Scheidel and Stollar, 1991). The 
first proof of action in the capping machinery came when ribavirin was 
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shown to inhibit the guanylyltransferase activity of the vaccinia virus cap-
ping enzyme (Bougie and Bisaillon, 2004). Shortly thereafter, ribavirin 5ʹ′-
triphosphate was shown to inhibit the 2ʹ′-O-methylation activity of the 
MTaseDENV. A crystal structure of MTaseDENV in complex with SAM and 
ribavirin 5ʹ′-triphosphate also revealed the mode of binding (Benarroch et al., 
2004).  

Several studies have reported inhibition of the NS5 MTase with the SAM 
analogue sinefungin. Structures in complex with the analogue and inhibition 
data are available for MTases from WNV (Dong et al., 2008; Dong et al., 
2010), Yellow Fever virus (Dong et al., 2010), DENV (Milani et al., 2009; 
Dong et al., 2010; Selisko et al., 2010) and Wesselsbron virus (Bollati et al., 
2009; Milani et al., 2009). The inhibition data, in combination with results 
from viral titer reduction assays and inhibition in cell culture, suggest that 
sinefungin analogues potentially can be used in antiviral development (Liu et 
al., 2010).  

In addition, virtual screens against both GTP- and SAM-binding sites 
have been performed (Luzhkov et al., 2007; Milani et al., 2009; Podvinec et 
al., 2010; Lim et al., 2011). High-throughput screening against the GTP 
binding site has also been developed, and in combination with an assay for 
guanylyltransferase activity these have identified a number of potential hits 
(Geiss et al., 2011; Stahla-Beek et al., 2012). 

A conserved hydrophobic pocket has been identified adjacent to the SAM 
binding site. This pocket is critical for replication and cap methylation, and 
opens up the possibility to expand SAM analogues in order to increase drug 
specificity (Dong et al., 2010).  
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Methyltransferase domain from Modoc virus 
(Paper II) 

Flaviviruses belonging to the no-known vector (NKV) group are not human 
pathogens and they are believed to have evolved separately from those in the 
mosquito-borne and tick-borne groups. The Modoc virus belongs to the 
NKV group, and infects rodents. Due to its similarity to human pathogens, 
but its inability to infect humans, the Modoc virus has been proposed as a 
model virus for studying flaviviral infection and drug discovery. To bring a 
piece to the puzzle of the question of the evolutionary origin of the NKV 
group, and to further evaluate the Modoc virus as a model virus, the structure 
of the Modoc virus methyltransferase was determined.  

Modoc virus MTase 
The original construct included the full length version of the MTase domain 
of Modoc virus NS5 protein (MTaseMODV), residues 1-293 with an N-
terminal His-tag. The protein was recombinantly expressed in E. coli Rosetta 
cells, which produced soluble protein in a good yield. The protein was puri-
fied using affinity chromatography on a Ni-sepharose column followed by 
size exclusion chromatography. Crystallization screens were set up, but no 
crystals could be obtained. Based on the available structure of the Dengue 
virus methyltransferase (MTaseDENV) together with sequences of other 
flaviviral MTases, a new construct was designed, with a truncation of 25 
amino acids in the C-terminal. This new construct, containing residues 
1-268, was expressed and purified in the same way as the full length con-
struct. After crystallization screening and optimization, well-diffracting apo 
and SAM-cofactor complex crystals were obtained. Later on, crystallization 
screening with a cap-analogue was also set up, but none of these attempts 
yielded any crystals. 

Data for both the apo crystals and the SAM co-crystallizations were col-
lected at the ESRF. Although they were crystallized in the same conditions, 
the apo enzyme crystallized in space group I4 and the SAM co-crystals in 
space group P212121. The structure of MTaseMODV in complex with SAM was 
determined by molecular replacement using the first structure of MTase 
from DENV (MTaseDENV) as a search model (Egloff et al., 2002). Electron 
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density was found in the expected SAM binding site and the complete mole-
cule could be unambiguously modelled. The apo structure was subsequently 
determined with molecular replacement using the SAM complex structure as 
a search model.  

The MTaseMODV structure 
Overall, the structure of the MTaseMODV shares the same fold as the previ-
ously determined structures of flaviviral MTases (Figure 9). The fold is 
characterized by a core with a central seven-stranded β-sheet, flanked by two 
helices. The core domain is complemented with N- and C-terminal exten-
sions. The N-terminal part consists of a helix-turn-helix followed by a 
β-strand and another helix. The C-terminal part consists of a helix and a 
strand making up a small β-sheet together with the strand from the 
N-terminal extension. A central cleft, located between strands β1 and β4, 
form the SAM binding site. 

The MTaseMODV structure and the previously described structures of fla-
viviral methyltransferases (Egloff et al., 2002; Assenberg et al., 2007; 
Mastrangelo et al., 2007; Zhou et al., 2007b) are similar to the α-β-α con-
sensus fold described for SAM-dependent methyltransferases (Fauman et al., 
1999), consisting of a central seven-stranded β-sheet flanked by three helices 
on each side. However, in contrast to the consensus fold, the flaviviral 
MTase structures lack one helix on each side of the central sheet. 

