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Introduction 

In my country, Cuba, there is a small town named Rincón not so far away 
from the capital. Every 17th of December many people arrive in this town to 
pray and ask for health from San Lázaro. My mother has explained to me 
that in this place, before the Cuban revolution, there was a hospital that 
treated people suffering from leprosy. I was a child and I had never met any 
person suffering from that traumatic disease. I was also very far away from 
linking leprosy with tuberculosis (TB), another disease “eradicated” by the 
huge vaccination campaign that every child has a right to in my country. 
Tuberculosis first became known to me as the name of a disease that had 
killed a three year old sister of my mother. I do not like that any family in the 
world suffers the loss of a dear person, even less when it is caused by a 
disease that most people still think of as “curable”. 

Despite all the efforts that have been made to eradicate TB, the World 
Health Organization (WHO) statistics about the disease are still frightening. 
One third of the world’s population is infected with Mycobacterium 
tuberculosis, mostly in highly populated third world countries in South-East 
Asia and Africa, but other world regions do not escape the problem. 
(http://www.who.org; Kochi 2001; Ducati, Ruffino-Netto et al. 2006). HIV 
infection is seen as the main cause for the increase in new TB cases in 
Africa. According to WHO estimates, between 5-10% of infected persons 
will be ill in their lifespan.  

The treatment of the disease usually is long (3-6 months), and requires the 
combination of different drugs. However, the same drugs have been used for 
around 50 years, which has led to widespread resistance. New ones are now 
needed that are able to kill extensively drug resistant strains of M. 
tuberculosis, called XDR-TB. Obviously, we need to find new drugs to win 
the deadly race against XDR-TB, and in general, improve TB treatment. 

The long process of drug development should be accelerated, mainly in 
the initial stages. The effectiveness of any drug is correlated to the 
essentiality of the biological process that it targets in the pathogen, among 
other criteria. Hence, the identification of essential biological processes in 
M. tuberculosis is a must. 

Proteins are macromolecules that have different functions in the living 
cell; they play crucial roles in most essential cell processes. One of their 
functions is the biochemical catalysis of reactions, allowing the increasing of 
reaction rates. 
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Another macromolecule, DNA, encodes the amino acid sequences present 
in the proteins. The information in the DNA is organized in genes, which can 
be recombined into carrier DNA sequences called plasmids. The plasmids 
are then introduced into a microorganism such as Escherichia coli, 
permitting the heterologous expression of proteins in larger quantities than in 
the source microorganism, M. tuberculosis, in our case.  

The recombinant proteins obtained are used for three-dimensional 
structural and biological function studies. One property of the proteins that is 
of special interest to us is their ability to form crystals under some 
conditions. Crystals are highly organized and their components form a 
regular pattern. This characteristic permits the use of X-ray techniques to 
decipher the three-dimensional structure of the proteins. 

Once we can visualize the structure of the protein, we can get insights into 
the important parts such as the active site, build hypotheses concerning the 
mechanism of the catalyzed reaction, and using this together with all the 
experimental kinetic data, try to design drugs that inhibit the activity of the 
enzyme. 
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Aim and outline of thesis 

The aim of the thesis is to present four projects from my work with M. 
tuberculosis (Mtb) proteins. Target selection, cloning, expression, 
purification, crystallization, structure and biochemical characterization are 
discussed, as well as aspects of protein solubility in the heterologous 
expression of Mtb proteins in E. coli. Reaction mechanisms of two of the 
proteins, together with their three-dimensional structure determined in these 
studies, are also described. 

The results presented here are part of the Uppsala program entitled 
RAPID (Rational Approaches to Pathogen Inhibitor Discovery), which 
started officially in January 2003. Five sections integrate different aspects of 
the work presented in this document. 

The first section is an outline of the studies performed. It deals with 
general methods and problems in the work with Mtb proteins. Target 
selection, which is obviously of utmost importance, is discussed. General 
strategies and considerations used in the selection of target Mtb genes will be 
presented, based on the information available at that time and further refined 
based on knowledge gained during my work. The PCR amplification of the 
selected genes, vectors and strains used, fermentation problems, purification, 
crystallization, data collection, structure determination and biochemical 
assays are all covered here. 

