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Abstract
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Acta Universitatis Upsaliensis. Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 567. 94 pp. Uppsala. ISBN 978-91-554-7325-9.

This thesis presents the cloning, purification, crystallization, and structural studies of two
unknown proteins from Mycobacterium tuberculosis, and of an aminotransferase from
Mycobacterium smegmatis. Structural knowledge of these proteins is of highest interest for
structure-based drug design, which is one of the approaches that can be used in order to fight
tuberculosis (TB).

The structure of the conserved hypothetical protein Rv0216 was refined to a resolution of
1.9 Å. The structure exhibits a so-called double hotdog-fold, similar to known hydratases.
However, only parts of the hydratase active site are conserved in Rv0216, and no function
could be assigned to the protein. Several Rv0216-like protein sequences were found in a
variety of actino- and proteobacteria, suggesting that these proteins form a new protein
family. Furthermore, other hotdog-folded proteins in M. tuberculosis were identified, of
which a few are likely to be hydratases or dehydratases involved in the fatty acid metabolism.

The structure of Rv0130 exhibits a single hotdog-fold and contains a highly conserved
R-hydratase motif. Rv0130 was shown to hydrate fatty acid coenzyme A derivatives with a
length of six to eight carbons. The Rv0130 active site is situated in a long tunnel, formed by a
kink in the central hotdog-helix, which indicate that it can utilize long fatty acid chains as
well. A number of previously predicted hotdog-folded proteins also feature a similar tunnel.

The structure of branched chain aminotransferase (BCAT) of M. smegmatis was determined
in the apo-form and in complex with an aminooxy inhibitor. Mycobacterial BCAT is very
similar to the human BCAT, apart for one important difference in the active site. Gly243 is a
threonine in the human BCAT, a difference that offers specificity in inhibition and substrate
recognition of these proteins. The aminooxy compound and MES were found to inhibit the
mycobacterial BCAT activities. The aminooxy compound inhibits by blocking the
substrate-pocket. A second inhibitor-binding site was identified through the binding of a MES
molecule. Therefore, both the MES-binding site and the substrate-pocket of M. smegmatis
BCAT are suggested to be potential sites for the development of new inhibitors against
tuberculosis.
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Introduction 

In 2005 I attended a course entitled “Tuberculosis and Other Bacterial In-
fections” at Karolinska Insitutet in Stockholm. There, a story was told about 
a man who had arrived with his family from Russia a couple of months ear-
lier. He carried multi-drug resistant tuberculosis (MDR-TB) and had there-
fore been forced to undergo drug treatment for several months. However, it 
turned out that the strain he carried was resistant to three of the four most 
common drugs against tuberculosis, and that he was severely allergic to the 
fourth. This was the first time I realized just how terrible tuberculosis had 
become, especially due to drug resistance.  

The World Health Organization (WHO) has declared TB a global emer-
gency, and several relevant publications can be found on their home page 
(http://www.who.org). In the information presented, one can read that 1/3 of 
the world’s population is infected with the causative pathogen, Mycobacte-
rium tuberculosis (Mt), and that 2 million people die from it yearly. In the 
end though, it is not until one gets in closer contact with the disease that one 
realizes how devastating it is. Luckily I was not close to the Russian man, 
but just to hear about his case made me feel very uneasy. What was he think-
ing about in his isolated room, not allowed to meet his wife and kids? He 
was probably in pain, and added to that, he knew that the bacterium was 
slowly overpowering him, and that there was no cure to be found.  

This is a story that I have passed on to many of my friends, who do not 
know that TB today is a threat to mankind. Second to malnutrition, TB, 
AIDS, and malaria are the most common causes of death in the world. With 
the rise of MDR-TB, and even extensively drug-resistant TB (XDR-TB), this 
disease cannot be controlled. The need for development of powerful diag-
nostics, vaccines, and new drugs is acute. Furthermore, governmental efforts 
have to be made to decrease the spread of MDR-TB by introducing a higher 
degree of public awareness, and by decreasing the misuse of black-market 
drugs.  

 
All organisms consist of proteins, carbohydrates, nucleic acids, and lipids, 

which together make life possible. Proteins participate in all processes within 
the cells. Therefore, proteins make up the most widely used target base for 
drugs that would potentially inhibit or kill a given organism. Proteins are 
very small molecules (2 – 10 nm) and cannot be seen with the naked eye. 
Powerful techniques like X-ray crystallography have therefore been devel-
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oped to observe and analyze protein structures at the molecular level. To 
prepare pure protein from the organism for X-ray crystallographic studies, 
different molecular tools such as cloning, expression, purification, and crys-
tallization are applied. The final three-dimensional (3D) protein structure can 
then provide basic knowledge about the biological function of the organism 
and facilitate structure-based drug design of novel drugs against the disease.  

 
While it may not be flattering to admit this, the financial support for the 

work presented in my thesis is mainly a result of the increased threat of TB, 
to countries where TB is not currently a problem. Most TB cases are still 
found in developing nations. After the WHO declared TB a global health 
emergency in 1993, funding for TB-related projects increased rapidly. Even 
if this is fortunate for my PhD studies, I would prefer that TB did not exist. 
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Aim and outline of the Thesis 

The aim of this thesis is to present three mycobacterial protein structures 
determined by X-ray crystallography. Two of the proteins are annotated as 
conserved hypothetical proteins from Mt and one is a branched-chain ami-
notransferase from Mycobacterium smegmatis (Ms). The results presented 
are part of the RAPID (Rational Approaches to Pathogen Inhibitor Discov-
ery) program at Uppsala University, where structural biology is combined 
with medicinal and computational chemistry for the discovery of new drugs 
against TB and malaria. 

The first section of this thesis, entitled “Tuberculosis”, describes the dis-
ease and the biology of its causative pathogen. A background of the course 
of infection, immune response, diagnostics, and today’s treatment of TB is 
presented. 

The “General Methods” section gives an outline of the techniques used 
within the projects presented here. Target selection, cloning, expression, 
purification, crystallization, and X-ray crystallography are briefly explained 
to serve as a basis for comprehension of my work. 

The third section presents the structure and fold of Rv0216, a possibly es-
sential conserved hypothetical protein from Mt, and the finding of a potential 
new protein family or subfamily of actino- and proteobacteria involved in 
fatty acid metabolism are discussed. This section also discusses recognition 
of a similar so-called hotdog-fold among several other M. tuberculosis pro-
teins. 

The fourth section presents the structure and function of Rv0130, a con-
served hypothetical protein from Mt. The relationship to Rv0216 and other 
similar hotdog-fold proteins is also discussed. 

The fifth section presents the structure of the branched-chain amino-
transferase (BCAT) from Ms, in a native form and in complex with an in-
hibitor. The biochemical activity and inhibition of the enzyme are described 
using structural analysis and biochemical assays. The differences to the hu-
man BCAT and new approaches for inhibition of the mycobacterial BCATs 
are discussed. A last section describes the experimental work on BCAT from 
Mt (Rv2210c) with respect to the non-crystallizable constructs. 
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Tuberculosis 

As stated above, Mycobacterium tuberculosis (Mt) is the complex patho-
gen that causes tuberculosis (TB). Although Robert Koch discovered Mt in 
the late 19th century (Koch, 1882), little is still known about the bacterium 
that causes the “great white plague”. A step in the right direction was taken 
when the complete genome sequence of the M. tuberculosis H37Rv strain 
was published ten years ago (Cole, 1998). With it has followed an increased 
understanding of the bacterium and its metabolic pathways, but still a lot 
remains to be discovered. 

The biology of Mycobacterium tuberculosis 
The Mt bacterium is rod-shaped and classified as an acid-fast gram-

positive bacterium due to the lack of an outer cell membrane. It is character-
ized by a unique, thick, hydrophobic cell wall composed of glycolipids and 
mannose-capped lipoarabinomannan, and a covalently linked complex of 
peptidoglycan, arabinogalactan, and mycolic acids (Brennan, 1995), (Riley, 
2006).  

The genome of the Mt bacillus contains 4,411,529 base pairs that code for 
more than 3995 genes (Camus, 2002). The genomic DNA has a higher than 
usual G/C content (65.6%) compared to E. coli (51%) or S. cerevisiae 
(38%). So far, 52% of the Mt genes have been assigned a function although 
often without biochemical proof, but the rest are of unknown or uncertain 
function. Of the unknown genes, 16% are predicted to be unique for myco-
bacteria.  

Mt is an actinobacterium and belongs to the family of mycobacteriaceae 
and the genus mycobacterium. Within this genus there are several closely 
related species. One of the closest mycobacteria is M. leprae, the causative 
agent of leprosy, which lacks more than 1,100,000 base pairs that are present 
in Mt. M. leprae has probably evolved by gene deletion and decay. There-
fore, the genes conserved in M. leprae are suggested to be essential for my-
cobacterial survival (Cole, 2001). The Mycobacterium smegmatis (Ms) ge-
nome is 1.7 times bigger than that of Mt, but it is not a human pathogen. It 
can, however, serve as a model system for Mt in in silico comparisons. Many 
aspects of the biology of Mt can easily be studied in M. smegmatis, as it re-
quires a shorter generation time (3 – 4 hours compared to 18 – 24 hours in 
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Mt), and can be handled in the standard laboratory because it is not infec-
tious. Structures of Ms proteins can also be used as models that allow in-
sights into mycobacterial protein structures in general. An example of this is 
presented in Paper III. 

M. tuberculosis infection and the host immune response 
Mt is normally spread when an infected person coughs or sneezes. The 

bacteria are transmitted as an aerosol containing 1-4 bacteria, which are in-
haled by another person. The bacteria can remain infectious several hours in 
the aerosol (Smittskyddsinstitutet, 2008). About 30% of people exposed to 
Mt become infected and 10% of them develop primary tuberculosis within 
one or two years. People with immunodeficiency, like those carrying an HIV 
infection, are more likely to develop TB than healthy young people. Al-
though up to 90% of the infected people have an effective immune response, 
they still carry the disease because their immune system forces the bacteria 
into a dormant state, also called the latent stage (Manabe, 2000), (Stewart, 
2003). 

A TB infection begins when the bacteria reach deep into the alveoli of the 
lungs where they are engulfed by macrophages. (Russell, 2001), (Kaufmann, 
2001). Here, the invading bacterium is recognized as an unknown cell, 
which needs to be eliminated. Macrophages are known to engulf pathogenic 
bacteria in vacuoles, which fuse with lysosomes inside the macrophage so 
that the invading bacteria are degraded. This is the first stage of the Mt infec-
tion, which can last for several months, during which the bearer is not infec-
tious.  

The TB disease develops when the immune system fails to stop the infec-
tion and the disease progresses to the second stage, pulmonary TB (within 
the lungs). Extrapulmonary and miliary TB develop when bacteria escape 
the immune system into the lymphatics and bloodstream, and reach other 
organs such as lung, liver, spleen, kidney, brain, or even the skeleton. When 
the macrophages are not activated, the bacteria grow within the vacuoles and 
escape the lysis in the lysosome by blocking the fusion between the vacuoles 
and lysosomes (Clemens, 1995), (Sturgill-Koszycki, 1994). 

Mt has the ability to survive inside the acidic environment of the vacuoles 
due to its lipid-rich cell wall. The bacteria multiply within the vacuoles until 
the macrophages burst (lyse) and the bacteria are released into the lung tis-
sue, where they are exposed to the immune response and phagocytozed by 
new macrophages (Dannenberg, 1994).  

If enough macrophages or other phagocytic cells are not recruited, a tu-
bercle is formed. Here, the bacteria continue to grow while the surrounding 
tissue is destroyed by the immune system. Cytokines, which are part of the 
immune response, trigger apoptosis of infected macrophages, and can 
thereby kill the bacteria. However, secretion of cytokines can cause lung 
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damage so that the transmission of the bacteria instead becomes more effec-
tive (Nguyen, 2005). 

The host immune system recognizes lipids, lipoproteins, and glycolipids 
expressed on the surface of Mt. By stimulating the release of cytokines, re-
ducing antigen presentation, and promoting apoptosis of infected cells, this 
signalling is important for the infection and formation of the granulomas 
(Stewart, 2003). These actions recruit more macrophages to the site of infec-
tion, which together with other phagocytic cells cause a granulomatous le-
sion, i.e. a fibrotic capsule around the infected macrophages.  

In this way, Mt can persist and form a long-term asymptomatic infection, 
also called latent tuberculosis (Stewart, 2003). Depending on the immune 
status of the host, post-primary TB can develop years or even decades after 
the initial infection. Little is known about the latent stage of Mt and more 
research is needed for understanding the biology of the bacterium in this 
state. The latent stage may also be a key to the eradication of TB. Targeting 
the latent stage with drugs could decrease the re-infection rate, and thereby 
the spread of TB. 

Diagnostics and vaccines 

The most common diagnostic test used to verify an infection of Mt is the 
“tuberculin skin test”. This test simply consists of a mixture of Mt antigens, 
which is applied subcutaneously. If the patient has been exposed to Mt and 
has produced antibodies, the skin will react by forming a red nodule within 
two days. Both latent and primary TB can be detected in this way. Primary 
TB can also be diagnosed by performing a chest X-ray, by analyzing sputum 
from the lungs, or by taking a tissue sample from other organs. 

The only TB vaccines used today originate from live attenuated M. bovis 
(BCG - Bacille Calmette-Guérin), developed by Calmette and Guérin in the 
1930s (Calmette, 1927), or from M. microti strains. The BCG vaccine in-
duces a similar immune response to the natural Mt infection, but only 50-
80% of the inoculated persons develop an immune response. Variation in the 
response is high between patients, probably due to genetic divergence in the 
development of antibodies. An immune system of an inoculated person an-
swers more quickly to an Mt infection because the antibodies are already 
present, and this results in quicker clearance of Mt from the body. However, 
the Mt infection is not eliminated by the immune response, only contained as 
a subsequent infection (Young, 2002). The M. microti vaccine is more effec-
tive (some 77% of people develop antibodies) than the BCG vaccine, proba-
bly due to its closer similarity to Mt. However, it can induce a severe in-
flammatory skin reaction, and is therefore not widely used (Manabe, 2002).  

In 1975, Sweden had the lowest TB incidence in the world (500 
cases/year) and mandatory TB vaccination was ceased 
(Smittskyddsinstitutet, 2008). Only children at risk of being exposed to TB 
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are still vaccinated. The vaccine induces an immune response that protects 
against miliary, and meningitis TB. Although the BCG vaccine is still used 
around the world, and children become less susceptible if vaccinated, the 
vaccine does not prevent primary TB. Furthermore, when diagnosing TB 
with the tuberculin test alone, the use of the BCG vaccine can result in a 
false positive skin test. 

Today, extensive research is being performed in order to develop new 
vaccines for TB. These vaccines target auxothrophic mycobacteria or the 
peptides in the bacteria’s cell envelope. Some vaccines have been shown to 
induce immunity in animal models; however, vaccines of mutated mycobac-
teria face the problem with lack of memory immunity. Furthermore, the cell 
envelope of live bacteria is dynamic, and dead Mt does not keep their full 
surface structure. Therefore attenuated Mt only provide poor protection 
against the disease (Cole, 2005). Development of vaccines aimed at the la-
tent form of TB is of high interest; however, such vaccines may trigger latent 
disease rather than sterilize lesions (Taylor, 2003). 

Treatment and current drugs 
With the discovery in 1944 of the first antiuberculosis drugs, streptomy-

cin and para-amino salicylate came the first effective treatment for TB. 
When even more effective drugs such as isoniazid and pyrazinamide were 
introduced in the 1950s, the eradication of the disease was thought to be 
imminent.  However, this turned out not to be the case.  

Today, the standard treatment for TB still involves the first-line drugs 
isoniazid, rifampicin, pyrazinamide and ethambutol (or streptomycin), which 
show reduced effect on non-replicating cultures since they target processes 
involved in cell division, transport, and cell-wall synthesis. A course of 
treatment with isoniazid and rifampicin normally takes at least 6 months, but 
does provide a cure rate of 95%. However, if the drugs are not taken on a 
regular basis, MDR-TB may arise, for which up to two years of treatment is 
required. In order to avoid the emergence of MDR-TB, a cocktail of all four 
first-line drugs is recommended. Due to side effects or the emergence of 
MDR-TB, second-line drugs can be introduced. These are less efficient, 
more expensive, and can cause even more severe side effects than the first-
line drugs. Furthermore, the rise of extensively drug resistant TB (XDR-TB) 
clearly limits the treatment options. 

Drug resistance 

Bacteria can become resistant to drugs in many ways, of which one is 
self-mutation. The resistance may be caused by a point mutation in the target 
protein, which can change the sensitivity for the drug to the extent that it is 
no longer effective. Mutations often evolve when a bacterium is exposed to 
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changes in its environment, such as a shift in temperature or pH, lack of nu-
trition, or drug pressure forcing it to slow down its life cycle. It is sufficient 
for one single bacterium to develop resistance to a drug to cause an outbreak 
of drug-resistant bacteria. The bacteria not resistant to the drug die, while the 
resistant bacteria can multiply unaffected. An MDR-TB strain is defined as 
being resistant to at least two of the first-line drugs, whereas the XDR-TB 
bacteria show resistance to both first- and second-line drugs. This clearly 
emphasizes that patients need to take antituberculosis drugs on a regular 
basis, and that more than one drug needs to be taken simultaneously.  

Approximately 95% of all TB cases are found in the developing coun-
tries, where poverty is prevalent and the health care systems are inadequate. 
Many people are unwilling or unable to continue the long, unpleasant and 
expensive treatment, and are thereby at great risk of developing resistant 
bacteria. People with latent TB and without any visible symptoms are even 
more difficult to persuade to continue their therapy. Therefore, the DOTS 
(Directly Observed Treatment Short course-) program was initiated by the 
WHO in the year 2000. The mission for the DOTS-program is to improve 
patient compliance by having an independent observer (e.g. nurse) watch as 
the TB patient swallows their drugs for a period of at least two months. The 
program turned out to be an effective approach to decrease resistance and 
death by TB (Cole, 2005), although expensive because of the increased need 
for personnel. 

However, the spread of MDR-TB is still not fully controlled; approxi-
mately 5% of the 9.2 million new TB cases estimated in 2008 will be MDR-
TB cases (WHO, 2007), (WHO, 2008). In Sweden, the number of new TB 
patients increased by 40% during 2003 – 2005, and after the period 1991 – 
2006, the number of patients with Mt resistanct to both isoniazid and rifam-
picin tripled (Smittskyddsinstitutet, 2008). 