Binding sites 
Three binding sites have been identified in the flaviviral MTase structure. 
The methyl donor SAM binding site, a GTP/cap binding site, and a surface 
where presumably RNA binds. The flaviviral MTase has been associated 
with both methylation at the guanine-N7 position and the ribose 2ʹ′-O. Nev-
ertheless, only one binding site for SAM has been found, even though it is 
assumed to be the methyl donor in both reactions. Mutational studies in the 
SAM-binding site, that impair both N7 and 2ʹ′-O-methylation also supports 
this idea (Ray et al., 2006; Zhou et al., 2007a; Dong et al., 2008). However, 
studies with sinefungin on the MTaseWNV show a significant difference in 
inhibition between the two methylation events, suggesting that there are 
different modes of SAM binding (Dong et al., 2010).  

The location of the identified GTP/cap-binding site only allows ribose 
2ʹ′-O methylation. To allow guanine-N7 methylation, the RNA is required to 
bind differently to bring the guanine closer to the methyl donor.  
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Figure 9. (A) MTaseMODV in complex with the cofactor SAM. The core domain in 
gray, the N-terminal extension in blue and the C-terminal extension in light red. (B) 
SAM binding site including the side chains interacting with the cofactor molecule. 

MTaseMODV SAM-binding site 
The SAM binding site is located in a central cleft between strands β1 and β4, 
where the adenine moiety stretches towards the loop between β3 and β4, and 
the tail points towards helix αA (Figure 9). In the MTaseMODV structure, the 
SAM adenine is accommodated in a hydrophobic pocket made up from 
Leu106, Val133 and Ile148. It is further coordinated via hydrogen bonding 
with the main chain nitrogen of Val133, and the side chains of Asp132 and 
His111. The ribose is coordinated by His111 and the amine on the tail inter-
acts with Asp147, Ser57 and Ser87. The SAM binding site is well-conserved 
in all three groups of flaviviruses - the majority of the residues are conserved 
or exchanged for a residue with similar characteristics. All 2ʹ′-O MTases 
share a conserved KDKE-tetrad, responsible for catalytic activity. In the 
MTaseMODV structure, this tetrad consists of Lys62, Asp147, Lys184 and 
Glu220. Mutational studies of the MTaseWNV indicate that the entire KDKE-
tetrad is essential for 2′-O MTase activity, whereas N7 MTase activity only 
requires the central aspartic acid (Debasish et al., 2006). Glu112 is con-
served in all flaviviral MTase-SAM complexes. However, it coordinates the 
ribose in some of the structures, whereas it is flipped away from the ribose in 
others, as is the case in MTaseMODV.  

Mutagenesis studies in several flaviviral MTases have also identified res-
idues in the binding pocket or near the binding pocket that are important for 
methylation activity (Ray et al., 2006; Zhou et al., 2007a; Dong et al., 2008; 
Kroschewski et al., 2008). The corresponding residues in MTaseMODV are 
Ser57, Trp88, His111, Asp132 and Ile148. 
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Figure 10. (A) Mosaic model of the MTaseMODV-SAM structure together with the 
guanosine from the crystal structure of MTaseDENV-m7GpppA (pdb id 2P41, yellow) 
and five bases from the structure of vaccinia virus VP39 MTase in complex with 
hexameric RNA (pdb id 1AV6, green). Gray dots mark the position of the triphos-
phate linker. (B) Surface representation of MTaseMODV in the same orientation as in 
(A). The green patch corresponds to residues that have been shown to be important 
for cap binding in MTaseWNV. 

GTP and RNA binding sites 
As soon as the first flaviviral MTase structure was determined, it was hy-
pothesized that the N-terminal extension where a GTP analogue bound, was 
in fact the cap-binding site (Egloff et al., 2002). Several flaviviral MTases 
do indeed exhibit strong GTP affinity (Egloff et al., 2002; Bollati et al., 
2009; Geiss et al., 2009). The guanine is positioned between helix A1 and 
A2 in the N-terminal extension from the central core. The only completely 
conserved residue is a phenylalanine involved in stacking interactions with 
the guanine, corresponding to Phe25 in the MTaseMODV. Biochemical ex-
periments show that this is a major interaction point between the cap struc-
ture and the protein (Geiss et al., 2009). The GTP binding site mainly seems 
to be involved in the 2′-O methylation event, which is supported by experi-
ments showing that GTP inhibits 2′-O methylation. In contrast, methylation 
is not inhibited by ATP (Egloff et al., 2007). 

Several structures of flaviviral MTases in complex with different cap ana-
logues have been determined, but so far there is no structural explanation as 
to how specificity in the binding is achieved. The GTP binding pocket can 
accommodate both N7 methylated and unmethylated cap analogues.  

To date, no structure of a flavivirus MTase-SAM-cap-RNA complex has 
been determined. However, a positively charged surface has been suggested 
to be involved in RNA binding, supported by extensive mutagenesis studies 
on the MTaseWNV (Dong et al., 2008). By combining the structure of the 
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remotely related vaccinia VP39 MTase in complex with a RNA hexamer 
(Hodel et al., 1998) and the MTaseDENV m7GpppGm complex (Egloff et al., 
2007), a model of a MTaseMODV-SAM-m7G-RNA complex can be created 
(Figure 10). 

The combined model indicates two positively charged residues on the 
edge of the elongated MTaseMODV cavity, Arg29 and Arg215, that are likely 
to be involved in coordination of the cap triphosphate. The importance of the 
latter residue is supported by mutation studies of the corresponding Arg213 
residue in the MTaseWNV (Dong et al., 2008). MTaseMODV Lys62, part of the 
KDKE tetrad, is positioned to coordinate the RNA backbone phosphate in 
between the flavivirus-specific AG nucleotides. Arg58 is positioned to coor-
dinate the next phosphate. The importance of Arg58 is also supported by 
mutation studies of the corresponding residue in the MTaseWNV (Dong et al., 
2008). Since the MTaseMODV Arg38-Lys47 helix has no counterpart in the 
vaccinia structure, the geometry of the two 3′ nucleotides is hard to predict. 
However, mutation of the residue corresponding to Arg38 also abolishes 
activity, indicating that the RNA might be bent past the MTaseMODV N-
terminal helix. 