The second section describes the work on Mtb’s carbonic anhydrases, and 
presents their structures, activity determination and future plans. 

The third section describes the work with threonine synthase, including 
structure and activity determination, reaction mechanism, mutants obtained 
and future directions. 

The fourth section describes the work with FAS II proteins, which 
includes the assignation of biochemical activity, co-expression with 
functional partners, the mutations performed and future directions. 

The fifth section describes the work with a protein of unknown function 
designated as Rv3778c: the structure determination, attempts made at the 
deciphering of the biochemical function and future directions. 
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General Methods 

Without any doubt, the first question that arose at the very beginning of the 
project was the following: Which genes will I work with? The second 
question was: How many genes should I work on? 

What is considered a good drug target? This question has many different 
answers that taken together provide a guide for target selection. A good drug 
target should be a gene that encodes a protein that is essential for the survival 
of the pathogen. The protein should be different from the one found in 
humans and, if possible, different from proteins of other microorganisms that 
populate our body in a beneficial relation. An enzymatic assay should be 
available that is useful for high throughput screening; besides that, the 
potential inhibitor should be “druggable”; which means that it must comply 
with a long checklist of properties that must be fulfilled to make it clinically 
viable. 

Target selection 
With the publication of the H37Rv Mtb complete genome sequence (Cole, 
Brosch et al. 1998), the numbering of the genes was defined (Rv numbers), 
and where possible, a functional assignation was made, in the publicly 
available database, Tuberculist (http://genolist.pasteur.fr/TubercuList/). This 
made it possible to make a “rational” target selection. The gene product is 
frequently referred in the following text by its Rv number. 

Targets were selected mostly according to the “essentiality” criteria 
published up to the year 2003 by several authors (Betts, Lukey et al. 2002; 
Lamichhane, Zignol et al. 2003; Sassetti, Boyd et al. 2003; Sassetti and 
Rubin 2003). However, there are few overlaps in the genes classified as 
essential by the different authors. This lack of agreement could be due to the 
different approaches used in their classification, and certainly makes it 
difficult to know how to use the information optimally. 

From around 4000 genes present in Mtb (Cole, Brosch et al. 1998), 194 
are considered essential using transposon site hybridization (TraSH) (Sassetti 
and Rubin 2003); 55% of these “essential” genes are of unknown function. 
This large proportion of genes coding for unknown-function proteins repre-
sents a challenge for the study of Mtb, but is also a source of new potential 
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drug targets, since many of the homologous genes are not found in the hu-
man host. 

Once some of the essential genes were chosen as possible targets, the 
second criterion was to establish how many targets it would be feasible to 
work on. The number of targets I chose was based on the statistics of the TB 
Structural Genomics Consortium (TBSGC) at the time, where only 10% of 
the targeted genes were found to give useful structural data. Unfortunately, 
this proportion still remains unchanged (Table 1). 
 
Table 1. Current target status of Structure Genomics Consortium (TBSGC 
http://www.doe-mbi.ucla.edu/TB/currently.php) and the present study (080212).  

 TBSGC This study 

Status # ORF Yield 
(%) # ORF Yield 

(%) 
Selected 1203 100 45 100 
Cloned 671 56 40 89 
Expressed 1070 89 25 56 
Soluble 87 7 17 38 
Purified 663 55 16 36 
Crystallized 178 15 5 11 
Diffraction-quality Crystals 21 2 4 9 
Diffraction  36 3 4 9 
HSQC 1 0   
NMR Assigned 1 0   
Crystal Structures 87 7 4 9 
NMR Structures 0 0   
Unique Mtb structures In PDB 113 9 4 9 

During the ongoing experiments, interesting connections between the 
selected genes and other Mtb genes became evident; proteins with related 
function, complementary to each other or belonging to the same pathway, 
were incorporated into my list (Table 2) of targets. 

One typical example is the Rv1284 protein, annotated as a possible 
carbonic anhydrase (http://genolist.pasteur.fr/TubercuList). It was 
crystallized easily under several conditions. Furthermore, inspecting the Mtb 
databases (TBSGC) and the published literature (Smith, Jakubzick et al. 
1999), we found that the rv3588c, rv3273 and rv3525 genes were annotated 
or correlated as encoding possible carbonic anhydrases. All these genes were 
incorporated into the list of targets. 