Novel drugs 
No new classes of TB drugs have been approved during the last 40 years. 

Fluoroquinolones, nitroimidazoles, pyrrole, and diamine are examples of 
novel compounds that are considered to be potential new TB drugs and that 
currently are in the development pipeline. However, they are either in phase 
1 or 2 clinical trials, which means that they have not yet been approved for 
tests in larger patient populations (Spigelman, 2007). If they eventually are 
approved, they will still have to be evaluated with respect to their efficiency 
and toxicity, which can be quite time consuming.  

A perfect drug should be specific, non-toxic to the patient, suitable for up-
take through the bacterial cell membrane, easy to administer to patients, 
inexpensive, and it should also be suitable for combinatorial treatment with 
other drugs (e.g. HIV protease inhibitors) (Sassetti, 2003a), (Spigelman, 
2007), (Zhang, 2006). Even if it sounds impossible to combine all these 
characteristics, there are also certain chemical guidelines for the design of 
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drugs. The Lipinski “Rule of Five”, describing which properties are optimal 
for an orally active drug, states that: poor absorption or permeation is more 
likely when there are more than five hydrogen bond donors (nitrogen or 
oxygen), more than ten hydrogen bond acceptors (nitrogen or oxygen), the 
molecular weight is over 500 g/mol, and the partition coefficient, logP, is 
over five (Lipinski, 2001). However, these criteria were developed in the 
contex of e.g. cancer drugs, and it is not clear how far they can be applied to 
antimicrobial compounds. Furthermore, many effective natural compounds 
violate the rules. 

Although treatment of active TB is possible, dormant bacteria are not 
susceptible to present antituberculosis drugs. It is almost impossible to com-
pletely sterilize TB lesions, which may later lead to re-infection (Zhang, 
2006). Development of drugs that target the dormant bacterium should there-
fore be of highest interest. On the other hand, a drug that forces the bacte-
rium into the latent stage may prevent disease and control the spread. This 
may be a way to handle MDR-TB outbreaks and keep TB under surveillance 
until it is eradicated. 
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General Methods 

 Here, I describe the commonly used technologies for the experimental 
work in this thesis. These are approaches from basic molecular biology, such 
as cloning, expression, and protein purification, to protein crystallization, 
and X-ray crystallography. This chapter thus serves as a general review of 
the methods that can be used by an X-ray crystallographer. 

Targeting M. tuberculosis 
In this thesis I have focused on proteins from Mycobacterium tuberculosis 

and Mycobacterium smegmatis. The proteins were selected with the aim of 
solving their 3D structures, and analyzing them in order to reveal informa-
tion about their function in the host organism, including molecular interac-
tions, similaritites to other proteins, and possible inhibitory properties for 
structure-based drug design. Here, I describe a common approach for select-
ing proteins as drug targets. 

A drug that binds to a protein (drug target) may slow down the catalytic 
rate if it is an enzyme, otherwise it inactivates the protein. A suitable drug 
target is classified as essential for an organism, fairly different from host 
proteins to avoid cross-inhibition, and easily accessible to the drug once it is 
in the cell. It is important to understand as much as possible about the biol-
ogy of Mt, in order to find essential pathways and metabolic reactions crucial 
for the organism’s survival. Mt and other bacteria have several unique path-
ways, compared to mammals, which can be exploited for drugs.  

Other potential drug targets could be proteins associated with the unique 
and complex cell wall of Mt. The cell wall is on the whole a safe shelter for 
the bacterium, difficult to breach. However, the bacterium has several unique 
pathways involved in cell wall synthesis. Proteins within these pathways are 
likely to be essential, like those of the fatty acid synthase (FAS) systems, 
making them attractive targets for drug development (Bhatt, 2005), (Parish, 
2007). Furthermore, the cell wall of Mt is involved in the interception of 
lysosome fusion, which is an important defense, as it allows the bacterium to 
survive inside the macrophage. 

When selecting a target protein, there are other aspects that may be con-
sidered. For instance, targeting proteins similar to ones present in symbiotic 
microorganisms populating the host (e.g. E. coli) could impair the host im-
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mune response and health. However, targeting proteins similar to other 
pathogenic organisms could be beneficial.  

For this thesis, targets were selected for detailed X-ray crystallography 
studies partly on the basis of their identification as essential genes in Mt. A 
previous study by Sassetti and coworkers identified 194 Mt genes that are 
essential to Mt growth in a mouse model of TB (Sassetti, Rubin 2003). Other 
studies of Mt infection were carried out under in vitro conditions believed to 
mimic key stages in the microbial life cycle, and suggested additional sets of 
essential Mt genes (Betts, Sassetti 2001, Sassetti 2003, Sherman 1995). 
However, the sets of genes predicted to be essential by these different studies 
have very little overlap, making it difficult to rely on them as true measures 
of essentiality. In any case, they presumably give a reasonably good starting 
point for selecting proteins that are essential under at least some circum-
stances. Proteins involved in mportant metabolic pathways, hypothetical 
proteins, and proteins involved in the latent stage of the bacteria were also 
considered as sources of potential drug targets. 

Isolating a gene 
Generally, after a target of interest has been selected, the gene coding for 

that protein is isolated and amplified from total Mt DNA (or a cosmid). Am-
plification is carried out in a PCR reaction containing the target DNA, two 
oligonucleotide primers, polymerase, and dNTPs in a suitable buffer. The Mt 
genome is more GC rich than the average genome, and specific primers 
could therefore be difficult to design. In a second PCR step, an oligonucleo-
tide coding for an N-terminal 6xHis-affinity-tag (or 4xHis) is added to facili-
tate protein purification, see below. The amplified gene is cloned into an E. 
coli vector e.g. pCR®T7/CT-TOPO®, or pET101/D-TOPO® (Invitrogen), 
and transformed into E. coli TOP10’ for growth on agar plates. Two or more 
colonies are isolated, and vector DNA is purified with a mini prep spin pro-
tocol (Qiagen), and analyzed by DNA sequence analysis, here at Uppsala 
Genome Center, Rudbeck Laboratory. Clones with the correct sequence are 
further subjected to recombinant protein expression in E. coli. 

Expression of a protein 
Recombinant protein can be produced in various expression systems. The 

cloned vector can be transformed into E. coli especially designed for recom-
binant protein expression. Here, either BL21-AITM, BL21(DE3), or Rosetta 
(Invitrogen) were used. These strains differ with respect to induction, control 
of basal level expression and availability of tRNAs for non-bacterial codons 
(rare codons). BL21- AITM is suitable for expressing proteins toxic to E. coli, 
and Rosetta has a set of tRNAs for rare codons.  
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Successful recombinant protein expression involves solving problems at 
different levels. For efficient translation, it is of importance which codons 
following the start codon ATG. The insertion of GCT, which codes for 
alanine, has the effect of a strong translation start, and the expressed protein 
will have a long lifetime in E. coli. The following codons should not be GC 
rich, since this might lead to hairpin formation, which causes the ribosome to 
arrest during translation. Furthermore it is important that there are no clus-
ters of rare codons in the gene, which may lead to translation stops. Rare 
codons must therefore be resolved by mutation or exchange of wt sequence 
for synthetic DNA.  

The expressed protein can fold into its 3D structure spontaneously or with 
the help of chaperones. It is vital that all the folding triggering signals (sec-
ondary structure elements) are present in the expressed amino acid sequence. 
In order to take care of all these aspects, it is routine to test a number of ex-
pression vector constructs. The variations between these constructs may 
involve elongations, truncations, addition of a fusion-protein, exchange of 
natural gene sequences for synthetic DNA, etc.  

Furthermore, the recovery of a soluble protein (correct folding) is de-
pendent on a number of parameters during protein synthesis. By varying the 
growth medium, inducing agent, temperature, and pH, or combination 
thereof, the optimal growth rate for protein expression can be determined. 
The temperature for maximal expression is normally +37�C, at which E. coli 
has a generation time of 20 – 30 minutes. However, expression at room tem-
perature and as low as at +16�C was sometimes applied in order to optimize 
the expression. The most common medium for growing E. coli is Luria broth 
(LB), which is a suitable mixture of nutrients for E. coli; however by chang-
ing the growth medium to M9 medium, which is a minimal carbon source 
medium, the generation time is 2 to 3 times longer, and level of expression is 
thereby easier to control. Several constructs and expression conditions were 
tested in the optimization process of the expression protocols for Mt proteins 
in this thesis.  

Purification 
To obtain a protein sample suitable for enzymatic analysis and crystallog-

raphy, the protein of interest has to be purified from the E. coli proteins. A 
6xHis-tag facilitates purification by immobilized-metal affinity chromatog-
raphy (IMAC). The E. coli lysate is applied to a Ni-NTA-column (Qiagen), 
to which protein carrying a His-tag binds, whereas the native E. coli proteins 
are washed out. By increasing the concentration of the competing compound 
imidazole, the His-tagged protein can then be released from the Ni-NTA 
resin. Although this is an efficient purification step, some E. coli proteins 
may bind non-specifically to the resin or to the target protein, therefore at 
least one additional purification step is required. Most frequently used is 
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size-exclusion chromatography, which separates proteins according to the 
size of the molecule. Several factors may be considered when trying to ob-
tain a homogenous protein solution. Temperature, pH, ionic strength, and 
stabilizing agents will affect the purification process. After purification, the 
protein is concentrated to the desired concentration e.g. 5 – 20 mg/ml, and 
subjected to crystallization, enzymatic analysis, or storage at –20�C or –
80�C for later experiments. An alternative storage form is as ammonium 
sulfate precipitate at +4�C. 

Crystallization 
Although crystallization of a protein is in itself a purification step, one 

generally desires that the protein is already highly pure. The main goal of 
crystallization is to obtain well-ordered, large protein crystals that can be 
subjected to X-ray crystallography. For a protein to crystallize, it must reach 
the thermodynamically unstable state of supersaturation. By slow decrease 
of the water available for hydration, the protein molecules come closer and 
interact with each other, without disturbing the underlying 3D structure of 
the protein, and thereby build up a 3D cluster of protein molecules, i.e. a 
protein crystal. Many factors are involved in this process, such as tempera-
ture, pH, ionic strength, nucleation, concentration, and precipitant. The way 
in which a precipitant forces the protein into a phase separation (i.e. from the 
liquid state into the solid one) varies, depending on the nature of the precipi-
tant. Salts do it by competing for the water of solvation, polymers by volume 
exclusion, and organic solvents by changing the dielectric constant. Com-
mon precipitants are ammonium sulfate, polyethylene glycol (PEG), and 
isopropanol.  

Some proteins have never been crystallized (and might never be), whereas 
other proteins crystallize within minutes, days, or months. The knowledge 
about the formation of a crystal is poor. However, extensive research is on-
going to find the most suitable crystallization conditions that produce crys-
tals best. Such conditions trials can be found in commercial crystallization 
kits, and they allow multiple conditions to be screened simultaneously for 
one protein. Crystals may grow directly in the initial screen, but usually only 
indications of crystal growth are seen in one or several screen conditions, 
which can be used as starting condition for further optimization. 

A common crystallization set up is performed by the vapor diffusion 
technique, either by hanging or sitting drops. In a sitting-drop experiment 
one �l protein solution is placed on a ledge in a chamber filled with precipi-
tant into the reservoir. Thereafter one �l of the precipitant is mixed with the 
protein drop, and the chamber is sealed with tape. The concentration of the 
precipitant is lower in the protein drop on the ledge than in the bottom of the 
chamber. Water diffuses via the vapor phase from the drop to the bottom 
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solution until the vapor pressures are in equilibrium with each other. Crystals 
can grow only after supersaturation and spontaneous nucleation occur. How-
ever, too high supersaturation levels lead to too much nucleation, which 
results in amorphous precipitate. The nucleus is an ordered aggregate that 
other protein molecules can attach to and continue to build up a 3D repetitive 
pattern onto. As long as there is high enough concentration of soluble, ho-
mogenous protein solution in the drop, the crystal will continue to grow. 
Therefore, two important factors for nucleation are the concentrations of 
both the protein and the precipitant. There are, however, methods to initiate a 
nucleation event in the drop without having to rely on the stochaistic event 
of spontaneous nucleation, one can instead seed with micro crystals or other 
heterogeneous nucleateants. Even dust can serve as a (often unintentional) 
nucleation site.  

Sometimes crystals need to be reproduced and optimized in order to ob-
tain bigger crystals for easier handling and to grow well-ordered crystals for 
high-resolution data-collection. The crystals should also grow within a rea-
sonable amount of time. To improve the crystals, the experiment is repeated 
in a solution similar to the precipitant but with minor variations of the factors 
earlier explained. When the best crystallization condition is known for pro-
ducing crystals, a batch experiment can be applied to repeat and multiply the 
crystal growth. The protein drop and the bottom solution are set up in an 
already equilibrated state and seeded immediately. This method is fast and 
very useful to produce identical crystallization drops, but also for arranged 
improvement of crystals. In the batch experiment, one avoids nucleation at 
wrong concentration, commonly for vapor-equilibration experiments, which 
may induce heterogeneous crystal growth. 

There are many cases in which crystals will not appear even if supersatu-
ration is perfect for nucleation. This is common when the protein molecule 
e.g. possess hydrophilic residues on the surface, contain highly flexible 
parts, contain cysteines accessible for disulfide formation, aggregate together 
in an un-ordered form, or need a co-factor, additive, or ligand to stabilize its 
3D structure. To circumvent these obstacles, models of homologous proteins 
with known structures can offer information about the characteristics of the 
molecule, with respect to surface residues, flexible parts, oligomeric states, 
etc. A crystallographer may be forced to clone a new construct of the gene 
using this information about homologous proteins to obtain a protein that is 
crystallizable. However, this is not always a reliable approach to obtain crys-
tals, which will be discussed in the last section “Rv2210c”. 
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X-ray crystallography 
Why are we solving 3D protein structures?  

The aim of X-ray crystallography is to determine the three-dimensional 
structure of a protein of interest. The structure of a protein reveals much 
information about the protein function and the organisms’ features. It may 
also offer insights into how current drugs interact with the protein, and it 
may facilitate the design of new inhibitors. This knowledge can even lead to 
redesign of the protein to enhance its stability, catalytic efficiency, or other 
desirable properties.  

One needs to be aware that the crystal structure may not be completely 
representative of the physiological state of the protein. The crystal structure 
is only a model of the protein constrained in a macro crystal. Although some 
protein models may diverge from the physiological reality, the majority of 
crystal structures offer important and relevant knowledge about the protein.  

The insights into protein structures are of high importance for the com-
munity and researchers within different areas. Therefore, the final structure 
is often published in the Protein Data Bank (PDB). The information of the 
protein structure, such as sequence, crystallization condition, measured in-
tensities, and the coordinates of the structure, is assigned a unique four-digit 
PDB code. The information is available in the database for researchers to 
download and display for their analyses. Today more than 53000 protein 
structures solved by X-ray crystallography, nuclear magnetic resonance, or 
electron microscopy are available at the PDB. Approximately 250 of them 
are structures of Mt. 

Crystal diffraction 
Well-ordered protein crystals possess repetitive information about the 3D 

structure of a protein molecule. By subjecting the crystal to an X-ray beam, 
X-rays scattered from the electrons of the atoms in the protein can be meas-
ured. Thereby, detailed information of the atomic positions in the protein can 
be obtained. An X-ray beam is, for example, produced when accelerated 
electrons hit metal. The energy released as X-ray photons, electromagnetic 
radiation of wavelengths 0.5 – 1.6 Å, are scattered by the electrons of the 
crystal. This coherent scattering generates a diffraction pattern that can be 
analyzed on a detector. From the diffraction pattern, extensive calculations 
can find the positions of the atoms. As the crystal is rotated, several images 
of the diffraction pattern can be collected. More images provide greater ac-
curacy of the measured data. However, crystals may not survive during long 
X-ray exposures. Therefore, the data-collection is often a compromise be-
tween the numbers of images i.e. completeness, resolution, and accuracy 
depending on the quality of the crystal. 
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There are approaches to collect useful data despite weakly diffracting 
crystals, such as collecting data on several crystals with the same crystal 
packing, or collecting a low and a high-resolution data set on the same crys-
tal, and scale the data sets together. However, well-ordered crystals are pref-
erably produced from the beginning to avoid poor data-collection.�

Data-collection is normally performed at –195�C at a synchrotron or at a 
small home-source, for example a copper-rotating anode. Before data-
collection, the crystals can be flash-cooled and stored in liquid nitrogen in a 
Dewar, which can also be used for transporting the crystals. To survive the 
flash-cooling, the crystals are pre-soaked in suitable cryo-protectant (precipi-
tant containing e.g. glycerol or PEG) beforehand. 

The phase problem 
In order to reconstruct the protein structure from the diffracted X-rays, the 

phases and amplitudes of the structure factors have to be identified. With all 
information gathered, the electron density i.e. the distribution of electrons, 
can be calculated and mapped, due to the fact that the electron density is the 
sum of the structure factor contribution of each reflection. The structure fac-
tor has an amplitude and a phase, and both are required for the summation. 
The amplitude can be directly obtained from measured reflection intensities, 
but the phase needs to be acquired in another way. This is the phase problem 
of X-ray crystallography. Without the phase, the electron density of the pro-
tein structure remains unknown. 

A protein with high homology to an already solved protein can obtain the 
phases for its structure from the model structure by a technique called mo-
lecular replacement. By using the coordinates from the model, initial esti-
mates of the phases can be calculated for the protein structure of interest. 
Other techniques like isomorphous replacement, and multiple-wavelength 
anomalous dispersion (MAD) can provide phase information. By introducing 
heavy atoms into the protein, the differences in intensity of the diffracted 
beams can be measured and used for phasing. 

The wavelength-dependent scattering from heavy atoms can be used to 
obtain phases by measuring the anomalous signal with the multiple-
wavelength (or single: SAD) anomalous dispersion method. In the MAD 
method (Hendrickson, 1991), data are collected from one single crystal, on 
the absorption edge of the heavy atom, and at different wavelengths, using 
the dispersive differences to locate the heavy atoms, whereas the SAD 
method applies only the anomalous signal for one wavelength. Accurate 
measurements are important, which can be obtained by measuring the same 
reflection several times. The anomalous signal is used in the Patterson func-
tion to find the positions of the heavy atoms, and from them the phases can 
be calculated. 