The observed pathological effect of Modoc virus in immunocompromised 
mice is highly similar to that of flavivirus encephalitis in humans (Leyssen et 
al., 2001; Leyssen et al., 2003). The structural conservation between flavivi-
ral MTases, including MTaseMODV from the NKV group, support the use of 
Modoc virus as a model virus for studying flaviviral pathology in general 
and the flaviviral MTase as a drug target. 
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Targeting isoprenoid synthesis in 
Mycobacterium tuberculosis 

Tuberculosis 
According to the World Health Organization, about one-third of the world’s 
population is infected with tuberculosis (TB). Although the number of new 
TB cases has decreased for several years, 8.7 million people were infected 
and 1.4 million people died from TB in 2011 (World Health Organization, 
2012b). 

5-10% of the people infected with TB will develop the active disease. In 
the rest of the cases the disease is latent and asymptomatic. However, people 
that are co-infected with HIV run a greater risk of developing the active dis-
ease. Tuberculosis is also the leading cause of death in this patient popula-
tion. Most common is a pulmonary infection, but TB can also spread to other 
parts of the body. This extrapulmonary infection is also more frequent in 
immunocompromised patients.  

Current TB treatment is a therapy over six months, combining four differ-
ent drugs, called the first-line drugs. Non-compliance with this demanding 
therapy leads to patient relapse and increases the risk of developing drug-
resistant TB strains. In recent years there has been an increasing problem 
with drug resistance, either through the patient being infected with a resistant 
strain, or emergence of bacterial resistance during the course of treatment. 
About 6% of the TB cases are multidrug-resistant (MDR-TB), meaning that 
the bacteria are resistant to at least two of the first-line drugs. About 10% of 
the MDR-TB cases are also resistant to two other classes of drugs apart from 
the first-line drugs. These cases are classified as extensively drug-resistant 
TB (XDR-TB).  

The combination of resistant strains and a long, expensive treatment, se-
vere side effects and problems with drug-drug interference when co-treating 
TB and HIV, stress that there is an urgent need for new and more efficient 
therapies. The currently TB drugs are 50 years old and little progress has 
been made in TB-treatment during this time. In 2012, the new drug Bedaqui-
line was granted accelerated approval by the US Food and Drug Administra-
tion for treatment of adults with MDR-TB (Jefferys, 2012). However, addi-
tional research and clinical trials are needed to validate the safety of the drug 
and its efficacy in children. 
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The only vaccine developed so far is the bacillus Calmette-Guérin (BCG), 
based on the Mycobacterium bovis strain. The BCG vaccine is not exten-
sively used due to its limited efficiency, but it does demonstrate that it is 
possible to develop a TB vaccine (Brewer, 2000). Extensive efforts have 
been made to develop an improved vaccine, and in 2012 there were 12 new 
vaccine candidates in human trials (Jefferys, 2012; Tameris et al., 2013). 

Mycobacterium tuberculosis 
The main causative agent for TB, Mycobacterium tuberculosis (Mt), was 
discovered in 1882 by Robert Koch. In 1905 he was awarded the Nobel 
Prize for this discovery. Mt is a rod shaped bacterium. It is not classified as 
either Gram negative or Gram positive, but rather as an acid-fast bacillus due 
to the ability to retain stain even after acid treatment. The bacterium is char-
acterized by its extremely slow growth rate and complex cell wall. Mt di-
vides every 16-20 hrs. By comparison, Escherichia coli divides every 
20 minutes. The outer membrane of Mt is made up from mycolic acids 
which makes it difficult for antibiotics to permeate the cell wall. 

Isoprenoid biosynthesis via the MEP pathway 
The isoprenoids form a large and diverse group of natural compounds in-
cluding more than 35,000 different molecules found in bacteria, archaea and 
eukaryotes. This class of molecules is essential for cell survival and the 
molecules are integral in a wide variety of biological functions. All isopre-
noids are derived from the precursor isopentenyl pyrophosphate (IPP) or its 
isomer, dimethylallyl pyrophosphate (DMAPP). Examples of isoprenoids are 
ubiquinones, involved in electron transport, and sterols such as cholesterol 
that act as membrane stabilizers and precursors for vitamin D among other 
molecules. A number of essential isoprenoid compounds have been charac-
terized in Mt. One of these is polyprenyl phosphate that is essential for the 
synthesis of the cell-wall components arabinogalactan and lipoarabinoman-
nan (Wolucka et al., 1994). 

The isoprenoid precursors, IPP and DMAPP, can be synthesized via two 
independent pathways, the mevalonate (MVA) pathway and the meth-
ylerythritol phosphate (MEP) pathway, also known as the non-mevalonate 
pathway. The MVA pathway was discovered in yeast and mammals in the 
1960s (Katsuki and Bloch, 1967; Lynen, 1967). In this pathway, IPP and 
DMAPP are produced from acetyl-CoA via a mevalonate intermediate. For a 
long time, this was the only known pathway for synthesis of these precur-
sors. However, in the 1990s, a new route was discovered, the methylerythri-
tol phosphate (MEP) pathway (Rohmer et al., 1993; Rohmer et al., 1996). 
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The MEP pathway produces IPP in a series of seven steps, starting from 
pyruvate and D-glyceraldehyde 3-phosphate (G3P) (Figure 11). The second 
step is the first committed step in the pathway. Isomerisation between IPP 
and DMAPP is carried out by the enzyme isopentenyl diphosphate isomerase 
in both pathways, and is the only enzyme shared by both the MVA and MEP 
routes. 