Other ORFs that were included in the list belonged to the shikimate 
pathway and the threonine synthase operon. 
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Table 2. Mtb genes included in this study. Essential genes were classified in the va-
rious studies (a(Sassetti, Boyd et al. 2003), b(Sassetti and Rubin 2003), 
c(Lamichhane, Zignol et al. 2003) and d(Betts, Lukey et al. 2002)) are marked with 
“1”. The minus sign indicates genes that were down-regulated.  

  
Rv 
number Function a b c d 

1 rv0011c  probable conserved transmembrane protein    -1 
2 rv0311 hypothetical protein 1    
3 rv0335c PE-family protein 1    
4 rv0636  single hotdog hydratase, homodimer 1 1   
5 rv0996  probable conserved transmembrane protein     
6 rv1085c possible hemolysin-like protein     
7 rv1171  conserved hypothetical protein     
8 rv1182  pks-associated protein, unknown function 1   1 
9 rv1284 beta-carbonic anhydrase canA 1 1  1 
10 rv1292 probable arginyl-tRNA synthetase argS 1    
11 rv1295  probable threonine synthase thrC 1    
12 rv1296  probable homoserine kinase thrB 1    
13 rv1300  probable hemK protein  1    
14 rv1301  conserved hypothetical protein 1   -1 
15 rv1342c  conserved membrane protein 1    
16 rv1464 probable cysteine desulfurase csd 1   -1 
17 rv1547  probable DNA polymerase III (alpha chain) dnaE1 1    
18 rv1683  possible long-chain acyl-COA synthase 1    
19 rv1689  probable tyrosyl-trna synthase tyrS 1    
20 rv1701  probable integrase/recombinase 1  1  
21 rv1711  conserved hypothetical protein 1    
22 rv1713  probable GTP-binding protein engA 1    
23 rv1886c secreted antigen 85-b fbpB     
24 rv1915 probable isocitrate lyase aceaA   1 1 
25 rv1916 probable isocitrate lyase aceaB     
26 rv2006  probable trehalose-6-phosphate phosphatase otsB1     
27 rv2169c  probable conserved transmembrane protein   1 1 
28 rv2178c probable 3-deoxy-d-arabino-heptulosonate 7-

phosphate synthase aroG 
1 

   
29 rv2440c  probable GTP1/OBG-family GTP-binding protein obg 1    
30 rv2528c probable restriction system protein mrr     
31 rv2538c 3-dehydroquinate synthase aroB 1    
32 rv2539c shikimate kinase aroK (sk) 1    
33 rv2540c probable chorismate synthase aroF 1    
34 rv2755c possible type I restriction/modification system     
35 rv2756c possible DNA methylase hsdM     
36 rv2907c  probable 16s rRNA processing protein rimM 1   -1 
37 rv3227 3-phosphoshikimate 1-carboxyvinyltransferase aroA     
38 rv3263 probable DNA methylase   1  
39 rv3273 probable transmembrane carbonic anhydrase   1 -1 
40 rv3525c  possible siderophore-binding protein     
41 rv3588c  beta-carbonic anhydrase canB  1  1 
42 rv3778c  possible aminotransferase 1    
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Rv 
number Function a b c d 

43 rv3781  probable o-antigen/lipopolysaccharide transport ATP-
binding protein ABC 

1 1  -1 

44 rv3804c secreted antigen 85-a fbpA      
45 rv3922c possible hemolysin     

The general strategy of the work on the chosen targets was the following: 
cloning, expression, purification, crystallization, structure solving and bio-
chemical function determination (Figure 1). When needed, some sequence 
mutations were considered, to fulfill particular goals such as improving the 
solubility, testing the mechanism of reaction or getting diffracting crystals.  

 Figure 1. Diagram of the general strategy followed in the work 

Cloning 
Working with a set of 45 Mtb genes required the setup of standard 
conditions for each step. As a first choice, a non cleavable His-tag at the N-
terminus was included in all the constructs performed, except when 
specified. His-tagging has been used extensively here and elsewhere for 
purification of proteins via chelating chromatography for the purpose of 
structural studies. 