Incorporation of selenomethionine (SeMet) into the protein, instead of 
methionine, during protein expression can be used for anomalous scattering 
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(Smith, 2001). Although the contribution of the selenium atom is small, a 
single crystal is used resulting in smaller errors and the differences can be 
used to calculate the selenium positions and hence initial phase information. 
Anomalous scattering data can also be collected on a native crystal contain-
ing sulfur atoms (methionines, cysteines), with the sulfur-SAD method. High 
redundancy data are collected at the wavelength optimal for sulfur reso-
nance, and phases are obtained from the differences in anomalous signal 
from the sulfur to the rest of the protein. 

Detailed instructions to X-ray crystallography can be found in (Rhodes, 
1993), (Drenth, 1999), (McPherson, 2003).  

Model building and refinement 
In a molecular replacement search, the model from a known, similar, pro-

tein structure is rotated and translated to find one or several protein mole-
cules. A sequence similarity above 30% could be enough for homology 
modeling. In MAD or SAD phasing, there is no model, only the Patterson 
peaks of the heavy atoms, from which the phases are roughly calculated. The 
phases obtained are used as rough estimates for calculating the electron den-
sity from the measured reflections. If the phase estimates are adequate, the 
electron density can be calculated. However, electron density from only 
measured reflections is usually not accurate enough to allow a complete final 
model to be built. Therefore the electron density is subjected to density 
modification, resulting in improved phases. When a more accurate electron 
density map has been obtained, a model can be built atom by atom. It might 
be useful to run a main-chain tracing program.  

The first model from a molecular replacement search contains errors. The 
model can be improved by methods that adjust the model so that diffraction 
amplitudes calculated from the model fits the observed amplitudes from the 
experiment. This process, known as crystallographic refinement, is com-
bined with repetitive interactive re-building of the model. Each round of 
calculation will generate an improved map, which is used for further build-
ing of the model.  

As the final model of a protein structure appears, it can be validated to de-
termine the quality of the structure. The validation indicates whether the 
structure solution is reliable or not. The statistics of a validation may express 
if the atomic positions are reliable for the resolution at which the data were 
collected. For example, the conformation of an inhibitor molecule might be 
difficult to determine because of errors in the model, or dynamics in the 
structure. Another validation factor is for example the �I�/��I� (intensity di-
vided by its standard deviation), which is a rate for the signal to noise in the 
experimental data. Rfactors are used to validate the improvement of the re-
fining. The r.m.s. deviations from ideal bond lengths and bond angles are 
used to validate the stereochemistry. 
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Visualizing a protein structure 
For structure analysis the protein model can be displayed as a three-

dimensional object with a molecular graphic program. Secondary elements 
can be identified by cartoon rendering with arrows (�-strands), spirals (�-
helices), and lines (loops) to simplify the depiction of the fold of the protein. 
The amino acids and their residues can be color-coded according to their 
properties to make their interpretation easier. However, extensive analysis of 
a protein structure demands knowledge about the chemical properties of the 
atoms. How far a hydrogen bond can reach, how hydrophobic residues inter-
act, or what conformations a residue can adopt, are important for making a 
correct cartoon. 

 
In the next chapter, I present three mycobacterial protein structures solved 

by X-ray crystallography as a part of my doctoral thesis in structural biology.
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Introduction to the unknown 

Paper I and Paper II in my thesis, describe the structures of two proteins 
annotated as conserved hypothetical proteins with unknown function. Re-
cently, the Mt genome was re-annotated followed by the assignment of 48% 
genes coding for conserved hypothetical or unknown proteins (Camus, 
2002). Many of the conserved hypothetical genes were predicted to be in-
volved in lipid metabolism and cell wall processes. Mt contains a wide vari-
ety of lipid and polyketide biosynthesis pathways and is able to produce a 
diverse assembly of lipids. However, the degradation of exogenous fatty 
acids (�-oxidation) is even more complex and varying (Cole 1998). The Mt 
genome contains approximately one hundred genes predicted to be involved 
in the �-oxidation of fatty acids in addition to the FadA/FadB �-oxidation 
complex. 

The synthesis of fatty acids in Mt is regulated by two fatty acid synthase 
systems, FAS I and FAS II (Takayama, 2005). FAS I is a single, multifunc-
tional enzyme which catalyses all the steps in the synthesis of short-chain 
fatty acids. These are transported into the FAS II system, which has a similar 
functions to FAS I; however, it consists of different enzymes that co-interact 
instead of different domains as a multifunctional enzyme like FAS I. The 
FAS I enzyme, and most of the FAS II subunits, have been identified in Mt 
(Cole 1998). Two of the FAS II enzymes, the FabA-like �-hydroxyacyl-ACP 
dehydratase (FabZ) and 2-trans-enoyl-ACP isomerase (FabM), have yet to 
be characterized in Mt. The fatty acid synthesis of Mt is suggested to be an 
essential pathway and has potential for development of anti-tuberculosis 
drugs (Heath, 2001).  

The genes rv0216 and rv0130 code for conserved hypothetical proteins in 
Mt. In the genome, these genes are surrounded by genes predicted to be in-
volved in various metabolic pathways of fatty acids (Cole 1998). This sug-
gests that the proteins may be involved in biosynthesis, or degradation, of 
fatty acids.  

The Rv0216 and Rv0130 proteins were studied by X-ray crystallography, 
and their structures were refined to 1.9 and 1.8 Å resolution, respectively. 
The final structure coordinates and structure factors were deposited to the 
Protein Data Bank with entry codes 2BI0 (Rv0216) and 2C2I (Rv0130). 
Structure and function analyses of these proteins are reported in the two fol-
lowing chapters. 
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Conserved hypothetical protein Rv0216  
(Paper I) 

Why Rv0216? 
The gene rv0216 in M. tuberculosis was one of 194 genes reported as es-

sential for mycobacterial growth in vivo (Sassetti, 2003b). The gene product, 
referred to as Rv0216, was annotated as a conserved hypothetical protein of 
unknown function (TubercuList, 2008) and was suggested to be unique to 
mycobacteria (Cole, 2002b), (Marmiesse, 2004). This target was part of the 
X-TB collaboration and classed as a recombinantly insoluble protein before 
it was handed over to the RAPID-group. 

Cloning, purification and crystallization 
The rv0216c gene was cloned with a 6xHis-affinity tag and expressed in 

the soluble fraction as both native and selenomethionine-substituted protein 
(SeMet protein). Both protein types were purified by size-exclusion chroma-
tography, in a buffer consisting of 20 mM Tris pH 7.5, 150 mM NaCl, and 
10% glycerol. The proteins eluted in both monomer (~36kDa) and dimer 
(~72kDa) fractions, and were pooled. Mass spectrometry analyses indicated 
that 2.4 seleniums per 337 residues were incorporated in the SeMet-
substituted protein. A crystallization screen, JBScreen HTS I (Jenabio-
science), was set up with native protein. Initial crystals were obtained in 
20% PEG4000, 600 mM NaCl, and 100 mM Na MES pH 6.5 (Figure 1A). 
SeMet-protein crystallized in different shapes in, 18% PEG10.000, 20% 
glycerol, 100 mM Tris pH 8.5, and 100 mM NaCl, and in 16% PEG4000, 
100 mM Tris pH 8.5, and 200 mM NaAc. Crystals were optimized by adding 
1 �l of 4.3 mg/ml SeMet-protein solution to 1 �l of the reservoir buffer con-
taining 100 mM MES pH 6.5, 1.3 M (NH4)2SO4, 4% PEG400, and 10 mM �-
mercaptoethanol. Hexagonal crystals grew to a size of 0.2x0.2x0.4 mm3 
within 4 weeks (Figure 1B). The crystals were flash-cooled in liquid nitro-
gen, in a cryo-protectant containing the reservoir buffer with 25% glycerol, 
three days before data-collection.  
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Figure 1. Crystals of Rv0216 in space group p6322. (A) Needle-like crystal from the 
initial crystallization screen. (B) Optimized crystals with a size of 0.2x0.2x0.4 mm3. 

Data-collection and structure determination 
One native data set was collected to 1.9 Å, at beamline ID14 EH2, ESRF. 

Although several attempts were made to collect data from native crystals 
soaked with different heavy atoms (Ag, Au, Pb, Pt, or W), heavy atom sig-
nals could not be detected. However, MAD data could be collected from one 
SeMet crystal at beamline ID29, ESRF. Three data sets were collected at the 
Se-absorption edge. One at the peak to 2.8 Å, one at the inflection point to 
2.6 Å, and one remote to 2.5 Å. An additional high-resolution (1.9 Å) peak 
data set was collected since the crystal was still intact but the data was not 
complete.  

The data were indexed, integrated and scaled in the P6322 space group us-
ing the HKL suite (Otwinowski, 1997). A Matthews coefficient of 2.2 Å3 
Da-1 indicated one monomer in the asymmetric unit with a solvent content of 
44% (Matthews, 1968). The structure was solved by MAD (Hendrickson, 
1991). Two heavy atom peaks were found in the Patterson-map of the low-
resolution Se-peak data set (2.8 Å) with the RSPS program (Knight, 2000). 
MLPHARE (Otwinowski, 1991) was used to refine the Selenium sites and 
calculate phases. The third selenium site was found by difference Fourier 
analysis. Initial MAD phasing to 2.8 Å was carried out with SHARP (de la 
Fortelle, 1997) and extended to a resolution of 1.9 Å using SAD phasing on 
the additional peak data. Density modification by subsequent solvent flatten-
ing and histogram matching using DM (Cowtan, 1998) was used to improve 
the maps. A skeleton model of Rv0216 was built with O (Jones, 2004) and 
refined to 1.9 Å against the native data set with REFMAC5 (Murshudov, 
1997). Data collection and refinement statistics are given in Paper I, Table 1 
and 2. 
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Overall structure 
The Rv0216 molecule is a monomer of 337 residues that consists of two 

very similar domains with an interdomain linker (residue 158 to 191) that 
reaches over the whole molecule with a distance of 58 Å. The full structure 
and a topology diagram are shown in Figure 2A – C. 

 
Figure 2. (A) Overall structure of Rv0216 DHD monomer, facing the concave sur-
face. The monomer is colored from red to blue, N- to C-terminal. (B) Tilted mole-
cule. The interdomain linker (green) reaches over the convex surface of the mole-
cule. (C) Topology of the Rv0216 monomer, color-coded as the overall structure. 
(D) Superposition of the N-terminal (red) and C-terminal domain (blue) of Rv0216, 
and the R-hydratase of Aeromonas caviae, PDB code 1IQ6 (green).  

Rv0216 exhibits a double hotdog-fold (DHD) that consists of two anti-
parallel five-stranded �-sheets, each wrapped around a long and short �-
helix. The �-sheets pack side-by-side to form an extended 10-stranded �-
sheet. Although the sequence similarity between the domains is only 16%, 
they can be superimposed to each other with a r.m.s. deviation of 1.9 Å for 
121 C� atoms (Figure 2D), which suggests that Rv0216 has evolved through 
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gene duplication of a gene coding for an original single hotdog-fold protein 
(SHD). The central �-helix (hotdog-helix, �3 and �6) in both domains packs 
onto the concave surface of the �-sheet. The region between the first �-
strand (�1 and �6) and the hotdog-helix folds to form a lid that interacts with 
the hotdog-helix from the other domain. In the C-terminal domain, this lid 
structure contains the putative active site residues.  

The protein sequence contains several conserved residues between the 
domains that seem important for the folding of the Rv0216 structure (Paper 
I, figure 4). A conserved loop with the motif 106/286GDTLY is situated be-
tween �2 and �3 in the N-terminal domain, and between the �6 and �7 in the 
C-terminal, which also lies close to the putative active site residues. Two 
other conserved motifs are 134/308GLR and 144/324DRxVLD that form a hydro-
gen bond between Arg136 and Asp149. 

Similar structures 
Each domain of the Rv0216 protein is very similar to known structures of 

hydratase proteins, which are functional homodimers with the single hotdog-
fold (SHD), or proteins that exhibit a double hotdog-fold (DHD). These pro-
teins are structurally similar to the domains of Rv0216 and can be superim-
posed with an RMSD of 1.9 – 2.3 Å but the sequence identity to Rv0216 is 
at a maximum of 16.3 % (Paper I, Table 3). Some of these similar proteins 
are hydratases that use coenzyme A-derivatives or acyl-thioesters as sub-
strates. 

A structure-based comparison with Rv0216 in the DaliLite database 
(Holm, 2000) indicated that the two most similar SHD protein structures are 
annotated as a monoamine oxidase (MaoC) regulatory protein from Ar-
chaeoglobus fulgidus with PDB code 1Q6W (Fedorov et al. unpublished), 
and a R-specific enoyl-CoA hydratase from Aeromonas caviae with PDB 
code 1IQ6 (Hisano, 2003). Although these proteins are structurally similar to 
Rv0216, the sequence is not conserved except for some specific features like 
the GDTLY motif, loops important for folding and a few active site residues. 
The latter enzyme is a hydratase that catalyze the R-specific hydration of 2-
enoyl-CoA intermediates to a 3-hydroxyacyl-CoA product.  

The most similar DHD fold protein has only 8% sequence identity to 
Rv0216. It is the 2-enoyl-CoA hydratase 2 from Candida tropicalis, PDB 
code 1PN4 (Koski, 2004), which is active in the peroxisomal �-oxidation of 
fatty acids. It contains an interdomain linker similar to Rv0216 that reaches 
perpendicular over the extended �-sheet with a distance of ~39 Å.  

The hotdog-fold proteins share a similar active site. The SHD proteins 
exhibit two active sites where the ligands enter into the cavity formed by the 
subunits, and the DHD proteins contain only one active site where the 
ligands are located in the C-terminal domain, see Figure 4A. 
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The catalytic residues of the eukaryotic hydratases are highly conserved. 
The sequence of DxNP(LIV)H is part of the hydratase 2 motif (Qin, 2000) 
here referred to as DxxxxH, where the histidine is the catalytic residue and 
the aspartic acid is important for the activation of a water molecule involved 
in the hydration. A hydratase reaction mechanism has been suggested 
whereby the aspartic acid abstracts a proton from a water molecule, which 
attacks the C3 atom of a 2-enoyl substrate. At the same time a histidine do-
nates a proton to the C2 carbon atom of the substrate. From above, the amide 
group of a glycine forms a hydrogen bond to the carbonyl group of the thio-
ester to hold the substrate in a favorable orientation for the hydration 
(Leesong, 1996), (Hisano, 2003). The hydratase motif DxxxxH is conserved 
in several hotdog-fold structures, however, in FabA, dehydratase-isomerase 
(1MKA), the catalytic residues derive from different subunits (His70, 
Asp84*). See Figure 3 for an example of a hydratase/dehydratase reaction. 
The conserved sequence motifs in Rv0216; GDTLY, GLR, and DRxVLD, 
are not conserved among the hydratases. 

 
 

Figure 3. The hydratase/dehydratase reaction. The unsaturated (E)-2-decenoyl-CoA 
(from the left) is hydrated to (R)-3-hydroxydecanoyl-CoA. In the reverse reaction 
(from the right) is the C3 carbon atom dehydrated. 

Putative active site 
The Rv0216 protein contains one structurally conserved active site similar 

to DHD enzymes and similar to one of the active sites in the SHD enzymes. 
The catalytic residues, Asn232 and His237, are positioned to coordinate a 
water molecule as observed in hydratase structures, see Figure 4B. Rv0216 
however lacks the aspartic acid, instead exhibiting an asparagine at this posi-
tion; NxxxxH (Figure 4C). Gly250 that orients the substrate in many of the 
hydratases is conserved in Rv0216 (not shown).  

Another conserved feature between Rv0216 and the hydratase active sites 
is the hotdog-helix, which with its dipole and main-chain nitrogen of Gly250 
and Gly251 could stabilize the binding site for an enol/enolate-like substrate. 
Although the putative active site of Rv0216 is about the same size as the A. 
caviae R-hydratase, the residues lining the cavity are not completely con-
served compared to the known structures.  

The end of the Rv0216 cavity contains the residues Ser81, Thr85, Asn91, 
Tyr94, and Arg152, whereas the Tyr249 and His279 line the entrance of the 
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cavity. The residues in the Rv0216 cavity are not conserved in the hydrata-
ses, which suggest that the active site pocket is able to host different ligands. 
Furthermore, the active site of Rv0216 seems to be an enclosed cavity rather 
than a tunnel (Figure 4D). The surface for substrate binding differs slightly 
between the proteins. One partly conserved stretch, 90ANLFYR of the �2, is 
part of the �-sheet extension, and makes up the active site and the entrance 
of the substrate path. 

 
Figure 4. (A) Superposition of Rv0216 and substrate analogues of three hotdog-
folded enzymes indicates the putative substrate entrance in Rv0216. (B) The puta-
tive substrate-pocket of Rv0216 and its putative catalytic residues Asn232 and 
His237 (dark red), superimposed with the active sites of the E. coli dehydratase-
isomerase, 1MKA (pink), the Arthrobacter sp. thioesterase, 1Q4T (dark grey), and 
the C. tropicalis hydratase 2, 1PN2 (gold) with its ligand 3-hydroxydecanoyl-CoA. 
(C) The putative substrate pocket of Rv0216 (grey) superimposed with the active 
site of A. caviae R-hydratase, 1IQ6 (orange). (D) The putative substrate pocket of 
Rv0216 (red) features an enclosed cavity similar in size to the R-hydratase, 1IQ6 
(grey). Figures kindly provided by P. Johansson.  
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Putative substrates 
In the Mt genome, the gene rv0216 is close to the genes involved in the 

fatty acid metabolism, such as fatty-acid CoA ligase (FadD4), Acyl-CoA 
dehydrogenase (FadE3) and a putative lipid esterase. However, Rv0216 
bears no sequence similarity to any known protein in the database. The clos-
est match found in a BLAST search, containing 68% identical residues to 
Rv0216, is a protein that belongs to the MaoC family in Rhodococcus sp. 
RHA1 (YP_702836). The second similar sequence, with 29% identical resi-
dues is the MaoC dehydratase of Methylobacterium extorquens PA1 
(YP_001641226). Both proteins contain the Rv0216 NxxxxH active site 
motif. Other bacterial proteins in the MaoC family are similar to the fatty 
acid synthase �-subunit, and are known to have R-specific enoyl-CoA hydra-
tase activity (Fukui, 1998). On the other hand is the R-specific enoyl-CoA 
hydratase suggested to be involved in the �-oxidation pathway by supplying 
the polyhydroxyalkanoate (PHA) biosynthesis with R-3-hydroxyacyl-CoA 
for carbon and energy storage in E. coli (Park, 2003).  