The MEP pathway exists in many bacteria and protozoa and it is used by 
both Mycobacterium tuberculosis and the malaria parasite Plasmodium fal-
ciparum. The fact that the MEP pathway does not share any of the interme-
diates with the MVA pathway, nor have any homologous proteins in hu-
mans, make the MEP enzymes attractive targets for drug design. 

 
 

 
Figure 11. The methylerythritol phosphate pathway for biosynthesis of the isopre-
noid precursors IPP and DMAPP. DXR catalyses the second reaction, an NADPH-
dependent reduction and isomerisation of DXP to MEP. 
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1-deoxy-D-xylulose 5-phosphate reductoisomerase 
The enzyme 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR/IspC) 
catalyses the second step in the MEP pathway. 1-deoxy-D-xylulose 5-
phosphate (DXP) is converted into 2-C-methyl-D-erythritol 4-phosphate 
(MEP) in an NADPH-dependent isomerisation and reduction. That this reac-
tion was performed by DXR was first described by Kuzuyama et al 
(Kuzuyama et al., 1998). The reaction also requires a divalent cation, like 
Mn2+, Mg2+ or Co2+ (Takahashi et al., 1998). Although the biologically rele-
vant ion is not known, it is likely to be Mg2+ given the abundance of this ion 
in vivo compared to Mn2+ and Co2+. In both Escherichia coli (Ec) and Bacil-
lus subtilis, DXR is essential for cell survival (Rodriguez-Concepcion et al., 
2000; Kobayashi et al., 2003). DXR is also essential for Mt growth in vitro 
(Brown and Parish, 2008). 

The first DXR crystal structure, that of EcDXR, was solved in 2002 
(Reuter et al., 2002). This structure reveals the three-dimensional fold of the 
active homodimer where each monomer is composed of three domains: the 
NADPH-binding domain, the central catalytic domain, and the C-terminal 
domain. The dimer interface consists of two β-sheets made up of strands 
from both monomers (Figure 12). To date, other DXR structures include 
those from Zymomonas mobilis (Ricagno et al., 2004), Mycobacterium tu-
berculosis (Henriksson et al., 2006), Yersinia pestis (Osipiuk et al., 2008), 
Thermotoga maritima (Takenoya et al., 2010) and Plasmodium falciparum 
(Umeda et al., 2011). These structures all share similar cofactor and sub-
strate binding sites as well as a flexible active site flap involved in substrate 
binding.  

 
Figure 12. Structure of the functional MtDXR homodimer with NADPH and fosmi-
domycin bound in the A-chain. The NADPH-binding domain is colored in blue, C-
terminal domain in red and catalytic domain in green with the active site flap in 
black. The B-chain is colored in gray. 
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Previous work on MtDXR 
The first MtDXR structure was solved in 2006 in our laboratory (Henriksson 
et al., 2006). This was an apo structure with a sulphate ion bound in the posi-
tion where the phosphonate portion of the substrate was expected to bind, as 
seen in a previously determined EcDXR structure (Mac Sweeney et al., 
2005). Subsequently, structures were determined of MtDXR in complex with 
the natural product antibiotic fosmidomycin, both with and without NADPH 
(Figure 12) (Henriksson et al., 2007). The structure of MtDXR in complex 
with fosmidomycin and NADPH exhibited a well-defined active site flap, 
with the indole ring of Trp203 forming close interactions with the fosmido-
mycin backbone. Both fosmidomycin and its analogue FR-900098 have 
antibacterial activity against Gram-negative and some Gram-positive bacte-
ria (Okuhara et al., 1980). Fosmidomycin is also a potent inhibitor of 
MtDXR in enzymatic assays (Dhiman et al., 2005). When we tested fosmi-
domycin and FR-900098 against MtDXR, the IC50 values were determined 
to 0.08µM and 0.16µM, respectively (Henriksson et al., 2007; Andaloussi et 
al., 2011). Although fosmidomycin has been shown to inhibit both EcDXR 
and MtDXR in enzymatic assays, it had no effect on the Mycobacterium 
itself, due to poor uptake (Brown and Parish, 2008). In a study by Haemers 
et al., various α-substituted fosmidomycin and FR-900098 analogues were 
evaluated in an EcDXR inhibition assay and against parasite growth in two 
different strains of Plasmodium falciparum (Haemers et al., 2006). Several 
of the compounds had elevated activity against the malaria parasite com-
pared to fosmidomycin and FR-900098. The most potent compounds had a 
3,4-dichlorophenyl substitution at the α-carbon (Figure 13). We evaluated 
these inhibitors, together with several other compounds, against MtDXR. 
The 3,4-dichlorophenyl substituted compounds were also the most efficient 
against MtDXR, although they were not more efficient than fosmidomycin. 
Structures of MtDXR in complex with 3 and 4 (Figure 13) were determined 
in order to study the mode of binding (Andaloussi et al., 2011). These com-
plexes were subsequently used as a starting point for design of new inhibi-
tors.  