The structural similarity between Rv0216 and known hydratases, which 
use CoA-derivatives as substrates, indicates that Rv0216 may utilize similar 
compounds. A structure-based comparison between Rv0216 and two hotdog-
folded proteins determined in complex with CoA-derivatives supports the 
theory. A superpositioning of the active sites of the C. tropicalis in complex 
with R-3-hydroxydecanoyl-CoA (Koski, 2004), and the Arthrobacter sp. 
strain SU with 4-hydroxyphenacyl-CoA (Thoden, 2003) indicated that five 
to six carbons of the substrate tail can be modeled into the cavity of Rv0216 
(Figure 4B). The unsaturated double bond of the substrate can be positioned 
close to the catalytic residues. This can also be clearly seen in the Rv0216 
substrate-pocket modeled with a four-carbon substrate crotonoyl-CoA 
(Figure 5A). A crotonoyl-CoA molecule can be seen in Figure 5C. The sub-
strate fits well through the whole entrance of the crevice so that the hydro-
philic side chains lining the cavity can interact with the panthetheine unit of 
CoA. Furthermore, several surface residues form a positively charged site 
available for the phosphate-moiety of a CoA-derivative to bind. However, 
this site is not positioned as in the hydratases, where the CoA folds in the 
middle of the extended �-sheet Figure 5B. 

Hydratase activity? 
The hydratase substrate trans-2-butenoyl CoA (crotonoyl-CoA) and the 

minimal dehydratase substrate R-3-hydroxybutyryl-CoA were tested as sub-
strates for Rv0216. Rv0216 was found to be inactive with both substrates. 
One mutant of Rv0216, Asn232Asp, was cloned and expressed to mimic a 
hydratase active site. However, the mutant did not show any hydratase or 
dehydratase activity with these CoA-derivatives. A recent experiment 



 40 

showed that octanoyl-CoA (eight carbons) was also found to be inactive as 
substrate for Rv0216 (Annaik Quémard, personal communication). 

If Rv0216 carries out a similar reaction as the hydratases previously sug-
gested (Leesong, 1996), (Hisano, 2003), the active site misses a hydrogen 
acceptor (aspartic acid), which has to be delivered by another residue to 
maintain the hydratase activity. The only close candidate is the Tyr94, which 
reaches down into the active site from the center of the �-sheet extension. 
Interestingly electron density, which is not part of the protein chain, was 
identified in the active site close to Tyr94, see Figure 6. The tyrosine seems 
to bind tightly to a branched ligand with the length of four to five atoms, as 
revealed from the electron density. The putative catalytic residues, Asn232 
and His237 are within hydrogen bond distance. 

 

 
Figure 5. (A) The susbtrate pocket of Rv0216 modeled with crotonoyl-CoA. (B) 
The CoA-derivatives of the C. tropicalis hydratase 2 (1PN2), and the thioesterase 
enzyme (1Q4T) are superimposed onto Rv0216 and reveal that the conserved sur-
face of a potential CoA-binding site of Rv0216 (red) are different. (C) The cro-
tonoyl-CoA molecule, C25H40N7O17P3S, Mw 835 g/mol. Figures A and B were 
kindly provided by P. Johansson. 
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Also Asn91 (ND2), Gly250 (N) and three waters seem to be close to the 
unknown ligand. Furthermore, residues that are conserved between the 
Rv0216-like sequences are involved in hydrogen bond network around the 
unidentified ligand (Ser81, Thr85, Asn91, Arg152). On the other hand, the 
tyrosine (Tyr94) is not conserved in the majority of the Rv0216-like se-
quences. Moreover, the rings of Tyr94 and His279 do not have as well-
defined electron density as the rest of the protein, which indicates that they 
are flexible and may be part of the putative reaction mechanisms. In addi-
tion, Ser276 seems to have two conformations, in which the lower occu-
pancy conformation could form a hydrogen bond to His279 (not shown). 
Rv0216 was lysed in the prescence of PMSF (phenylmethane-
sulfonylfluoride). Although mass spectrometry did not reveal a modified 
tyrosine, it cannot be ruled out that PMSF is covalently linked by a sulfonic 
acid ester bond to Tyr94. The formation of an ester would indicate that 
Tyr94 is an activated residue in the proposed active site, and that it might 
play the role of acceptor in the formation of a reaction intermediate. 

 
Figure 6. Three different views of the unknown density close to Tyr94 in the puta-
tive active site of Rv0216. The 2	Fo	-	Fc	 omit map was contoured at 1.3 �. 

Rv0216-like proteins 
Several prokaryotic sequences of unknown function were found to be 

homologous to Rv0216, and predicted to be either DHDs or SHDs. These 
proteins are referred to as Rv0216-like proteins and they all share the puta-
tive active site residues, NxxxxD, similar to Rv0216. A sequence alignment 
of a selection of the Rv0216-like sequences is represented in Figure 7. 

 
Figure 7. (See next two pages) Sequence alignment of Rv0216-like proteins from 
actino- and proteobacteria. The conserved residues within the putative substrate-
pocket of Rv0216 are denoted by an asterisk (*), whereas the non-conserved resi-
dues in the pocket are denoted by a cirle (O). Parts of the N- and C-terminal se-
quences are truncated in the alignment. 
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The end of the putative active site, which contains the residues Ser81, 
Thr85, Asn91 and Arg152, is very conserved in the Rv0216-like proteins, 
with the exception that Ser81 may be a threonine, and Thr85 may be an iso-
leucine or valine, in some of the proteins. Also the entrance to the cavity and 
the potential CoA-binding site on the surface of the protein are conserved in 
the Rv0216-like proteins. It is possible that all these proteins have an en-
closed cavity rather than a tunnel in the active site and that they all utilize 
similar compounds as hydratases do. However, other residues involved in 
the tunnel; Ile78, Val88, Tyr94, Ala234, Tyr249, Gly250 and His279 are not 
well conserved, indicating potential differences in activity, or substrate rec-
ognition, among the Rv0216-like proteins. The number of unknown Rv0216-
like proteins and the differences to known hydratases indicate that the 
Rv0216-like proteins possibly belong to a distinct family or subfamily that is 
separate but similar to hydratases and dehydratases. 

Related M. tuberculosis hotdog proteins 
Several Mt sequences of unknown function have been found to belong to 

the hotdog-fold proteins, see Table 1. Recently, Dillon and coworkers found 
that 15 hypothetical proteins from Mt contain the hotdog domain sequences, 
by sequence analysis using Pfam and motif search in MASIA (Dillon, 2004). 
Of these 15 sequences, only two matched our analyses. The Cluster of 
Orthologous Groups (COG) 2030 (Tatusov, 1997), and Pfam 0175, indicated 
that Rv0216, and some other Mt proteins, contain a hotdog-fold similar to 
the hydratase 1IQ6. On the basis of these findings, we could assign seven Mt 
proteins to hotdog-fold proteins by structural analyses of Rv0216 and fold-
recognition evaluations with the 3D-PSSM server (Kelley, 2000) (Paper I, 
Table 4). These proteins are referred to as Rv0130, Rv0241c, Rv0636, 
Rv2499c, Rv2524c, Rv3389c, and Rv3538. Rv0216 and Rv2524c are the 
only proteins from our eight that Dillon and coworkers reported as hotdog 
family proteins. Interestingly, Rv0635 and Rv0637 were reported but not 
Rv0636.  

Rv0241c and Rv2524c appear to have DHD hydratase-like structures and 
contain the hydratase 2 motif. The latter has been suggested to be the fatty 
acid synthase type I (FAS I) of Mt (Takayama, 2005). It is a multifunctional 
enzyme consisting of 3069 amino acids. The hydratase domain is suggested 
to start around residue 1200. Recently, the structures of the human and fun-
gal FAS I complexes were determined. The dehydratase domain of the hu-
man FAS I exhibits a DHD fold, whereas the fungal enzyme has a triple 
hotdog-fold, of which two domains form a pseudo DHD fold (Jenni, 2007), 
(Maier, 2008). Rv2499c is similar in sequence, especially the active site 
residues, in respect to Rv0216. However, Rv2499c exhibits a SHD that is 
likely to form a homodimer. We suggested that Rv0130 and Rv0636 are 
SHDs with the DxxxxH motif similar to R-specific 2-enoyl-CoA hydratase, 
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1IQ6 (Hisano, 2003). However, recent findings showed that Rv0130 has 
activity towards R-specific 2-enoyl-CoA (Paper II) and Rv0636 is the miss-
ing FabZ (Sacco, 2007a). Rv3389c and Rv3538 are annotated as possible 
dehydrogenases. On the basis of a structure-based sequence alignment and 
PSSM analysis it appears that these proteins are DHD enzymes containing 
the hydratase motif. 

Dillon and coworkers identified a large superfamily of hotdog-folded pro-
teins that were divided into 11 subfamilies depending on their function. 
Acyl-CoA thioester subfamily, FabZ-like dehydratase subfamily, MaoC 
dehydratase-like subfamily, YbgC-like subfamily, FabA-like subfamily, Fat 
subfamily Acyl-ACP thioesterase, 4HBT class I and II subfamilies (4-
hydroxybenzoyl-CoA thioesterase), PaaI subfamily, and other fatty acid, or 
CoA-related families, were annotated by sequence comparison (Dillon, 
2004).  

Of the Mt hotdog-proteins predicted by Dillon and coworkers, only three 
are clustered in one of the 11 subfamilies that have an assigned function. 
Rv2524c clusters together with FAS II proteins. Rv0163 is similar to the 
YbgC-like proteins, which are largely unknown except for a protein in Hae-
mophilus influenzae that hydrolyzes short-chain aliphatic acyl-CoA thioest-
ers. Rv1847 is similar to the 4-hydroxybenzoyl-CoA thioesterases. The other 
predicted hotdog proteins were assigned hypothetical proteins. 

Recent sequence analyses (not shown) indicated that five of the hotdog 
proteins found by Dillon and coworkers appear to have a DHD fold, whereas 
eight of them appear to have a SHD fold (Table 1). Rv0163 and Rv2001 
contain a NxxxxH motif like Rv0216. Rv3538, Rv0356c, Rv0466, Rv0504c, 
Rv0635, Rv1532c, Rv3541c and Rv3542c contain a DxxxxH motif like the 
hydratases. Rv0499, Rv0637, Rv1847, Rv2475c do not contain any hydra-
tase motif or motif similar to Rv0216. However, indications of a dehydratase 
motif could be seen in some of the hotdog proteins. The catalytic residues, 
His70 and Asp84* of E. coli dehydratase-isomerase (FabA) come from dif-
ferent subunits, therefore it is difficult to distinguish a dehydratase motif 
from only sequence analyses. However, in a SHD protein, the sequence is 
identical in both subunits, which dimerize and form two active sites where 
the residues from different subunits can approach each other. Residues 
within a distance of about 13 residues to each other were examined for the 
predicted SHDs to find a similar dehydratase-isomerase motif. Rv0635, 
Rv0637, and Rv1847 contain a H(x13)D motif similar to FabA. The dehy-
dratase function of FAS II has been suggested to be carried out by FabZ, 
which does not have any isomerase function. It was previously suggested 
that the lack of isomerase activity might be due to the replacement of the 
FabA aspartic acid with a glutamate (Leesong, 1996). A FabZ motif 
H(x13)E could not be found within any of the predicted SHD proteins; how-
ever a slightly similar motif, H(x14)E, was found in Rv0504c.  

It is difficult to distinguish FabA and FabZ motifs in a DHD protein, due 
to the degeneration of the N-terminal domain after evolutionary gene dupli-
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cation. Although the sequence identity of the hotdog proteins are poor, indi-
cation of a H(x14)E motif could be seen in Rv3389c and Rv0466, and a 
H(x13)D motif in Rv3538. The possibility of a FabA or FabZ function motif 
in the hotdog proteins is given in Table 1. However, the actual catalytic resi-
dues and function of the hotdog proteins need to be further investigated by 
extensive sequence analyses, and structure determination. Rv0216, Rv0636, 
Rv3541c, and Rv3542c are the only of the hotdog proteins represented here 
that are proposed to be essential for mycobacterial growth in vivo (Sassetti 
and Rubin). 

Table 1. Predicted hotdog proteins in M. tuberculosis 
Predicted by 
Castell et al. 

Possible 
hotdog 
domain 

Motiff Number 
of 

residues 

Pfam annotation  

Rv0130 SHD DxxxxH 151 Probable 3-hydroxyl-thioester dehydratased 
Rv0241c DHD DxxxxH 280 Hypothetical protein  
Rv0216b DHDa NxxxxH  337 Gene family: p40 protein  
Rv0636 SHD DxxxxH 142 Hypothetical protein  
Rv2499c SHD NxxxxH 185 Possible oxidase  
Rv2524cb DHD DxxxxH 3069 Probable FAS  
Rv3389c DHD DxxxxH 

FabZ? 
290 Possible dehydrogenase  

Rv3538 DHD 
 

DxxxxH 
FabA? 

286 Probable dehydrogenase  

      
Predicted by 
Dillon et al. 

Possible 
hotdog 
domain 

Motif  Number 
of 

residues 

Pfam annotation Cluster withc 

Rv0163 SHD NxxxxH 151 Thioesterase superfamily 4-HBTe 
Rv0356c DHD DxxxxH 214 Thioesterase superfamily Hypothetical proteins 
Rv0466 DHD DxxxxH 264 Acyl-ACP thioesterase Rv2001 
Rv0499 DHD - 291 Diacylglycerol kinase Hypothetical proteins 
Rv0504c SHD DxxxxH 

FabZ? 
166 Gene family: MaoC Rv0635, Rv0637 

Rv0635 SHD DxxxxH 
FabA? 

158 Not present Rv0504c 

Rv0637 SHD FabA? 166 Not present Rv0504c 
Rv1532c SHD DxxxxH 144 Thioesterase superfamily Hypothetical proteins 
Rv1847 SHD FabA? 140 Thioesterase superfamily 4-HBTe 

Rv2001 DHD NxxxxH 250 Acyl-ACP thioesterase Rv0466 
Rv2475c SHD - 138 Thioesterase superfamily Hypothetical proteins 
Rv3541c SHD DxxxxH 129 Gene family: MaoC Hypothetical proteins 
Rv3542c DHD DxxxxH 311 Not present Hypothetical proteins 
aExperimental proof 
bPredicted in both publications (Castell et al; Dillon et al.) 
cHotdog family cluster from the analysis of Dillon and coworkers 
dNew annotation after publication of Paper I 
e4-HBT (4-hydroxybenzoyl-CoA thioesterase) 
fDxxxxH; hydratase motif, NxxxxH; putative Rv0216 active site motif, FabA?; possible FabA-like motif, 
H(x13)D, FabZ?; possible modified FabZ-like motif, H(x14)E. 
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Conclusions 
Rv0216 exhibits a double hotdog-fold (DHD), similar to hydratases that 

are either single or double hotdog-fold proteins. Rv0216 contains one puta-
tive active site located in a deep cavity, which is situated at the same site as 
one of the active sites in the SHD hydratases and other similar folded en-
zymes. Although the active site pocket is structurally conserved, Rv0216 
features a different motif than the hydratases; NxxxxH instead of DxxxxH. If 
Rv0216 has hydratase/dehydratase activity the asparagine may not be fatal 
for the activity of the protein, since the activation of a water molecule may 
be accomplished by protonation of the asparagine or by another residue. This 
is indicated in the activity measurements of the mutant D40N of Rv0130, 
which is active with crotonoyl-CoA as substrate, but 350-fold less than the 
wild type protein (Paper II, and Annaik Quémard, personal communication). 
Rv0216 did not show any activity with four or eight carbon length CoA-
derivatives and no function could be assigned. Although there are no further 
indications so far that Rv0216 is a hydratase, the depth of the cavity and the 
hydrophilic residues lining the substrate pocket indicate a similar hydratase 
substrate with four to six carbon atoms. It is likely that there is a CoA-
binding site on the surface close to the entrance of the active site of Rv0216. 

The number of Rv0216-like sequences found in several actino- and pro-
teobacteria strengthen the theory that the proteins are enzymes and that the 
Rv0216-like proteins are separate from the hydratases and dehydratases. The 
existence of Rv0216-like proteins in other bacteria is in contradiction to the 
suggestion by Cole and Marmiesse that Rv0216 is mycobacteria specific 
(Cole, 2002b), (Marmiesse, 2004). Mutation studies by Sassetti and cowork-
ers on Rv0216 essentiality in Mt, and the existence of a homologue in M. 
leprae, indicate that Rv0216 is important for Mt growth and that Rv0216-
like proteins may play an important role in actino- and proteobacteria. This 
together with the insights into the novel active site may reflect Rv0216 as a 
target for development of anti-tuberculosis drugs. 

Several proteins predicted to share the SHD or DHD fold similar to hy-
dratases or dehydratases were found in Mt. They were found to contain puta-
tive catalytic residues, suggesting a function of hydratase, dehydratase 
(FabZ), dehydratase-isomerase (FabA), or a putative Rv0216-like function.  

Recent findings 
The search for the missing FabZ in Mt has been going on for a while. Ac-

cording to Sacco and coworkers, Mt does not contain any FabA or FabZ-like 
protein and the R-3-hydroxyacyl-ACP dehydratase activity must be pre-
sented by a distantly related catalytic sequence motif (Sacco, 2007b). How-
ever, in a FadB mutant of E. coli it was recently showed that the conversion 
of enoyl-CoA to R-3-hydroxyacyl-CoA can be carried out by various pro-
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teins (Park, 2004). One of these proteins is MaoC in E. coli. On the other 
hand, the enzyme catalyzing the 3-hydroxyacyl-ACP dehydration in FAS II 
cycle in yeast belongs to the hydratase 2 family (Kastaniotis, 2004). 

Rv3389c was recently shown to have a 3-hydroxyacyl dehydratase activ-
ity against trans-2-enoyl-CoA with a chain length of; C4, C8, C12, C16, and 
C20, with the highest activity on the dodecenoyl-CoA (C12) (Sacco, 2007b). 
The protein was not active as an isomerase, excluding a FabA-like function. 
Furthermore, a molecular model of Rv3389c showed that the protein is 
structurally related to the eukaryotic hydratase 2 domain of Candida tropi-
calis (1PN2). No FabA or FabZ catalytic motif was reported in Rv3389c.  

The rv0635-0636-0637 gene cluster is essential in vitro (Sacco, 2007a). 
Co-expression in E. coli shows that Rv0636 associates in hetero-dimers with 
either Rv0635 or Rv0637. The heterodimers are specific for medium to long-
chain ACP-derivatives, similar to proteins in the FAS II system. Rv0635-
Rv0636 heterodimer showed activity on long-chain deriv-atives, C12 – C20 
trans-2-enoyl-CoAs, with specificity toward C16, hexadecenoyl-CoA. The 
Rv0636-Rv0637 heterodimer was also active with C12 – C20, but with 
lower enzyme activity. Its activity increased with increasing chain lengths of 
the substrate. The Rv0636 homodimer was not active on C8 ACP-
derivatives. However, Rv0636 is the only one of these three proteins that 
contains a hydratase motif but the dehydratase and isomerase catalytic resi-
due is suggested to be provided by one of the other monomers. Rv0636 was 
recently showed to overcome growth inhibition by the FAS II comp-onent �-
hydroxyacyl-ACP dehydratase, suggesting Rv0636 is the missing FabZ in 
Mt (Brown, 2007). Rv0636 was recently showed to be inhibited by flavonoid 
inhibitors that are potential inhibitors of the mycobacterial FAS II dehydra-
tase enzyme (FabZ) (Bhowruth, 2008). 

Rv3541c and Rv3542c were recently found to be essential to the Mt en-
trance, persistence and survival in macrophages (Rengarajan 2005), where 
they are likely to be involved in the �-oxidation of exogenous lipids from the 
host cell membranes. This indicates the potential of these proteins as targets 
for antituberculosis drugs. 

Future perspectives 
The Rv0216 project stands with many questions unanswered. What is the 

function and substrate specificity of the Rv0216-like and Rv0216-related 
proteins? Is Rv0216 essential to Mt and other actino- and proteobacteria? 
Would Rv0216 be suitable as a drug target for Mt? Structural and functional 
analysis of these hotdog proteins would give more insights into the biology 
of the bacterium and might cast light on these proteins’ involvement in fatty 
acid metabolism of Mt. This in turn may provide more information about the 
fatty acid metabolism of Mt, and reveal its role in virulence and resistance 
within the host.  
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Identification of the substrate for Rv0216 could reveal the function of the 
protein and define a new protein family, or subfamily, composed by the 
Rv0216-like proteins. A wide variety of fatty acid CoA-derivatives could be 
tested for activity with Rv0216. However, the synthesis of CoA-derivatives 
is time consuming and expensive. Recently, the protein was sent to an en-
zymatic lab at the University of Toronto, Canada, in order to screen the pro-
tein for catalytic activity. A range of enzymatic reactions were tested includ-
ing phosphatase, phosphodiesterase/nuclease, esterase/lipase, protease, de-
hydrogenase, and oxidase activity, but no hit was found for Rv0216.  

So far no substrate has been assigned to Rv0216. However, the unidenti-
fied electron density in the active site might provide information of Rv0216 
substrates and reaction mechanism. However, there is a possibility that the 
unknown ligand binds tightly to the tyrosine, which prevents other substrates 
being utilized by the protein in the enzymatic experiments recently per-
formed. To avoid specific uptake of substrates from the growth medium, the 
protein could be expressed in a different medium (e.g. minimal medium) or 
expressed in another expression system. The content of purified Rv0216 
protein solution was recently examined with mass spectrometry, but revealed 
no modified tyrosine. A more sensitive technique like matrix-assisted laser-
desorption ionization (MALDI) or electrospray ionization (ESI) may detect 
traces of a bound ligand. The possibility that PMSF is bound to the tyrosine 
need to be further investigated by repeated mass spectrometry, and enzy-
matic measurements and structural analysis on protein without PMSF. 

The features and essential nature of Rv0216 is important to investigate 
before structure-based drug design is started. Therefore the findings of Sas-
setti and coworkers (Sassetti, 2003b) that Rv0216 is essential for Mt growth, 
could be further evaluated by constructing knockout mice. If Rv0216 is in-
deed essential to Mt the protein is likely to be a potential drug target for Mt 
and other bacteria containing Rv0216-like sequences. 
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Conserved hypothetical protein Rv0130  
(Paper II) 

Why Rv0130? 
The gene rv0130 was not identified to be essential in the in vitro study 

published by Sassetti and coworkers. However, it was recently suggested to 
be a potential candidate for the missing FabZ enzyme (Takayama, 2005), 
which dehydrates the �-hydroxyacyl-CoA to trans-2-decenoyl-CoA. Rv0130 
was cloned and purified to serve as a positive control of the hydratase activ-
ity, which was set up for hotdog-folded proteins of interest. Furthermore, it 
was interesting for structural studies because of its remote similarity to the 
C-terminal domain of Rv0216.  

Cloning, purification and crystallization 
The rv0130 gene was amplified from the M. tuberculosis cosmid MTCI5 

(Philipp, 1996) and cloned with a 6xHis-affinity tag. Mutagenesis of D40N 
and H45Q was performed with the QuickChange site-directed mutagenesis 
kit (Stratagene). Native and selenomethionine (SeMet) labeled protein were 
expressed soluble. SeMet was introduced into the protein by metabolic inhi-
bition (Van Duyne, 1993). Harvested cells were lysed by pressure in 10 mM 
imidazole, 50 mM NaH2PO4, 300 mM NaCl, 10% glycerol, 0.5% Triton X-
100, pH 8.0, RNase A, and DNase I. The protein was purified by the use of 
Ni-affinity and eluted in 250 mM imidazole, 50 mM NaH2PO4, 300 mM 
NaCl, 10% glycerol, and further purified by size-exclusion chromatography. 
Pure protein was eluted as dimers (~35 kDa) in a buffer consisting of 150 
mM NaCl, 20 mM Tris pH 7.5, and 10% glycerol. The peak fractions of the 
chromatogram contained protein with a concentration of approximately 2 
mg/ml. All SeMet-protein buffers contained 10 mM �-mecaptoethanol. 

Enzymatic activity 
A spectrophotometric method was used to measure the hydratase activity 

at 263 nm with a DU® 640 spectrophotometer (Beckman). The decrease in 
absorbance during the first 2 minutes was measured when crotonoyl-CoA 
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hydrated 3-hydroxybutyryl-CoA in 50 mM Tris pH 8.0 at +30°C. Kinetic 
constants were calculated from Hanes-Woolf plots. The protein samples 
were thawed before each measurement because the protein easily altered in 
temperatures above –80°C. 

Crystallization and structure determination 
Protein sample of 2 mg/ml was subjected to the sitting drop vapor diffu-

sion method (McPherson, 2003) in an initial crystallization screen JBScreen 
HTS IL (Jenabioscience), The experiment was carried out in room tempera-
ture, and 0.5 �l protein was mixed with 0.5 �l precipitant buffer. Small crys-
tals grew with different precipitants; 30% PEG1500, 30% PEG4000, 35% 
PEG4000, or 25% PEG4000 with 8% isopropanol, and 100 mM NaAc, 
within 2 days. The crystals were improved in 100 mM HEPES pH 7.5, 2% 
PEG400, and 2 M (NH4)2SO4, and grew to a size of 0.07x0.05x0.05 mm3 
within 4 days (Figure 8). The crystals were flash-cooled in liquid nitrogen 
after soaking in a cryo-protectant of mother liquor substituted with 20% 
PEG400. 

 
Figure 8. Crystal of Rv0130 in a loop prior to data collection. 

SAD data was collected on a single crystal, above the Se-absorption edge 
at beamline ID14 EH3, ESRF, to a resolution of 1.7 Å. The data were found 
to belong to the spacegroup P21212. A Matthews coefficient of 2.5 Å3 Da-1 
indicated that there were two molecules in the asymmetric unit with a sol-
vent content of 50%. Anomalous diffraction was detected to 2.0 Å in an 
analysis with SHELXC (Schneider, 2002). All four selenium atoms (two in 
each monomer) were located with SHELXD (Schneider, 2002) and verified 
with MLPHARE (Otwinowski, 1991). Phase estimates were calculated with 
SHARP (de la Fortelle, 1997) and subjected to density modification in DM 
(Cowtan, 1998). NCS operators were identified in O (Jones, 1991) and re-
fined with Imp (Jones, 1992). The maps were subsequently improved by 
two-fold averaging in DM. The ARP/wARP suit (Perrakis, 1997) was used 
for automatic chain tracing. The structure was refined in REFMAC5 
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(Murshudov, 1997) to a resolution of 1.8 Å, after repeated model rebuilding 
in O. Data-collection and refinement statistics are given in Paper II, Table 1. 

Overall structure 
The Rv0130 protein consists of 151 amino acids that fold into a single 

hotdog-fold (SHD), and dimerize as earlier predicted (Castell, 2005). Each 
SHD monomer consists of a five-stranded anti-parallel �-sheet that wraps 
around the hotdog-helix �5. A small two-stranded �-sheet (�0 and �2) 
flanks the molecule and a small �-helix (�0) is situated on the top of the 
hotdog-helix turned at 45° from it. The SHD monomers dimerize to extend 
the �-sheet to a ten-stranded sheet, similar to the Rv0216 double hotdog-fold 
(DHD) protein in Paper I. The two chains of the Rv0130 dimer are very 
similar and can be superimposed with a r.m.s. deviation of 0.45 Å for 149 
C� atoms. For overview of the protein and topology of the structure, see 
Figure 9. 
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Figure 9. (A) Overall structure of Rv0130 SHD homodimer. (B) The active site of 
Rv0130 superimposed onto the active site of R-hydratase 1IQ6 (grey). (C) Rv0130 
topology. (D) The distortion by Pro71 in the hotdog-helix of Rv0130. (E) The bro-
ken hotdog-helix opens up the substrate pocket to create a 20 Å open ended tunnel. 
Figures kindly provided by P. Johansson.  



 55

The extended �-sheet, the first part of the hotdog-helix, and the lid struc-
ture (�1 and the loop) that crosses the hotdog-helix are conserved among the 
R-hydratases and are also found in the Rv0216 DHD. The Rv0130 hotdog-
helix packs at 45° on the large �-sheet like in SHD and DHD proteins. How-
ever, the hotdog-helix is kinked 25� at the site of a proline residue (P71), 
which enables the formation of the two-stranded �-sheets (�0 and �1b). This 
has not been observed in any other R-hydratase, however, the eukaryotic 
DHD hydratase 2 structures, 1PN2, and 1S9C, contain a short loop that dis-
rupts the hotdog-helix. See Figure 10. 

 
Figure 10. The hotdog-helices of A) A. caviae SHD R-hydratase (1IQ6) B) M. tu-
berculosis SHD Rv0130 (2C2I), and C) C. tropicalis DHD hydratase 2 (1PN2). 
Figures kindly provided by P. Johansson. 

The kink provides the enzyme with a long tunnel that passes the active 
site residues (Koski, 2004), (Koski, 2005). The tunnel in Rv0130 is deeper 
and more polar than the eukaryotic enzymes, however, the beginning of the 
tunnel is more similar to the substrate-binding pocket of the A. caviae R-
hydratase (1IQ6) and Rv0216. 

Although there are several structures closely related to Rv0130 (Paper II, 
Table 2), there are some minor differences that make Rv0130 unique. The 
last part of the Rv0130 hotdog-helix and the small two-stranded sheet (�0, 
�2) do not have any counterparts in any of the known structures, as a conse-
quence of the broken Rv0130 hotdog-helix. 

Active site and the substrate tunnel 
The Rv0130 contains a conserved hydratase motif (DxxxxH; D40 and 

H45) as predicted from the sequence alignment in paper I (Castell, 2005). 
The motif is situated in the tunnel formed by the lid and the dimer interface. 
Several residues lining the substrate-binding pocket can be superimposed 
onto the A. caviae R-hydratase structure, see Figure 9B. 

The active site of Rv0130 also shares some similarity with the FabZ from 
P. aeruginosa, PDB code 1U1Z (Kimber, 2004) and the FabA from  E. coli, 
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PDB code 1MKA (Leesong, 1996). Although the catalytic histidines are 
conserved, the hydrogen acceptor group of the FabZ/FabA structures comes 
from a glutamate or an asparagine respectively, situated 14 residues away 
from the histidine. The catalytic carboxylate groups of the glutamate or aspa-
ragines and the D40 of Rv0130 are structurally conserved.  

The Rv0130 substrate tunnel is deeper and less hydrophobic than the eu-
karyotic DHD hydratases, which can host long and branched fatty acid 
chains (Koski, 2004). Since Rv0130 is a tunnel it is possible that it can util-
ize longer CoA-thioester chains than the crotonoyl-CoA tested. Additionally, 
the Rv0130 residues lining the lower part of the tunnel are only conserved in 
a few actino- and proteobacteria that are closely related to Mt. 

Possible substrates 
The substrate specificities of four different R-hydratases from P. aerugi-

nosa, PhaJ1 – PhaJ4, were recently described by Tsuge and coworkers 
(Tsuge, 2003). PhaJ1 is able to hydrate C4 – C6 enoyl-CoAs, whereas the 
other three were found to be active on C8 – C12 enoyl-CoA chains. The 
specificity of long-chain substrates PhaJ2 – PhaJ4 is possible because of a 
substrate tunnel instead of a pocket, which is indicated by the sequence 
alignment between eukaryotic DHD and PhaJs (Paper II, Figure 3). In the 
eukaryotic hydratase 2 enzyme 1PN2, the long loop between the hotdog-
helix and �2 (�3 in Rv0130) (Figure 10) is highly flexible which indicates 
that the enzyme can adapt and host long fatty acid substrates (Koski, 2005). 
PhaJ1 is likely to share the size of the Rv0126 pocket, whereas PhaJ2 and 
PhaJ3 have 10 – 13 extra residues between the hotdog-helix N-terminus and 
a conserved �-bulge on �3, indicating the presence of a substrate binding 
tunnel instead of a pocket, explaining the long-chain substrate specificity. 
PhaJ4 has only five extra residues compared to Rv0126, but the sequence 
alignment indicates that PhaJ4 contains a proline in the middle of the hot-
dog-helix, possibly forming a susbtrate-binding tunnel similar to Rv0130. 

Indications of a substrate-binding tunnel as a result of the length of the 
extended loop following the hotdog-helix were found in some of the Mt hot-
dog proteins as previously predicted (Castell, 2005). In respect, Rv0241, 
Rv2524c, Rv3538, and Rv3389c are similar in length to the eukaryotic hy-
dratase 2 enzymes as can bee seen in Paper II, Table 3. On the other hand, 
the predicted SHD proteins Rv0636 and Rv2499c seem to contain a short 
loop closely related to 1IQ6. 
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Hydratase activity 
Rv0130 was found to catalyze the hydration of trans-2-butenoyl-CoA to 

3-hydroxybutyryl-CoA with a Kcat of 1.1 x 102 s-1 and a Km of 55 �M. The 
mutant H45Q was completely inactive and the mutant D40N had only a Kcat 
of 0.057 s-1, indicating the importance of a histidine and aspartic acid for the 
hydratase activity. The dehydratase activity was tested using R-3-
hydroxybutyryl-CoA as a substrate but only low activity was detected and no 
kinetic values could be determined. 

Recently, additional experiments were carried out and showed that 
Rv0130 catalyzes octenoyl-CoA (C8) about four times better than crotonoyl-
CoA (C4). The substrate specificity was the same for the D40N mutant but 
the activity was 350-fold less (Annaik Quémard, personal communication).  

Conclusions 
Rv0130 features a single hotdog (SHD) fold that creates a homodimer 

similar to the double hotdog-folded proteins. The enzyme contains a con-
served hydratase motif and the hydratase activity on C4, and C8 CoA-
derivatives, could be confirmed with crotonoyl-CoA, and octanoyl-CoA as 
substrates. The active site of Rv0130 is situated in a tunnel similar to other 
known hydratases. The tunnel is formed by a proline kink in the middle of 
the hotdog-helix, which has not been seen in any R-hydratase before. Al-
though Rv0130 can utilize short- and medium-length carbon substrates, it is 
possible that Rv0130 can act on longer CoA-derivatives, like other hydrata-
ses exhibiting a tunnel. Some of the previously predicted Mt proteins with 
SHD/DHDs are suggested to contain similar substrate-binding tunnels, Paper 
II, Table 3. 

Recent findings 
Rv3389c was recently shown to catalyze the hydration of C8 – C16 

enoyl-CoA substrates, and a molecular model of Rv3389c showed that the 
hotdog-helix is disrupted by a long loop region (Sacco, 2007a). 

Recently, Rv0130 was showed to function as a physiological 3-
hydroxyacyl-thioester dehydratase in Saccharomyces cerevisiae cells lacking 
the dehydratase of mitochondrial FAS II (Gurvitz, 2008). Rv0130 was 
named HtdZ and classified as a novel 3-hydroxyacyl-thioester dehydratase. 
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Future perspectives 
The conversion of enoyl-CoA to R-3-hydroxyacyl-CoA can be carried out 

by various proteins (Park, 2003). Therefore, it is possible that Rv0130 in 
addition to Rv3389c, Rv0636 and the heterodimers of the Rv0636 cluster 
could be involved in fatty acid biosynthesis by acting as a FabZ dehydratase. 
However, the high hydratase over dehydratase ratio in vitro and the high 
similarity to the PhaJ enzymes, suggests Rv0130 to be involved in PHA 
biosynthesis, by providing hydroxyacyl-CoA to a phaC enzyme. The 
Rv0130 preference for long-chain fatty acids would be interesting to study 
further. Likewise is the potential for Rv0130 to synthesize PHAs from �-
oxidation precursors. Collaboration with Annaik Quemard, University of 
Toulouse, for enzymatic studies is ongoing to elucidate the function of the 
hotdog proteins.  