 
Figure 13. Inhibitory compounds fosmidomycin, FR-900098, 3,4-dichlorophenyl-
fosmidomycin and 3,4-dichlorophenyl-FR-900098 were tested against MtDXR and 
their IC50 values were determined to be 0.08µM, 0.16µM, 0.15µM and 0.7µM, re-
spectively.  
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Structural and functional studies of 
fosmidomycin analogues as MtDXR inhibitors 
(Paper III) 

To further develop inhibitors against MtDXR, two series of compounds 
analogous to fosmidomycin were synthesized by our collaborators at the 
Department for Medicinal Chemistry, Uppsala University, in the research 
group of Professors Anders Karlén and Mats Larhed. In both these series, the 
hydroxamate of fosmidomycin was substituted. These new compounds were 
tested against MtDXR in an enzymatic assay and the most potent compounds 
were put into crystallization trials with MtDXR to obtain crystal structures of 
the complexes. The compounds were also sent to collaborators at Astra-
Zeneca, Bangalore, to be tested against Mycobacterium tuberculosis (Mt) 
cells and in a Plasmodium falciparum (Pf) blood cell assay. Recent structural 
data on PfDXR, revealing a highly conserved active site between MtDXR 
and PfDXR, raises the hope that inhibitors potent against MtDXR also will 
prove to be efficient against the Plasmodium enzyme (Umeda et al., 2011). 

Structural details of fosmidomycin analogues 
The first series of compounds was based on a fosmidomycin scaffold where 
the hydroxamate was substituted with various groups (Table 1). In the sec-
ond series, the previously successful scaffold with a 3,4-dichlorophenyl sub-
stitution at the α-carbon, was expanded with a phenyl substitution at the 
hydroxamate. The phenyl group at the hydroxamate was further substituted 
at the ortho-, meta- and para-positions, although compounds with substitu-
tions at the ortho-position were primarily explored (Table 2). By adding 
another ring structure to the fosmidomycin backbone, we hoped to form 
intramolecular stacking interactions that would stabilize the compound and 
improve its ability to compete with the substrate. 
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Table 1. Inhibition of MtDXR activity for mono-substituted fosmidomycin ana-
logues. Literature values for EcDXR and PfDXR are included for comparative pur-
poses. 

 

 R MtDXR  
IC50 (µM) 

EcDXR  
IC50 (µM) 

PfDXR 
IC50 (µM) 

1  H   0.08 ± 0.02a 0.050c 0.032c 

2  methyl 0.16 ± 0.03b 0.051c 0.018c 

8a ethyl 27.2 ± 7.7   

8b 2-furyl 48.7 ± 6.2   

8c cyclopropyl 156 ± 68 10-4.44d  

8d phenyl 2.0 ± 0.6 0.13c 0.061c 

8e 3-pyridyl 1.6 ± 0.1   

8f 

 

3.6 ± 0.5   

8g 2-naphthyl 2.0 ± 0.3   

8h benzyl 67.7 ± 23.3 13 n.d 

8i 

 

>200 7.1c 3.3c 

8j 

 

>200 1.0c 0.4c 

 
a Henriksson et al., 2007; b Andaloussi et al., 2011; c Giessmann et al., 2008; d Silber 
et al., 2005 
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Table 2. Inhibition of MtDXR activity and Plasmodium falciparum growth by 
di-substituted fosmidomycin analogues. 

 

 R1 R2 R3 % inh at  
100 μM 

MtDXR  
IC50 (µM) 

Pf growth 
in vitro 

IC50 (µM) 
14a H H H 100 0.32 ± 0.05 0.04 

14b CH3 H H 95 0.83± 0.08 >10 

14c CF3 H H 70 9 ± 8 No fit 

14d OCF3 H H 90 8 ± 2 >10 

14e 
 

H H 90 7± 3 >10 

14f 
 

H H 80 19 ± 3 >10 

14g 
 

H H 60 21 ± 4.1 >10 

14h H 
 

H 30 > 100 3.9 

14i 
 

H H 70 13 ± 3 >10 

14j H 
 

H 90 0.14± 0.04 0.39 
 

14k H H 
 

80 1.2 ± 0.2 0.19 

1     0.08 ± 0.02a 0.2-0.4 

2     0.16 ± 0.03b 0.32x 

3     0.15 ± 0.02b 0.09x 

4     0.7 ± 0.1b 0.25x 

a Henriksson et al., 2007; b Andaloussi et al.,2011; x Haemers et al., 2006 
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MtDXR enzymatic assay 
The inhibitory capacity of the two series of mono- and di-substituted fosmi-
domycin analogues was evaluated in a spectrophotometric assay in which 
the MtDXR-catalyzed NADPH-dependent rearrangement and reduction of 
DXP to form MEP was monitored at 340nm. None of the compounds in the 
first series improved on the IC50 values for the lead compounds fosmidomy-
cin and FR-900098. A few of the compounds in this series did produce rela-
tively low IC50 values although they were not able to reach the levels of fos-
midomycin and FR-900098. These were compounds with the 3-pyridyl (8e), 
3-nicotinamide (8f), phenyl (8d) and 2-naphthyl (8g) substitutions, with 
values in the low µM-range. This indicated that the aromatic group directly 
connected to the acyl might be beneficial for the binding. A few of the com-
pounds showed a significant increase in the IC50 value compared to fosmi-
domycin and FR-900098, more specifically those with ethyl (8a), 2-furyl 
(8b), benzyl (8h) and cyclopropyl (8c) substitutions. This can potentially be 
attributed to clashes with the indole ring of Trp203 in the active site flap. 
Compounds 8i and 8j are reasonably potent on EcDXR and PfDXR 
(Giessmann et al., 2008), and they were therefore resynthesized and evalu-
ated on MtDXR. Unfortunately they had very poor IC50 values. 