The Rv0216-like protein Rv2499c, which also contains the NxxxxH mo-
tif, but is predicted to be a SHD protein like Rv0130, was recently cloned. 
However, protein expression was poor. Although several constructs were 
cloned, and different expression cells were used, no sufficient amount of the 
protein could be purified via Ni-NTA chromatography. Further cloning of 
different constructs with shorter N-terminus or expression in another vector 
could be carried out for Rv2499c. Studying Rv2499c as well as the other 
hotdog proteins in respect to their three-dimensional structure could increase 
the knowledge about their involvement in Mt fatty acid metabolism. 
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Branched chain aminotransferase of 
Mycobacterium smegmatis (Paper III) 

Why BCAT? 
The gene rv2210c in M. tuberculosis was reported to be essential as de-

termined by the transposon site hybridization study presented by Sassetti and 
coworkers (Sassetti, 2003a). The gene product is annotated as the branched 
chain aminotransferase (BCAT), IlvE (EC 2.6.1.42), which is involved in the 
metabolism of branched chain amino acids (BCAAs). The biosynthesis of 
BCAAs has been shown to be essential for the bacterias survival (Grandoni, 
1998). Because of these two indications of essentiality, I decided to include 
Mt-BCAT in my list of potential drug targets that should be structurally ana-
lyzed. Recent studies have shown that the enzyme is involved in the me-
thionine regeneration of Mt; a pathway that is unique to some prokaryotes. 
Furthermore, the conversion of methionine from keto-methiobutyrate could 
be inhibited by aminooxy compounds, which are known to inhibit Mt in vivo 
(Venos, 2004). Despite several attempts, the crystallization conditions for 
Mt-BCAT could not be found (see section ”Rv2210c”, page 75). However, 
crystals suitable for crystallographic studies could be produced of BCAT 
from the closely related Mycobacterium smegmatis. 

Cloning and purification of Ms-BCAT 
The msmeg4276 gene was amplified by PCR from total M. smegmatis 

DNA, kindly provided by Mary Jackson, Institut Pasteur, and a 6xHis-tag 
was added in a second PCR step. The modified gene was cloned into the 
pEXP5-CT/TOPO
 vector (Invitrogen). Protein was expressed in E. coli 
BL21:AI cells (Invitrogen), and the growth was carried out in LB medium at 
+37�C. When the OD550 reached 0.8, the cells were induced with 0.2% w/v 
arabinose and grown overnight at +16�C. Harvested cells were lysed by 
pressure in a Constant Cell Disruptor (Constant Systems Ltd) in a lysis 
buffer consisting of 10 mM imidazole, 50 mM NaH2PO4, 300 mM NaCl, 
10% glycerol, 0.5% Triton X-100, pH 8.0, supplemented with RNase A, and 
DNase I.  

The protein was purified with a Ni-NTA column and eluted in 250 mM 
imidazole, 50 mM NaH2PO4, 300 mM NaCl, and 10% glycerol. The protein 
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was further purified by size-exclusion chromatography, in 50 mM Hepes and 
100 mM NaCl, pH 7.5. The chromatogram revealed the presence of both 
monomers and dimers, but only the fractions containing dimers (~80 kDa) 
were collected. The fractions were saturated with the co-factor pyridoxal-5’-
phosphate (PLP) and the protein was concentrated to 20 mg/ml by ultrafiltra-
tion in a Vivaspin concentrator (Vivascience). The protein solution had a 
faint yellowish color due to the Schiff base formation with PLP. The yield of 
pure protein was approximately 2 mg/L cell culture. The experimental pro-
cedures for Mt-BCAT (Rv2210c) are given in the last section “Rv2210c”. 

Activity and inhibition of Ms- and Mt-BCAT 
The branched chain aminotransferase catalyzes the reversible transamina-

tion of the branched chain amino acids, leucine, isoleucine, and valine to 
their respective �-keto acids, see Figure 11. The transaminase reaction con-
sists of two half-reactions (Kirsch, 1984). The co-factor PLP is covalently 
attached to a lysine residue through a Schiff base formation (internal aldi-
mine). In Ms-BCAT this lysine approaches the PLP ring from the Re-face. A 
Schiff base exchange reaction occurs with the amino group of the substrate, 
leading to an external aldimine intermediate. It undergoes a proton transer in 
which the lysine acts as a catalytic base, and a ketimine is formed. The 
ketimine is further hydrolyzed to form the �-keto acid and pyridoxamine. 
The second half-reaction is reversed, with the transfer of the amino-group to 
an �-keto acid.  

 
 

 
 
Figure 11. Steps in the BCAT aminotransferase reaction. 
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The aminotransferase activity of BCAT was monitored through formation 
of L-glutamate by transfer of the amino group from L-leucine, L-valine, or 
L-isoleucine to �-ketoglutarate. L-methionine and L-phenylalanine were 
also tested as amino donors. The glutamic acid produced was measured with 
a colorimetric assay (L-glutamic acid colorimetric method, Boehringer 
Mannheim). The aminotransferase reaction was carried out in a total volume 
of 40 �l that contained 20 mM K2HPO4 pH 7.5, 3 mM �-ketoglutarate, 0.2 
mM PLP, 6 mM substrate (Ile, Leu, or Val), and enzyme (final enzyme con-
centration was 1 �g/ml). The reaction was carried out at +37ºC for 15 min-
utes, and samples taken at 5, 10, 15, and 30 minutes. The reaction was linear 
up to 15 minutes. At 15 minutes incubation, the enzyme was irreversibly 
inactivated by incubation at +95ºC for 5 minutes. The colorimetric assay 
consists of two reactions carried out on the basis of the glutamic acid cataly-
sis in the aminotransferase reaction. With the reagents in the kit, glutamic 
acid is oxidatively deaminated by NAD+ to �-ketoglutarate in the presence 
of the enzyme glutamate dehydrogenase. The second reaction is catalyzed by 
diaphorase. The NADH formed converts the added iodonitrotetrazolium 
chloride to a formazan, which is measured at 492 nm. The reagents were 
added according to the manufacturer’s protocol except that the reaction was 
carried out in 220 �l aliquotes and the glutamate dehydrogenase was diluted 
10 times before use. Absorbance was measured at room temperature, at 492 
nm, with a DU® 640 spectrophotometer (Beckman). 

Both Mt and Ms monomer and dimer fractions showed BCAT activity 
with L-leucine, L-isoleucine, and L-valine as amino donors. The specificity 
could be ranked with respect to their efficiency as amino donors: 
Leu>Ile>Val. See Paper III, Table 2. There was no detectable activity with 
phenylalanine or methionine detected. However, Venos and coworkers re-
cently showed that Mt-BCAT is active with the BCAAs, as well as with 
phenylalanine and glutamate, as amino donors (Venos, 2004). The lack of 
activity with phenylalanine as amino donor for our protein samples could be 
due to the low sensitivity of the colorimetric assay, or the fact that the pro-
teins have been frozen, which might have altered the function of the pro-
teins. The activity of Mt-BCAT with BCAAs clearly decreased after the 
protein had been frozen for 3 weeks at –80�C (data not shown). 

Inhibition of Ms- and Mt-BCAT activity was studied with an aminooxy 
compound O-benzylhydroxylamine (Obe) (a known PLP-dependent protein 
inhibitor), as well as three other compounds: the human BCAT anticonvul-
sant drug gabapentin, the crystallization precipitant ammonium sulfate, and 
the buffer component MES, see Figure 12A – D. The inhibition measure-
ments of ammonium sulfate and MES were carried out with the aim to verify 
the effects observed in the crystallization. Obe was found to inhibit Mt- and 
Ms-BCAT with IC50 values of 42 and 65, respectively, whereas gabapentin 
had no inhibiting effect on the activity (Paper III, Table 2). Ammonium sul-
fate and MES had inhibitory effects at 10 mM.  
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Figure 12. Inhibitors and ligands of Ms-BCAT. (A) O-benzylhydroxylamine (Obe) 
molecule, C7H9NO, Mw 160 g/mol. (B) Gabapentin, C9H17NO2, Mw 171 g/mol (C) 
2-(N-morpholino)ethanesulfonic acid (MES), C6H13NO4S, Mw 195 g/mol. (D) Am-
monium sulfate, (NH4)2SO4, Mw 132 g/mol. 

Crystals of Ms-BCAT 
An initial crystallization screening was set up at +27ºC with 0.5 �l protein 

solution (10 mg/ml) and 0.5 �l of precipitant from the JCSG+ suite (Qiagen). 
Colorless, split crystals grew over night to a size of 0.2 x 0.05 mm in 0.2 M 
(NH4)2SO4, 0.1 M Bis-Tris pH 5.5, and 25% PEG3350. The crystals were 
optimized in 0.4 M (NH4)2SO4, 0.2 M MES pH 5.5, and 50% PEG3350 and 
single, well-formed crystals grew using the batch method after micro-
seeding from the initial crystals, see Figure 13. Crystals from the batch 
method resulted in the first structure of Ms-BCAT, which is discussed in 
detail in later sections. However, important to mention is that in the three-
dimensional structure there was no co-factor bound in the active site. Instead 
a sulfate ion at the position of the phosphate group of PLP was bound. Based 
on these findings new crystallization conditions were designed to obtain a 
holo-enzyme. 

Purified protein contained traces of PLP, as evidence by the slight yellow-
ish tinge of the protein solution. Fully substituted enzyme was generated by 
incubation with excess of PLP following removal of unbound material by 

 
Figure 13. Crystals of Ms-BCAT. (A) Initial crystals. (B) Improved crystals for 
data-collection. 
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ultrafiltration in a Vivaspin concentrator (Vivascience). The protein solution 
had a strong yellowish color. Obe was added to the protein solution in a 40:1 
molar relation and lost its yellowish color. Fade yellowish crystals grew in 
200 mM MES pH 5.5 and 50% PEG3350. These crystals resulted in the first 
inhibitor-complex structure of Ms-BCAT, which will be further discussed in 
a later section. It is important to note, however, that the structure indicated 
that a MES molecule was bound in the substrate pocket of Ms-BCAT-Obe. 
Therefore, the crystallization conditions were further modified to lower the 
MES concentration, and with Li2SO4 as additive (final optimized condition: 
100 mM MES pH 5.5, 300 mM Li2SO4 and 30% PEG 4000). 

Structure determination of Ms-BCAT  
X-ray diffraction data were collected at beamlines ID14 EH2, ESRF, 

Grenoble, I911-2 and I911-3, MAX-lab, Lund. Native (apo) data were col-
lected to 2.0 Å. Two inhibitor-complex data were collected to 1.75 Å 
(BCAT-Obe1) and 1.9 Å (BCAT-Obe2), respectively. The data were in-
dexed and integrated with MOSFLM (Leslie, 2006) and scaled with SCALA 
(Evans, 1993). The data were processed in space group P21. The Matthews 
coefficient suggested that there were two molecules in the asymmetric unit 
and 45% solvent. A Ms-BCAT monomer model was derived from the 39% 
sequence identical mitochondrial Homo sapiens BCAT (Hs-mBCAT struc-
ture, 1EKF). A Ms-BCAT monomer model was created with SOD 
(Kleywegt, 2001), and O (Jones, 1991). The structure was solved by molecu-
lar replacement with the MOLREP option in the CCP4 program suite 
(Vagin, 1997), using the monomer model to search for both molecules. Ini-
tial rigid body refinement with REFMAC5 (Murshudov, 1997), treating the 
dimer as the rigid body unit, resulted in an Rfactor of 36% and an Rfree of 
49%. Repeated cycles of restrained refinement and re-building in O (Jones, 
1991) lowered the Rfree value to 24%. Approximately 250 water molecules 
were identified with the ARP/wARP program (Lamzin, 1993) was used to 
add. The first five amino acids of the monomer could not be built with con-
fidence. 

The apo structure was used as search model in the molecular replacement 
calculations of the inhibitor Obe-complexes. Initial refinement gave an Rfree 
of 30% and 27%, respectively. Further refinements were performed using a 
simulated annealing protocol followed by iterative cycles of energy minimi-
zation in the CNS program suite (Brunger, 1998). The Rfree were lowered to 
27% and 24%, respectively. The covalent bond between the co-factor PLP 
and Lys204 (the Schiff base) was handled by treating the complex as a new 
amino acid residue in the refinement with CNS. Refinement parameters for 
PLP and the Schiff base were generated through the XPLO2D program 
(Kleywegt, 1998). Coordinates and structure factor data were deposited at 
the PDB with entry codes 3DTF, 3DTG, and 3DTH. 
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Sequence comparisons  
The amino acid sequence of BCATs from M. smegmatis, M. tuberculosis, 

H. sapiens, and E. coli were analyzed on the basis of their active site resi-
dues. The Ms- and Mt-BCAT proteins share 39% sequence identity with Hs-
mBCAT, and 31% sequence identity with the E. coli BCAT (Ec-BCAT). A 
structure-based amino acid sequence alignment showed that the amino acids 
Arg101, Lys204, Tyr209, Glu240, and Thr314 (Ms numbering) that bind 
PLP are highly conserved, see Figure 14. Interestingly, not all of the other 
active site residues are conserved. The human enzyme contains the substitu-
tions Gly243 to Thr, Ile271 to Val, and Thr272 to Val (Ms numbering), and 
the cytosolic Hs-BCAT contains a threonine at position 272. The active site 
residues of Ec-BCAT are identical to the mycobacterial BCATs; however, a 
few residues close to active site are substituted: Leu156* to Met, and 
Met244 to Glu. 

 
Figure 14. Structure-based sequence alignment of the BCAT structures from M. 
smegmatis, 3DTF (Ms-BCAT), a model of M. tuberculosis (Mt-BCAT), mitochon-
drial H. sapiens, 1EKF (Hs-mBCAT), cytosolic H. sapiens, 2COJ (Hs-cBCAT), E. 
coli, 1A3G (Ec-BCAT), and T. thermophilus, 1WVR (Tt-BCAT), aligned with the 
homologous BCAT sequences in selected mycobacterial genus; M. marinum (Mm-
BCAT), M. ulcerans (Mu-BAT), M. bovis (Mb-BCAT), M. avium (Ma-BCAT), M. 
vanbaalenii (Mv-BCAT), M. leprae (Ml-BCAT), M. gilvum (Mg-BCAT), and with 
S. aureus (Sa-BCAT), B. subtilis YbgE (Bs-YbgE), and B. subtilis YbgA (Bs-
YbgA). Conserved residues involved in PLP-binding are denoted by an asterisk (*). 
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The amino acid sequences of the mycobacterial BCATs are highly con-
served suggesting that the fold and function are similar. The sequence iden-
tity of Ms-BCAT ranges from 81% (with M. gilvum) to 99% (with M. bovis). 
Ms-BCAT and Mt-BCAT share a sequence identity of 84%, and only 56 of 
the 368 residues differ. Of these 56, 40 are substitutions, with retained 
chemical properties, see section “Rv2210c”, Table 3. The 16 residues that 
vary are located in loops and therefore probably not important for the three-
dimensional folding. One residue, Ser196, is positioned in the dimerization-
site of Ms-BCAT. This residue is a cysteine in Mt-BCAT, which enables a 
disulfide bridge in Mt-BCAT. However, the presence of a disulfide could not 
be verified. 

Overall structure 
The overall structure of Ms-BCAT has a similar fold to other BCATs that 

belong to the PLP-dependent aminotransferase fold type IV family. The 
protein is a homodimer with an active site in each subunit, see Figure 15A. 
Each subunit contains 368 amino acids and has a molecular weight of ap-
proximately 40 kDa. The subunit consists of two domains connected with 
two linker regions. Linker 1 (residues 174 to 184) is the main linker between 
the N- and C-terminal domains. It is involved in the substrate pocket and 
exhibits high Bfactors indicating a dynamic conformation. Linker 2 (residues 
334 to 363) at the end of the protein is folded back onto the N-terminus. The 
subunits can be superimposed with a r.m.s. deviation of 0.85 Å for 363 C� 
atoms, which indicates that the conformation of the subunits are different. 
Indeed, an �-helix (�1) involved in the crystal packing is shifted ~1 Å, in 
subunit B, which seems to affect the involvement of linker 1 in the substrate 
pocket. This shift seems to be due to intra-molecular interactions between 
symmetry related molecules. The total contact area between the two subunits 
is ~4000 Å2. In addition to the dimerization site, the other important interac-
tion between the subunits is between two intra-subunit loops that reach from 
the one subunit into the substrate binding area of the other subunit (residue 
64 to 74, and residue 152 to 163). 
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Figure 15. (A) Overall structure of Ms-BCAT, one subunit is colored from the N-
terminus (red) to the C-terminus (blue). (B) PLP-binding. (C) Superposition of Ms-
BCAT with Hs-mBCAT to reflect the differences of the Gly243 position, and the 
Tyr209 binding PLP from the Si-face in Ms-BCAT, whereas the tyrosine binds from 
the Re-face in Hs-BCAT. 

Active site 
The active site of Ms-BCAT is situated in a pocket formed by the inter-

face of the two domains, and the residues binding to the co-factor PLP are 
provided from both domains. The active site is structurally conserved within 
the aminotransferase family, and the residues lining the pocket are highly 
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conserved, see Figure 14. Residues involved in the binding of the co-factor 
PLP pyridine ring are Lys204, Tyr209, and Glu240 (Figure 15B). Residues 
binding to the phosphate group of PLP are Arg101, Ile271, and Thr314. 
Thr272 is also involved but it is not conserved in the Hs-mBCAT structure. 
Three conserved water molecules are also involved in coordination of the 
phosphate group. Lys204 binds covalently to the aldehyde carbon of PLP by 
forming a Schiff base, Figure 15B. In the apo-structure, a sulfate is bound at 
the position of the phosphate group of PLP. Although there is no co-factor in 
the active site, the residues lining the pocket retain their positions and con-
formations indicating that the active site is stable.  

The substrate ketoisovalerate from the Hs-BCAT structure 1KTA was 
modeled into the Ms-BCAT-Obe1 structure in order to compare the substrate 
pockets (not shown) In Ms-BCAT, the substrate pocket is surrounded by the 
conserved residues; Phe31, Tyr72*, Phe77, Tyr144, Arg146, Leu156*, 
Val158*, Tyr176, Lys204, Tyr209, Gly243, and Ala315 (the asterisk desig-
nates a residue from the neighboring subunit). The conserved residues 
Thr314, Tyr144, and Arg146 (Ms-numbering) stabilize the �-carboxylate 
group of the substrate in Hs-BCAT (Hutson, 2001). However, the Gly243 is 
not conserved in Hs-BCAT. 

The Gly243 residue is situated in a non-conserved loop (residue 241 to 
244) close to the active site. The loop sequence varies considerably among 
the aminotransferases and is likely to be involved in the substrate specificity 
of the enzymes, since it is close to the substrate pocket, and covers the PLP 
molecule in its pocket. The loop is flexible compared to the surrounding 
residues. Gly243 is especially important because it is replaced by a threonine 
in Hs-BCAT, see Figure 15C. Thus the active site of Ms-BCAT lacks one 
hydrogen donor function compared to the Hs-BCAT; on the other hand the 
glycine offers more space in the substrate-pocket. Furthermore, Gly243 con-
tributes to a significant difference in the orientation of Tyr209 in the Ms-
BCAT structure compared to the tyrosine in Hs-BCAT. The tyrosine inter-
acts from the Si-face of the PLP ring in Ms-BCAT whereas it interacts from 
the Re-face in Hs-BCAT. This causes a slightly tilting of the co-factor in Hs-
BCAT, forcing the Schiff base to adopt another conformation. In this re-
spect, Ms-BCAT is similar to Ec-BCAT (1A3G). The tyrosine is also in-
volved in the interaction with Obe as seen in the Obe-complex structures, as 
discussed below. 

There are additional differences between the Ms-BCAT and Hs-BCAT 
structures with respect to the Schiff base. In Ms-BCAT, the angle between 
the planes of the Schiff base and the pyridine ring is 40�, which allows a 
hydrogen bond between the pyridine hydroxyl group and the Schiff base. In 
this respect, the Hs-mBCAT structure differs from both Ms- and Hs-cBCAT: 
the angle of 70� precludes formation of the hydrogen bond. Furthermore, the 
tyrosine in Hs-BCAT is not planar, probably because of distortion during 
refinement. Although there are differences in the stereochemistry of the 
Schiff base between the structures, it is not clear if this is a natural cause, or 
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due to substrate specificity. According to recent studies, radiation damage 
(X-rays) can cause the Schiff base to adopt un-natural conformations 
(Dubnovitsky, 2005). 

The Tyr72* residue, positioned in one of the loops reaching from one 
subunit into the active site of the other subunit, is part of the substrate pocket 
and is suggested to be important for the activity of the enzyme (Hutson, 
2001). It forms a hydrogen bond to Leu156* (O) from the other subunit to 
complete the formation of the substrate-binding pocket. Furthermore, His71* 
(ND1) forms a hydrogen bond to Arg143 (NH1). It has been suggested that 
the functional BCAT protein is a homodimer (Hutson, 2001). However, Mt-
BCAT monomer fraction exhibited aminotransferase activity with the same 
substrates as the dimer fraction. However, it cannot be ruled out that the 
monomeric protein adopts the dimeric form during the activity measure-
ments. The feature of BCAT as active monomer was previously reported for 
the Lactobacillus paracasei subsp. paracasei CHCC 2115 (Thage, 2004). 

Structural binding of Obe 
 Two structures of Ms-BCAT in complex with the aminooxy compound 

Obe were solved (here called: Ms-BCAT-Obe1 and Ms-BCAT-Obe2). The 
Ms-BCAT-Obe1 structure was solved using a crystal that contained low 
concentration of MES in the crystallization condition, whereas the crystal 
used for solving Ms-BCAT-Obe2 contained high concentration of MES. The 
importance of the crystal content is reflected later in this chapter. The inhibi-
tor-complexes revealed that Obe binds into the substrate-pocket (Figure 
16B) with close-packing contacts within 4 Å distances to the surrounding 
residues. Obe exhibits two different orientations, one with the active group 
pointing towards the Schiff base (orientation A), and the other with the ac-
tive group rotated away from the Schiff base (orientation B), see Figure 16A. 
For other figures of the binding of Obe close to the Schiff base, see Paper III, 
Figure 5. 

In orientation A the Obe oxygen is tilted towards the Schiff base and 
forms a hydrogen bond to a water molecule. In orientation B the oxygen is 
rotated away from the Schiff base with the oxygen interacting through a 
hydrogen bond to the hydroxyl group of Tyr209 and Gly243 (O). Modeling 
of the reaction substrate ketoisovalerate from the Hs-mBCAT structure 
1KTA showed that the Obe oxygen in orientation A overlaps with the ke-
toisovalerate carbonyl group.  
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Figure 16. Binding modes of the inhibitor Obe and MES in the substrate pocket of 
Ms-BCAT. (A) Orientation B of Obe. The Obe oxygen binds to Tyr209 and Gly243, 
whereas Obe in orientation A (not shown) is directed towards the Schiff base, and 
forms a hydrogen bond to a water molecule. (B) The Obe-binding pocket (substrate 
pocket). (C) The position of a MES molecule close to the substrate-pocket of Ms-
BCAT. MES bind to Gly243 and a water molecule. The clashing threonine residue 
of Hs-BCAT (magenta) is modeled at the Gly243 position. (D) Same figure as C, 
but the Obe molecule in orientation A is also shown. 

Structural binding of MES 
The electron density of the two structures inhibitor-structures, Ms-BCAT-

Obe1 and Ms-BCAT-Obe2, indicated the presence of a MES molecule close 
the active site. Whereas this density was close to noise level in the BCAT-
Obe2 map, there was sufficient density for at least the sulfonyl group of 
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MES in the Ms-BCAT-Obe1 map. The sulfonyl group atoms are hydrogen 
bonding to the main-chain nitrogens of Ala315 and Ala316, a water mole-
cule, and the oxygen of Gly243 (Figure 16C). For the rest of the MES mole-
cule there was poor electron density and only the first carbon of the mor-
pholino-ethyl part could be built with confidence. However, the electron-
density indicated the position of the morpholino ring and modeling of the 
entire molecule suggested hydrogen bonding between the morpholino oxy-
gen, Gly243 (N), and a water molecule.  

Obe and MES seem to bind simultaneously to the protein. However, 
modeling of a MES molecule indicates that it clashes with orientation A of 
Obe. The ethyl part of MES is probably very flexible and does not possess a 
fixed conformation.  

Modeling of a threonine residue, corresponding to the equivalent residue 
in the Hs-BCATs, resulted in clashes that would prevent binding of MES at 
this site. The residues Val158, Tyr176, Phe177, Gln226, Gly242, Gly243, 
Met244, Gly313, Thr314, Ala315, and Ala316 make up the binding site.  

Susbtrate specificity 
Mycobacterial BCATs and the Hs-BCAT belong to the fold type IV PLP-

dependent enzymes, to which also the D-amino acid transferase (D-AAT) 
belongs. The aminotransferases of this fold type have been analyzed with 
respect to their sequence similarity, and found to belong to the aminotrans-
ferase subgroup III (Mehta, 1993). In this class, the active site lysine forms a 
Schiff base with PLP on the Re-face of the PLP molecule, whereas in other 
PLP-dependent enzymes this occurs from the Si-face. However, the D-AATs 
are specific for D-amino acids, whereas the BCATs use L-branched amino 
acids. Several bacterial, and the eukaryotic BCATs, are designated subfam-
ily IIIa, and the D-AAT subfamily IIIb. The differences in chirality have 
been suggested to depend on the differences in charge of the substrate pocket 
formation. The Ms- and Hs-BCAT contain mainly hydrophobic residues at 
the binding site of the substrate (Phe77, Tyr209, and Tyr72*, Ms-
numbering), whereas D-AAT contains a histidine, arginine, and tyrsosine, 
respectively. Thus the substrates approach the active sites in opposite direc-
tions (Hutson, 2001). Ms-BCAT was not tested for D-amino acid specificity 
but, on the basis of its similarity to Hs-BCAT, it is unlikely to have activity 
on D-amino acids. 

Although the active site of BCAT is highly conserved among the ami-
notransferases, the eukaryotic and prokaryotic BCATs exhibit  different sub-
strate and inhibition specificities. The human BCAT favors the BCAAs as 
substrates and has no significant activity with aromatic amino acids. Gluta-
mate is a better substrate of Hs-cBCAT than Hs-mBCAT. Both isoenzymes 
have 10% less activity for methionine than for leucine. In contrast, the pro-
karyotic BCATs recognize also methionine and the aromatic side chains of 
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phenylalanine, tyrosine and tryptophan (Kagamiyama, 2000), (Hutson, 
2001). In addition, the Hs-BCAT has a unique motif of two cysteines, 
Cys316 and Cys319, which are essential for the enzyme activity. The cys-
teines are suggested to influence the BCAT activity by smaller conforma-
tional changes (Yennawar, 2006). It was previously suggested that the cata-
lytic efficiency of the Ec-BCAT was expected to be lower than Hs-BCAT 
because of the lack of the CXXC motif (Kagamiyama, 2000). 

We suggest that also the threonine at the position of Ms-BCAT Gly243 is 
of importance for the Hs-BCAT substrate specificity. Mycobacterial BCATs, 
Ec-BCAT, and Tt-BCAT contain the glycine, whereas Hs-BCAT contains a 
threonine, which reduces the volume of the substrate-pocket and introduces 
an additional hydrogen donor to the site. This probably allows bigger sub-
strates in the substrate-pocket of prokaryotic BCATs, which contain a gly-
cine at this site Interestingly; the S. aureus, and the B. subtilis YbgE, YbgA 
proteins contain a serine at this site. Furthermore, in both the Ms- and Ec-
BCAT, the Gly243 enables Tyr209 to interact with the co-factor from the Si-
face, instead of from the Re-face as in Hs-BCAT. 

Mt-BCAT was recently found to catalyze formation of methionine from 
�-ketomethiobutyrate in the last step of the methionine-regeneration path-
way, similar as the B. subtilis YbgE protein (Venos, 2004). Hs-BCAT can 
also use �-ketomethiobutyrate as substrate but with 20% less activity than 
for �-ketoisocaproate (the �-ketoacid of leucine) (Davoodi, 1998). The Mt-
BCAT specificity for �-ketomethiobutyrate is also probably due to the 
Gly243 residue. 

Inhibition specificity 
It was previously suggested that aminooxy compounds inhibit PLP-

dependent enzymes by forming an oxime with PLP, which facilitates diffu-
sion of PLP, creating an apo-form of the enzyme (Braunstein, 1973), 
(Beeler, 1976). It was also shown that the reaction is reversible and the en-
zyme can be regenerated by treatment with PLP (Beeler, 1976). Our experi-
ments showed that Ms-BCAT lost its yellowish color in the presence of ex-
cess amounts of Obe, indicating that the inhibition is accomplished by a 
reaction between Obe and PLP. However, in the crystallization conditions it 
was possible to trap Obe and PLP in the active site of the enzyme. Crystals 
co-crystallized with Obe had a fade yellowish color. This suggests that Obe 
does not form an oxime with PLP; rather it interferes with the Schiff base 
and inhibits by blocking the substrate site. Furthermore, the binding of PLP 
to BCAT was shown to be reversible. 

Furthermore, the electron density indicates that the Obe molecule has lost 
its amino group in both complexes. It is possible that the amino group is 
flexible and does not form a clear electron density, or Obe has delivered its 
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amino group in a reaction with the Schiff base. In the two Obe-complex 
structures, PLP and Obe are found in subunit A, whereas subunit B contains 
only PLP. It is possible that Obe is lost due to the packing distortion of sub-
unit B described earlier in this chapter.  

Obe and other small aminooxy compounds known to inhibit PLP-
dependent proteins, satisfy at least four of the five properties in Lipinskis 
”Rule of Five” (logP is not revealed). Nevertheless, Obe is not a effective 
inhibitor of the Ms- and Mt-BCAT, as indicated by the high IC50 values. 
Moreover, it is possible that Obe cannot discriminate BCATs from other 
PLP-dependent enzymes. Thus Obe cannot be used as a drug in TB treat-
ment. However, the Obe-complex structures have provided information that 
may be used for design of new inhibitor compounds. The differences at the 
Gly243 position, and the tilt of Tyr209 might be used in the designing proc-
ess of specific inhibitors for Mt-BCAT.  

The inhibition with the buffer components MES is a novel finding. The 
inhibitory effect of ammonium sulfate was observed in a previous study of 
the BCAT from Lactobacillus paracasei, where the protein was found to be 
inactive unless all ammonium sulfate was removed by dialyzis (Thage, 
2004). The inhibitory activity of ammonium sulfate is through direct interac-
tion with the Schiff base and release of PLP. In addition, Yennawar and co-
workers previously showed that Hs-BCAT is inhibited by Tris. Tris binds 
covalently to the active site lysine, allowing PLP to diffuse out of the active 
site (Yennawar, 2001). In our studies, Mt-BCAT was inhibited by Tris, but 
not with Bis-Tris (data not shown). 

The finding of a MES molecule close to the active site of Ms-BCAT sug-
gest yet another potential site in addition to the substrate pocket, which can 
be exploited for structure-based design of new inhibitors.  

The anticonvulsant drug gabapentin, which is a non-metabolizable leucine 
analog, inhibits the Hs-cBCAT by binding to the active site with its carboxyl 
(OB) to the main chain Ala315, and its amino group (N1) to the threonine 
(OG1) at the Gly243 position (Ms-numbering). The inactivity of this inhibi-
tor to Ms-BCAT is most likely due to the lack of a hydrogen donor at the 
Gly243 site. Furthermore, modeling of gabapentin in Ms-BCAT indicates 
that the inhibitor most likely clashes with Tyr209 (not shown). 

Conclusions 
The M. smegmatis BCAT protein is a homodimer with two active sites 

containing the co-factor PLP bound to the catalytic lysine residue by a Schiff 
base. The protein is structurally conserved with respect to other aminotrans-
ferases and the active site is almost identical to that eukaryotic BCATs. 
However, the existing structural and sequential differences are important for 
the substrate and inhibition specificity of Mt-BCAT and Ec-BCAT. The 
residue Gly243, which is a threonine in Hs-BCAT, reduces the volume of 
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the substrate pocket and introduces an additional hydrogen donor. The gly-
cine enables Tyr209 to interact with the co-factor from opposite side than the 
equivalent tyrosine in Hs-BCAT interacts. This causes a slight tilting of the 
co-factor in Hs-BCAT, forcing the Schiff base to adopt another conforma-
tion. Whether this is important for the substrate specificity is not clear. How-
ever, the glycine residue at position 243 can allow bigger substrates in the 
active site of the mycobacterial BCATs compared to that of Hs-BCAT in 
which there is a threonine at this position. 

The aminooxy compound Obe was found to inhibit the Ms-BCAT protein. 
The structure of the Ms-BCAT Obe complex indicated that a flexible Obe 
molecule interacts with the Schiff base in one orientation, and interacts with 
Gly243 in another orientation. A MES molecule was found close to the ac-
tive site, interacting with residues other than Obe. Tyr176, Gly243, Ala315, 
and Ala316 are candidates for binding to MES. Mt-BCAT could be a possi-
ble drug target and the glycine at the 243 position is a potential candidate as 
target residue, due to its position in the substrate-pocket, and the difference 
at this site between Mt-BCAT and Hs-BCAT. 

Future perspectives 
The structural analysis of the inhibitor-complex structures of Ms-BCAT 

provides us with insights into the substrate and inhibition specificity of the 
BCAT family. Obe might not be a suitable drug for Mt but it indicates an 
inhibition-pattern applicable for BCATs. Our finding that the Gly243 residue 
is important for substrate and inhibition specificity will need to be confirmed 
by mutational studies. By mutating Gly243 in Ms- and Mt-BCAT into a 
threonine, as in Hs-BCAT, the substrate specificity is likely to be altered, 
and aminooxy compounds might not be able to accomplish inhibition. More-
over, the activity measurement should be carried out on an HPLC in order to 
measure the activity specifically. Because of possible alteration of protein 
function during freezing and thawing conditions, Ms- and Mt-BCAT protein 
should be subjected to activity measurements when fresh. It is of interest to 
verify previous Mt-BCAT activity with phenylalanine and tryptophan, and 
also its ability to regenerate methionine from �-ketomethiobutyrate.  

Mutational studies can also be undertaken for the Hs-BCAT protein. The 
mutation of threonine to glycine could reveal if the Hs-BCAT can accept 
other substrates, as do the prokaryotic BCAT proteins. Furthermore, the 
importance of Tyr72* for the dimerization and enzyme activity remain to be 
examined by mutational studies of BCATs (Tyr72Phe). Mutational studies 
of Mt-BCAT to facilitate crystallization have been done, but the Mt-BCAT 
protein did not crystallize: see section “Rv2210c”, page 75, for discussion of 
the additional constructs of Mt-BCAT. New clones of Ms-BCAT with the 
inactivating mutations Lys204Ala, and Thr314Ala are now available, and the 
mutant Gly243Thr is on the way. 
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New structures of Ms-BCAT in complex with only Obe, only MES, or 
with other aminooxy compounds, could reveal the actual binding modes of 
the inhibitors. A substrate-complex would also be of interest, e.g. to see how 
phenylalanine binds in the active site in both wt and a Gly243Thr mutant of 
Ms-BCAT. A mass spectrometry analysis of the Ms-BCAT-Obe complex 
could reveal if the inhibitor has lost its nitrogen. 

It is important to test the inhibitory effect of the aminooxy compounds on 
Hs-BCAT, and to an even higher degree, test if aminooxy compounds inhibit 
eukaryotic cells in vitro. The unspecific inhibition of other PLP-dependent 
enzymes cannot be ruled out. Further design of aminooxy inhibitors that 
interact with Gly243, and fill out the space where the MES molecule binds, 
could be interesting for structure-based drug design.  
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Rv2210c – M. tuberculosis BCAT 

The Rv2210c project started already in 2003. Crystals could not be pro-
duced despite attempts with several constructs and different purification 
methods. Here, I present the experimental procedures of the cloning and 
characterization of the different constructs. Hopefully, this might provide 
some insights into the problems inherent in Rv2210c protein crystallization.  

Experimental procedures 
The rv2210c gene was isolated from total M. tuberculosis H37Rv DNA, 

and subjected to the same cloning and purification protocol as Ms-BCAT, 
with the exception that the gene was cloned into the pCR T7/TOPO
 vector 
(Invitrogen), and growth was carried out in M9 medium (48 mM Na2HPO4, 
22 mM KH2PO4, 8.6 mM NaCl, 187 mM NH4Cl, pH 7.2, supplemented with 
2 mM MgSO4, 0.1 mM CaCl2, and 0.4% glucose) at +37�C and moved to 
+25�C at OD550 = 0.8. The protein was subjected to size-exclusion chroma-
tography and eluted as monomers in 50 mM Hepes, 100 mM NaCl, pH 7.5. 
The fractions collected were saturated with excess of PLP and concentrated 
to 10 mg/ml. The material was pure as judged from SDS-PAGE (PhastSys-
tem, Amersham Biosciences) (Figure 17). An initial aminotransferase activ-
ity assay, described in Paper III, was carried out, which showed that the pro-
tein was active with Leucine as amino donor. A large number of crystalliza-
tion experiments were set up, but in a majority of the experiments precipi-
tates were formed. 