The second series of compounds was based on the previously tested 3,4-
dichlorophenyl substitution at the phosphonate α-carbon of fosmidomycin 
(Andaloussi et al., 2011). The previously determined protein-inhibitor com-
plexes of inhibitors 3 and 4 with MtDXR showed approximate co-planarity 
between the hydroxamate and the dichlorophenyl substitution (Andaloussi et 
al., 2011). The space at the hydroxamate towards the solvent, suggested that 
we could combine the Cα-dichlorophenyl-substitution with the phenyl-
substitution at the hydroxamate to produce a di-substituted compound, 14a. 
The phenyl was in turn substituted at the ortho-, meta- and para-positions. In 
this series several compounds produced IC50 values very close to or below 
µM-levels. The unsubstituted scaffold, 14a, came up as the second most 
potent compound in the series with an IC50 value of 0.32µM. Introduction of 
progressively larger substituents at the ortho-position of the phenyl ring re-
sulted in a decline of MtDXR inhibitory activity. The most potent compound 
turned out to be the meta-substituted triazole with an IC50 value of 0.14µM, 
14j. 

Crystallographic data of MtDXR-inhibitor complexes 
To investigate the mode of binding, several of the inhibitors were put into 
crystallization trials with MtDXR. Crystal structures of four protein-inhibitor 
complexes were determined: two complexes with compound 14a, the scaf-
fold for the second series, with and without NADPH, and structures of 
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MtDXR in complex with 14f and 14i. Unfortunately we were not able to 
obtain structures of the protein in complex with the meta- and para-
substituted triazoles, 14j and 14k. The two complexes with compound 14a 
with and without NADPH, crystallized in different space groups. The former 
crystallized in a tetragonal space group whereas the three complex structures 
without NADPH all crystallized in a monoclinic space group. The protein-
inhibitor complexes with compounds 14f and 14i did not have a Mn2+ bound 
in the active site.  

 
Figure 14. Comparative view of the previously solved complex of 3,4-dichloro 
phenyl-fosmidomycin (A) with compound 14a (B). The propylene backbone and the 
3,4-dichlorophenyl are accommodated in the same way in the active site in both 
structures. 

In all three complexes were the protein crystallized in a monoclinic space 
group, the crystal structure revealed inhibitors bound in a state where the two 
ring formations did indeed form intramolecular ring-ring interactions. 
(Figure 14). However, in the MtDXR-Mn2+-14a complex the inhibitor inter-
acted with a tryptophan from a symmetry related molecule. To verify that 
this did not effect the mode of binding the MtDXR-Mn2+-14a-NADPH com-
plex in the tetragonal space group was obtained. This complex did not ex-
hibit any symmetry related interactions, and a superposition of the two struc-
tures revealed a nearly identical inhibitor binding. 

The phosphonate group of the three inhibitors is involved in an extensive 
set of hydrogen bond and salt-link interactions similar to what has been ob-
served in previously determined complexes. The conformation of inhibitor 
14a is very similar to those of 3 and 4 in the previously determined protein-
inhibitor complexes. The interactions between the 3,4-dichlorophenyl group 
and the protein, as well as the orientation of the dichlorophenyl, is practi-
cally identical. The conformation of the phenyl at the hydroxamate in 14a 
allow for intramolecular interactions between the two aromatic groups where 
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the ring planes are inclined to one another at an angle of ~50°. The other 
face of the ring interacts with the side chain of Met267. Interaction of the 
aromatic group on the hydroxamate and Met267 is also seen in the complex 
structure with 14f. Complexes with 14f and 14i show ring-ring interactions 
with a considerably smaller angle between the planes of the rings, compared 
to the 14a complex. The angles were ~25° and ~35° for 14f and 14i respec-
tively. 

 
Figure 15. Accommodation of inhibitors 14a (A), 14f (B) and 14i (C) in the MtDXR 
substrate binding site. The position of the propylene backbone is slightly shifted in 
the three complexes as well as the relative position of the two aryl rings. However, 
the same amino acid residues are involved in the binding where a change in the 
position of the ligand is compensated by a change in the neighboring side chains. In 
the complexes with inhibitors 14f and 14i, where there is no Mn2+ in the active site: 
Asp151 is turned away from the metal binding site. (D) Superposition of ligands 
14a, 14f and 14i reveals a difference in the relative position of the rings, where 
ligand 14f is closest to co-planarity and compound 14a shows the largest deviation. 
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A superposition of the protein main chain of the protein-inhibitor structures 
revealed that all three compounds exhibit strikingly different binding modes, 
despite their chemical similarity (Figure 15). However, in each of them, a 
shift in the inhibitor is compensated by a shift in the interacting amino acids, 
meaning that a similar set of interactions is observed but their relative posi-
tions are shifted. A superposition of the propylene backbone of the inhibitors 
clearly shows that all three conformations are similar to each other. The dif-
ference in position can be explained in part by the lack of a metal ion in the 
MtDXR-14f and MtDXR-14i complexes, thereby allowing the hydroxamate 
to shift closer to the metal-binding site, as seen in the MtDXR-14f complex. 
Despite similar binding and backbone conformation of the inhibitors, the 
relative positions of the two ring structures to each other are different.  