 
Figure 17. Purification of Mt-BCAT (construct 1). From the left; supernatant after 
cell disruption, flow-through from Ni-NTA, elution from Ni-NTA, Low molecular 
weight marker, and six samples from size-exclusion chromatography peak fractions. 
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Constructs 
The initial construct of Rv2210c resulted in material, which purified in 

monomeric form though the dimeric form was expected. The monomeric 
form did not crystallize and therefore, were a number of new constructs de-
signed. The constructs were based on sequence and structure comparison 
with the Hs-BCAT enzyme. Analysis of the crystal packing of Hs-BCAT 
showed that there was not space enough for a long N-terminal peptide. 
Therefore, it is possible that the long flexible N-terminus of Rv2210c pre-
vents dimerization. New constructs of Rv2210c with shorter N-terminals 
were designed. A summary of the constructs is shown in Table 2. The goal 
was to design the N-terminus in such a way as to make the molecule as com-
pact as possible. 

Table 2. Constructs and of Mt-BCAT (Rv2210c) and their expression. 
Nr. His-

tag 
Expression Medium Monomer or 

dimer (M/D)
Amino acid sequenceb 

1 N high M9 25°C on M AHHHHHHTSGSLQFTVLRAVNPATDA-------   

2 N 10% a LB 16°C on 3/4 M, 1/4 D             AHHHHHHQFTVLRAVNPATDA------- 

3 N insoluble M9, LB N/a                     AHSLQFTVLRAVNPATDA------- 

4 C low M9 25°C on D                ATSGSLQFTVLRAVNPATDA-------HHHH 

5 C 10% a LB 16°C on D                ATSGSLQFTVLRAVNPATDA-------HHHH 

6 C insoluble M9, LB D, refolded                                        ARAVNPATDA-------HHHH 
a Most protein is insoluble, but a small fraction was found soluble after disruption of the cells. 
b Marked (grey) amino acids represents the wt protein sequence, underlined residues represents the first  
�-strand of the protein. 
 

The initial construct 1 resulted in soluble monomeric enzyme. Construct 2 
was truncated at the N-terminus and included a 6xHis-tag. Only 10% of the 
material was recovered in soluble form, but now 25% of this was in dimeric 
form. Both the dimers and the monomers were active in the aminotransferase 
assay. Construct 3 was included only one histidine and expressed in insolu-
ble form. Construct 4 was designed on the basis of the wt protein, but with a 
C-terminal 4xHis-tag. Only a small fraction of soluble material could be 
recovered, which was in dimeric form. Construct 4 and 5 differs only with 
respect to codon usage, among the first amino acids. The codon words were 
optimized for bacterial expression in construct 5 to increase the expression 
level. Soluble dimeric protein was obtained from construct 4, 5, and 6, but in 
the latter case only after refolding. Fermentations were done in LB and M9 
media alternatively. The medium that yielded most soluble material is given 
in Table 2. The size-exclusion chromatogram of monomeric and dimeric 
material can be seen in Figure 18.  
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Figure 18. The size-exclusion chromatogram of Mt-BCAT. To the left, the C-
terminal construct 5 eluted as a dimer. To the right, the N-terminal constructs 1 
eluted as a monomer. 

The monomeric as well as the dimeric material was active. However, the 
material precipitated in the majority of crystallization conditions and none of 
the material could be crystallized. Additional experiments were performed 
on a construct with a cleavable His-tag. However, the cleaved protein pre-
cipitated during dialysis (not shown). 

In parallel with these experiments crystals of the Ms-BCAT were pro-
duced, and the structure was solved. Differences in the amino acid composi-
tion between the Ms-, Mt-, and Hs-BCAT sequences were analyzed, see 
Table 3. The amino acid differences between the Mt- and Ms-BCATs pro-
teins consist of 16 mutations and 40 substitutions, as can be seen in the se-
quence alignment in Paper III, Figure 1. It is most likely that these two my-
cobacterial proteins exhibit a similar structure with identical active sites, 
given the high homology between them.  

The residues modeled to be involved in crystal packing, and important re-
sidues that differs between the Ms- and Mt-BCAT, were selected for muta-
tional analysis in the Rv2210c protein. A cysteine at position 196 in the Mt-
BCAT is a serine in the Ms-BCAT. The structure of Ms-BCAT indicated a 
close contact at the dimerization site between the serines from each subunit. 
The residues are turned away from each other with a distance between the 
oxygens of approximately 3.5 – 4.0 Å. The tryptophanes in Hs-BCAT at this 
position pack with van der Waals forces.  
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Table 3. Comparison of the amino acid composition between the BCATs of M. tu-
berculosis (Rv2210c), M. smegmatis (3DTH), and H. sapiens (1EKF), and the posi-
tions of the residues in the respective protein structures. 
Mt-BCATa  Ms-BCAT  Hs-BCAT 
Residue Residue Position b Residue Position b 
L11 S Points out. E Points out. 
R12 A Points out. Q Points out. 
A13 N Points in. L Points in. 
Q21 V Points out. K Points out. 
R27 A Points out. E Points out. 
E46 V Points out. D Points out.  
R48 E Points out K Points out 
A117 E Points out. L Points out.  
G136 P Points out.  

Part of important loop region. 
D Points out. 

A182 K Points out. T Points out. 
T190 H Points out.  

Stacks against His327. 
P Points out. Ends a �-sheet.  

C196 S Dimerization interaction W Dimerization, van der Waals. 
N222 M Points out.  R Points out.  
I281 T Points out. Q Points out. 
G326 H Positioned close to the surface. Y Positioned close to the surface. 
A327 H Points out. 

Stacks against His190. 
K Points out. 

a Marked (grey) residues have been mutated in Mt-BCAT to their respective residue of Ms-BCAT. 
b Points out; Faces the surface of the protein. Points in; Faces the inside of the protein. 
c Involved in contact between symmetry-related molecules  
 

The cysteine was mutated into serine in the Rv2210c construct 5. It is 
possible that a cysteine at this position could form a disulfide bridge. Four 
variations were analyzed on a 15% homogenous SDS-PAGE: the mutated 
and native Rv2210c, with or without �-mercaptoethanol, were analyzed on a 
15% homogenous SDS-PAGE (not shown). A disulfide bond formation in 
the mutated Ms-BCAT could not be detected, and no crystals were obtained 
with the Mt-BCAT mutant C196S. 

The residues Thr190 and Ala327 are histidines in Ms-BCAT and are 
stacking against each other. Position 190 is close to the dimerization site. In 
Hs-BCAT, this part of the molecule contains hydrophobic residues that are 
stacking against each other. Thus there are significant differences in the 
dimerization interface between the two mycobacterial BCATs. This might 
have consequences for crystallization. However, the existence of the protein 
as a dimer as a prerequisite for crystallization is not obvious. The Ec-BCAT 
and Tt-BCAT crystallize as homohexamers. 

The residues Arg12, Arg27, and Arg48 are involved in crystal packing in-
teractions in the Ms-BCAT structure. These residues were mutated in the 
basis of the Rv2210c construct 5, which already contained the C196S muta-
tion. None of the mutations R12, R12:27, or R12:27:48 produced crystals. 
No other single mutants were designed. The differences in amino acid com-
position between Ms- and Mt-BCAT were not further analyzed, and their 
roles in crystal formation remain to be analyzed. 
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The N-terminal region seems to be highly flexible and could possibly dis-
turb the crystal packing or cause aggregation of the protein. This is empha-
sized by the lack of electron density for the first five residues in the Ms-
BCAT structure (Paper III). 

Conclusions and future perspectives 
Rv2210c could be expressed as a dimer with a C-terminal His-tag or as a 

monomer with an N-terminal His-tag. Both forms are active in the ami-
notransferase activity assay with leucine as amino donor; however, no crys-
tals were obtained with either the N-terminal or C-terminal His-tag modified 
constructs. Problems remain related to aggregation between molecules. Fur-
ther crystal engineering has to be performed involving modifications of the 
termini as well as crystal packing interactions.  

I believe that a construct of Rv2210c without a His-tag, a shorter N-
terminal sequence (truncation to residue five), and no mutation at cysteine 
196 would be of interest. The construct would probably express insoluble 
protein (as seen in the short Construct 6, Table 2); however, it seems possi-
ble to refold the protein. Additional purification steps, and different protein 
buffers, may also be tried out. 

Although the crystal structure of Mt-BCAT is of interest, it is not critical, 
since the Ms-BCAT structure has been solved. The structure of Mt-BCAT 
would probably not provide new insights into the activity or inhibition of the 
protein, but it could show the importance of the cysteine residue at the 
dimerization site, and the importance of the residues that differ between the 
mycobacterial BCAT proteins. The ability to produce both pure and soluble 
protein of Mt-BCAT, in both the monomer and dimer form, is also important 
for activity and inhibition studies. 
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Populärvetenskaplig sammanfattning 

Det du håller i din hand är en sammanfattning av min filosofie doktors-
avhandling inom ämnet strukturbiologi, som jag påbörjade vid Uppsala Uni-
versitet i januari 2003. Under min doktorandtid har jag inriktat mig på att ta 
fram 3D-strukturer av proteiner från Mycobacterium tuberculosis (Mt), bak-
terien som orsakar tuberkulos (TBC).  

TBC är en världsomfattande sjukdom och flest dödsfall förekommer i Af-
rika och Östeuropa. Enligt WHO är en tredjedel av världens befolkning in-
fekterade med Mt och två miljoner människor dör årligen. Människor med 
nedsatt immunförsvar, såsom gamla människor och AIDS-patienter, löper 
störst risk att dö, men TBC kan drabba alla. Skälet till att så många männi-
skor dör i sjukdomen är bland annat att dagens vacciner och läkemedel inte 
är tillräckligt bra för att bota och hejda spridningen av TBC. Den snabba 
utvecklingen av både multiresistenta och extremt multiresistenta bakterier 
bidrar till att det blir allt svårare att stoppa TBC, och allt fler människor be-
räknas dö av TBC om ingen åtgärd vidtas. 

För att ta sig an TBC-problemet startades RAPID-programmet (Rational 
Approaches to Pathogen Inhibitor Discovery) vid Uppsala Universitet i janu-
ari 2003. Målet var att ta fram nya läkemedel för att bekämpa bland annat 
TBC. Genom att analysera 3D-strukturen av ett protein som är livsnödvän-
digt för Mt, kan vi se hur dagens läkemedel binder till proteinet och hur lä-
kemedlet fungerar (eller inte fungerar). När vi vet hur 3D-strukturen av pro-
teinet ser ut, kan nya läkemedel utvecklas som är specifika för bakteriens 
proteiner.  

Proteiner är livsnödvändiga för att liv ska kunna existera. De är bland an-
nat byggstenar i våra organ, transporterar viktiga ämnen i kroppen, styr cell-
delning och förmedlar signaler mellan kroppens celler. Vissa proteiner ge-
nomför kemiska reaktioner i organismer och många av dessa proteiner är 
livsnödvändiga för en organism.  

Aminosyror är byggstenarna i proteiner. Det finns ca 20 aminosyror till-
gängliga med olika kemiska egenskaper såsom positivt, negativt eller neut-
ralt laddade atomer. Aminosyror i olika kombinationer sätts ihop till en lång 
kedja vilket utgör den så kallade aminosyrasekvensen för ett protein. Amino-
syrorna i sekvensen kan interagera med varandra så att hela kedjan forma sig 
i en fördelaktig struktur, en så kallad sekundärstruktur. Dessa sekundärstruk-
turer kan i sin tur interagera med varandra och arrangera sig i en fördelaktig 
3D-struktur. Proteinet arrangerar sig så för att bli stabilt, kompakt och skyd-
da sig mot yttre påverkan, men också för att forma det viktiga området för 
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proteinets funktion, det så kallade aktiva sätet. Det är i aktiva sätet som reak-
tioner sker och det är oftast där som läkemedelskandidater kan binda. 

Man kan inte se ett protein med blotta ögat, men med tekniken röntgen-
kristallografi kan dess 3D-struktur beräknas och med hjälp av datorer kan 
proteinet synliggöras. Det är inte alltid som en 3D-struktur går att bestämma, 
men när det fungerar är det en fantastisk upplevelse att vara den första i 
världen som ser hur ett visst protein ser ut!  

Röntgenkristallografins teknik går ut på att skjuta koncentrerad strålning 
(röntgenstrålning) på en liten proteinkristall. Enkelt sagt, information om 
atomernas position i proteinet kan samlas in när röntgenstrålen reflekterar 
(bryts) mot elektronerna i atomerna. Från den informationen kan en karta av 
elektronerna beräknas. Om kristallen och informationen är tillräckligt bra 
kan proteinets 3D-struktur bestämmas genom att proteinets aminosyrase-
kvens byggs in i kartan. Se Figure 19.  

 
Figure 19. Karta över elektrondensiteten för en aminosyrasekvensen i ett protein. 
(A) Kartan visar atomernas (elektronernas) positioner i proteinet. (B) Aminosyror-
nas atomer är inbyggda i kartan. 

Vägen är lång fram till att ett proteins 3D-struktur har bestämts. Det bör-
jar med att man väljer vilket protein man ska inrikta sig på. Proteinet ska 
gärna vara livsnödvändigt för organismen och inte vara likt det mänskliga 
proteinet så att korsreaktioner kan undvikas. Därefter ska proteinet produce-
ras i stora mängder, för att kunna renas och bilda kristaller. Först när kristal-
ler av hög kvalitet har tillverkats kan de bestrålas med röntgen och ge infor-
mation om hur proteinet ser ut. Figure 20. visar ett förenklat flödesschema 
för de olika steg som krävs för att strukturbestämma ett protein. 

För att kunna se hur ett protein ser ut i detalj kan grafiska datorprogram 
användas. En förenklad bild av proteinet kan tas fram och möjliga interak-
tioner mellan läkemedelskandidater och proteinet kan analyseras. Aminosy-
rornas bindningar kan synliggöras med streck och vanligt förekommande 
sekundärstruktur kan framställas som grova pilar och spiraler. Atomerna kan 
färgkodas föra att deras kemiska egenskaper ska kunna synliggöras, se 
Figure 21. 
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Figure 20. Flödesschema för de experimentella steg som behövs för att kunna be-
räkna och bestämma en proteinstruktur. 

Under mina doktorandstudier har jag utfört molekylärbiologiskt arbete i 
form av kloning, proteinproduktion, proteinrening. Slutligen har jag samlat 
data på proteinkristaller och med hjälp av datorer strukturbestämt proteiner-
na. Jag har inriktat mig på att strukturbestämma tre proteiner från Mt som är 
livsnödvändiga för bakteriens överlevnad. Om det går att hitta ett läkemedel 
som inaktiverar proteinet, kommer bakterien troligtvis att dö.  

De två första proteinerna (Rv0216 och Rv0130) som jag presenterar i min 
avhandling är hypotetiska proteiner som finns i mycobacteria-familjen. Det 
betyder att proteinerna produceras av alla mycobakterier, men det finns ing-
en likhet mellan dessa proteiner och kända proteiner. Man vet inte vad de 
gör i bakterien eller hur de ser ut, man känner bara till proteinets aminosyra-
sekvens.  

Rv0216 är ett av dessa okända proteiner som även har rapporterats vara 
livsviktigt för Mt. När proteinet strukturbestämdes visade det sig att det hade 
en 3D-struktur som liknar andra kända proteiner, så kallade hydrataser (En 
bild av 3D-strukturen av Rv0216 finns på sida 35).  Hydrataser är en stor 
familj proteiner och aktiva sätet i Rv0216 och i R-hydrataser är väldigt lika 
varandra, med undantaget att en del av aminosyror i aktiva sätet skiljer sig 
åt. Rv0216 är troligtvis inte ett hydratas eftersom det inte var aktivt med 
fettsyror som är vanliga substrat för den här typen av hydrataser. Däremot 
hittades ett stort antal Rv0216-liknande proteiner från en rad andra bakterier, 
alla med okänd funktion. Troligtvis bildar dessa Rv0216-lika proteiner en 
helt ny proteinfamilj och Rv0216 är det första exemplet som har strukturbe-
stämts av dessa. Rv0216 användes också för att karaktärisera några andra 
proteiner i Mt som troligtvis har liknande 3D-struktur. Däribland hittades 
Rv0130 som också strukturbestämdes. Detta protein visade sig ha en väldigt 
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snarlik struktur och samma aminosyror i aktiva sätet som hydrataser (En bild 
av 3D-strukturen av Rv0130 finns på sida 54). Rv0130 var aktivt med hydra-
tas-fettsyror och är därmed bevisat att vara ett hydratas, dock har det inte 
undersökts hur långa fettsyror proteinet kan reagera med. 

Det tredje proteinet som jag inriktade mig på är ett branched chain amino-
transferase (BCAT) från Mt. Det är ett protein som flyttar amino-grupper 
från aminosyror till ketosyror och vice versa. Proteinet ingår i aminosyra-
metabolismen som är livsnödvändig för alla organismer. Det visade sig vara 
väldigt svårt att kristallisera BCAT från Mt och därför klonade jag proteinet 
från den närbesläktade bakterien Mycobacterium smegmatis (Ms). Aminosy-
rasekvensen i respektive BCAT är väldigt lika varandra. Därför är det troligt 
att även 3D-strukturerna av proteinerna är lika. BCAT från Ms var enklare 
att kristallisera och jag löste proteinstrukturen i bland annat ett komplex med 
en läkemedelskandidat Obe (För en bild av 3D-strukturen av Ms-BCAT se 
sida 66). Det visade sig att BCAT är väldigt likt det mänskliga BCAT prote-
inet, men med en aminosyra som skiljer sig i aktiva sätet. Denna skillnad kan 
utnyttjas för utveckling av nya läkemedel, så att läkemedlet inte inaktiverar 
det mänskliga proteinet. 

Proteinstrukturerna av de tre proteiner som presenteras i den här avhand-
lingen är nu tillgängliga för vem som helst och informationen som struktu-
rerna ger kan användas av läkemedelsbolag och forskare för att utveckla nya 
läkemedel som botar TBC. Dock är det viktigt att kombinera flera läkemedel 
så att inte resistenta bakterier kan bildas. Nya läkemedel behöver också vara 
ofarliga att använda, billiga att framställa och lätta att inta, för att TBC ska 
kunna bekämpas. 

 
Figure 21. Aminosyrasekvenser deras sekundärstrukturer i ett protein. (A) Aminosy-
rasekvens som formar en spiralliknande sekundärstruktur. (B) Visualisering av spi-
ralen. (C) Aminosyrasekvens som formar flakliknande sekundärstruktur. (D) Visua-
lisering av flaket. 
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