In the MtDXR-14f complex structure, we can see the trifluoro-methyl-
anilino substituent in the ortho-position on the scaffold, stretching towards 
the NADPH binding site. When superimposing NADPH from the MtDXR-
Mn2+-14a-NADPH complex onto the MtDXR-14f complex structure, it be-
comes clear that the 14f inhibitor enters the cofactor binding site occupying 
the space of the nicotinamide ring, thus competing with NADPH. 

In vitro assays: Mt cells and Pf infected blood cells 
Our effort to find new inhibitory compounds against Mycobacterium tuber-
culosis was done in collaboration with AstraZeneca, Bangalore, India. The 
compounds were sent to AstraZeneca for testing in two different cell based 
assays. In the first one the compounds were tested for their ability to inhibit 
growth of Mt cells. The second assay, including only compounds from the 
second series, evaluated their potential as anti-malarial inhibitors with a Pf 
blood cell assay. Since the active sites of MtDXR and PfDXR are very simi-
lar to each other and their mode of fosmidomycin binding has also been con-
firmed to be similar, we were optimistic that these compounds against 
MtDXR might also be potent against PfDXR.  

Unfortunately, none of the compounds had any effect in the Mt cell 
growth assay. However, several of the inhibitors were potent in the Pf blood 
cell assay, where compound 14a showed the highest level of inhibition of the 
compounds tested, with an IC50 of 0.04µM (Table 2). 

Inhibition of MtDXR and antimalarial activity 
Although none of the compounds tested in the MtDXR enzymatic assay was 
more potent than fosmidomycin or FR-900098, a few compounds produce 
IC50 values very close to or below µM-level. These include compounds 8e, 
8f, 8d, 8g from the first series, and 14a, 14j and 14k from the other. The 
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MtDXR inhibition of 14a is poorer than that of the previously tested formyl 
derivative 3 but better than the acetyl derivative 4, also described earlier 
(Table 2). The complexes with compounds 3, 4 and 14a all show a disor-
dered active site flap and share a great deal of similarity. More specifically, 
the conformation and binding of the propylene backbone, the dichlorophenyl 
substitution and the metal-ion coordination are highly conserved between 
these structures. The improved enzyme inhibition of 14a compared to 4 is 
attributed to the energetically more favourable interactions between the two 
aromatic rings seen in 14a, compared to the interaction between an aromatic 
group and a methyl substitution seen in 4. The sub-µM IC50 values for 14i 
and 14k suggest that the triazole in the meta- and para-positions make spe-
cific interactions with the enzyme. 

None of the compounds was effective in the Mt cell growth assay. Since 
the Mt cell wall is very hydrophobic due to its high content of mycolic acid, 
the compounds might not be able to penetrate the cell wall, as reported pre-
viously for fosmidomycin (Brown and Parish, 2008). However, the com-
pounds with the lowest IC50 values from the MtDXR enzymatic assay were 
also potent in the Pf blood cell assay, although not in the same relative order. 
The most potent compound in the Pf blood cell assay was compound 14a 
without any additional groups added to the aryl on the hydroxamate. In con-
trast, the meta substituted triazole was most potent in the MtDXR enzymatic 
assay. This might be attributable to differences in the active sites between 
MtDXR and PfDXR. It can also be due to how the compounds interact with 
other molecules in the infected blood cells, or how easily the compounds 
cross the cell membrane.  

As can be seen in all three MtDXR-inhibitor crystal structures, the two 
aryl groups in the inhibitors form stacking interactions. The idea behind 
these aryl-aryl substituted compounds was that they would be stabilized by 
the ring-ring interaction: to this end, the design aim was met. In the complex 
structure of MtDXR-14f, which had a third ring structure substituted with a 
trifluoro group, the trifluoro moiety reaches into the NADPH binding pock-
et. The steric clash between the NADPH molecule and the inhibitor can po-
tentially explain the relatively high IC50 for this compound, since the assay is 
performed in presence of excess NADPH. This is supported by another, 
fluorescence based, assay indicating that 14f and 14i have comparable disso-
ciation constants to fosmidomycin both in the presence and absence of 
metal-ion, and that these values are lower than the dissociation constant for 
14a. 

Together, these data give new insights into the binding of a promising 
new series of inhibitors and provide a stepping-stone for further optimization 
of their properties.  
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Populärvetenskaplig sammanfattning 

På senare tid har ett antal nya virussjukdomar brutit ut och bland bakterie-
sjukdomarna är antibiotikaresistens ett allt vanligare problem. Ett exempel 
på detta är tuberkulos som huvudsakligen orsakas av bakterien Mycobacteri-
um tuberculosis (Mt). De senaste åren har man upptäckt flera Mt-varianter 
som är motståndskraftiga mot de läkemedel som används i det första behand-
lingssteget. Nu finns även varianter som är resistenta mot den antibiotika 
som används i flera av de senare behandlingsstegen. Under 2011 hade denna 
extremt resistenta variant av tuberkulosbakterien identifierats i 77 länder.  

I början av 2003 spred sig virussjukdomen SARS snabbt över världen och 
infekterade över 8000 människor och av dessa avled nästan 800. Inom kort 
stod det klart att SARS-viruset var ett tidigare okänt virus tillhörande coro-
navirusfamiljen. Detta var första gången som ett liknande virus hade visat 
sig orsaka allvarlig sjukdom hos människor. SARS-viruset visade sig dess-
utom vara väldigt smittsamt och spreds till ett stort antal länder inom bara 
några veckor. 

Epidemier som dessa kommer att uppkomma igen, men det är svårt att 
förutse när och var. För att kunna vara bättre förberedd krävs forskning som 
ger oss mer kunskaper om virus och bakterier. Parallellt krävs riktade insat-
ser för att utveckla nya läkemedel. Ett sätt att gå till väga vid läkemedelsut-
veckling är att först identifiera de proteiner som bakterien eller viruset behö-
ver för att överleva och kunna sprida sig. Därefter letar man efter små mole-
kyler som har förmågan att blockera dessa proteiners aktivitet. I den här 
avhandlingen presenteras strukturella och funktionella studier av tre protei-
ner: två från olika virus och ett från Mycobacterium tuberculosis. 

För att studera den tredimensionella strukturen hos de här proteinerna har vi 
använt oss av s.k. röntgenkristallografi. Metoden innebär att man först renar 
fram det protein som man är intresserad av att studera och sedan hittar be-
tingelser under vilka proteinet kan bilda välordnade kristaller, liknande tex 
saltkristaller. Genom att utsätta kristallerna för oerhört kraftig och fokuserad 
röntgenstrålning kan man registrera information som gör det möjligt att be-
räkna proteinets tredimensionella struktur. Eftersom ett proteins struktur är 
nära förknippat med dess funktion, kan informationen sedan användas för att 
ge detaljerade insikter i vad proteinet gör och hur det görs. Strukturen kan 
också ge oss information om vilka små kemiska föreningar som proteinet 
interagerar med och på vilket sätt dessa föreningar binder. Den här informa-
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tionen kan sedan användas för att hitta liknande små molekyler, så kallade 
inhibitorer, som kan hindra proteinet från att utföra dess funktion.  

I det ena projektet som presenteras i den här avhandlingen har vi utvecklat 
föreningar som inhiberar proteinet 1-deoxy-D-xylulos 5-fosfat reduktoiso-
meras (DXR) från Mycobacterium tuberculosis. DXR är involverat i biosyn-
tesen av s.k. isoprenoider som är nödvändiga små byggstenar i alla livsfor-
mer. Genom att blockera aktiviteten hos DXR kan vi alltså stoppa tillverk-
ningen av de här byggstenarna. Isoprenoider syntetiseras på helt olika sätt i 
människa och i mikroorganismer, som tex tuberkulosbakterien och parasiten 
som orsakar malaria. Detta gör DXR attraktivt för utveckling av läkemedel. 
Vi har utvärderat en mängd små molekyler med avseende på deras förmåga 
att inhibera funktionen hos DXR. Några av dessa föreningar har också stude-
rats med röntgenkristallografi för att ta reda på vilket sätt de binder till prote-
inet. Den här kunskapen kan sedan komma att användas för att designa nya 
molekyler som förhoppningsvis har ännu bättre inhibitoriska egenskaper. 

Modocvirus är ett neuroinvasivt virus som infekterar gnagare. Det tillhör 
familjen flavivirus. Viruset har liknande patologiska effekter som vid hjärn-
inflammation orsakad av andra flavivirus hos människor. Detta har gjort att 
viruset är av intresse för att på ett säkert sätt kunna studera den här typen av 
nervsjukdomar utan att riskera spridning till människa. Proteinet metyltrans-
feras från flavivirus är avgörande för att viruset ska kunna omvandla sitt 
genetiska material till proteiner och för att viruset ska kunna sprida sig. Det 
har gjort att det här proteinet är intressant för läkemedelsutveckling. Genom 
att bestämma den tredimensionella strukturen på metyltransferas från Mo-
docviruset kunde vi se att det var mycket likt motsvarande protein från de 
virus som infekterar människor. Den här upptäckten stödjer användandet av 
Modocvirus som en modell för att studera Flavivirus. Det faktum att protei-
net har så lika struktur mellan olika virus i samma familj ökar också för-
hoppningen av ett läkemedel skulle kunna användas mot flera typer av flavi-
virus. 

I familjen coronavirus finns undergrupperna alfacoronavirus och betacoro-
navirus. TGEV är ett alfacoronavirus medan till exempel SARS-viruset till-
hör gruppen betacoronavirus. I stort sett är proteinerna från alfa- och betaco-
ronavirus ganska lika varandra, men bland annat ett protein som kallas nsp1 
är mycket olikt mellan grupperna. Nsp1 proteinerna är av olika storlek och 
den genetiska koden som beskriver dessa proteiner är också olika. Hypotesen 
har därför varit att dessa proteiner har utvecklats separat i de två virusgrup-
perna. Det har länge varit känt att nsp1 från SARS-viruset kan hindra uttryck 
av den infekterade organismens gener och dessutom trycka ner dess immun-
försvar. Nyligen har det visat sig att nsp1 från TGEV-viruset också har de 
här egenskaperna. Hur nsp1-proteinet åstadkommer den här effekten är dock 
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okänt. Genom att bestämma strukturen på nsp1 från TGEV kunde vi se att 
den generella strukturen är förvånansvärt lik den som tidigare bestämts från 
SARS-viruset. Detta tyder på att de två nsp1-proteinerna har gemensamt 
evolutionärt ursprung. Trots likheterna finns det dock många skillnader mel-
lan proteinernas form, elektrostatiska egenskaper och i den genetiska koden, 
vilket tyder på att sättet som nsp1 proteinerna utför sin funktion på skiljer sig 
åt mellan de två coronavirusgrupperna. 
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