The Mtb genome has a GC rich DNA content and the targeted Mtb genes 
(Table 2) ranged from 56-71% in GC composition. Careful design of primers 
was needed to avoid nonspecific amplification, which is a common problem 
for GC rich DNA templates. Generally, an overlapping PCR was performed 
to add the sequence for the His-tag in the 5’ region. In addition, the inclusion 
in the PCR reactions of 1-10% DMSO facilitated the amplification of a few 
problematic genes.  

The limited availability of genome Mtb DNA was supplemented, in the 
necessary cases, with an array of cosmids (obtained from the Pasteur 
Institute) each coding for a set of proteins nearby in the genome. This 
increased the success of the cloning of some genes that were difficult to 
amplify from the genomic DNA, or for which amplification had resulted in 
unwanted deletions. 

Cloning 

Functional 
determination 

Expression Purification Crystallization Structure 
solving 
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As is widely known in the TB research community, the high incidence of 
low-solubility protein problems, low expression levels and complicated clo-
nability of Mtb genes in E. coli (Goulding, Perry et al. 2003; Vincentelli, 
Bignon et al. 2003; Murillo, Li et al. 2007), requires a flexible attitude to-
ward  expression systems. Therefore, we included restriction enzyme sites in 
the reverse primers allowing the subcloning of the genes in Pichia pastoris 
vectors pPICZ� and pPIC9k in an easy way. This approach allowed us to 
add versatility to our cloning strategy that mimics in a limited way the Ga-
teway system used in high throughput labs. 

The preferred E. coli vectors used were pCR®T7/CT-TOPO® or pEXP5-
CT/TOPO®, while pET101/D-TOPO® and pBAD/Thio-TOPO® were used 
less frequently. A common characteristic of these vectors is the presence of a 
strong T7 promoter, except for the pBAD vector, which has an arabinose 
promoter. All have a high copy number and reach a high level of protein ex-
pression when induced appropriately. 

Expression 
The correctly oriented clones were verified by analytical PCR or restriction 
enzyme digestion analysis, then transformed into E. coli BL21AI and 
checked for expression in 2 mL Luria-Bertani medium (LB) supplemented 
with ampicillin. The colonies that over-expressed a protein of the expected 
size were verified by DNA sequencing. The procedure described above gave 
us the possibility to screen a large number of colonies in an efficient cost-
effort ratio. Other expression strains, BL21(DE3), BL21(DE3) pLys, 
BL21star and JM109 were used only if BL21AI did not prove optimal. 

Confirming the correct DNA sequence of the clones was essential to avo-
id unexpected results. It was used as a selection criterion for the clones, as 
well. We found many clones with sequence errors such as deletions or 
multiple mutations (Figure 2). Those mutations could be due to the high GC 
content of Mtb genome or to suboptimal amplification conditions. 
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Figure 2. Relative positions of the mutations found in different clones. Silent 
mutations are not included. 

A routine procedure was followed for the fermentations. A pre-inoculum 
was grown previous to the fermentation, and centrifuged then re-suspended 
in fresh LB supplemented with ampicillin, before inoculating the cultures in 
Erlenmeyer flasks (up to 2 L of media). The initial OD600 nm of the cell 
culture was 0.01. The culture temperatures used were 25 oC and/or 37 oC. 

The level of protein expression in the total cell lysate was analyzed by 
SDS-PAGE, stained with Coomassie brilliant blue. To make a fair 
comparison from multiple experiments on the same basis, 1/OD600 volume of 
culture samples was taken, centrifuged and the pellet re-suspended in 50 �L 
of loading buffer. 

The cells transformed with plasmids carrying the different genes had 
different growth rates. Induction was performed between OD600 nm 0.5 and 
1.5. After the induction, the cells were allowed to grow for 2-12 h. The cell 
pellets after the fermentation were washed either with SSC 1X or phosphate 
buffer and weighted. The final pellets were stored at -20 oC. 
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Purification 
The cell pellets were re-suspended in phosphate buffer and disrupted in a 
One Shot cell disruptor (Constant Systems, Ltd). After the centrifugation 
step, the cell-free extract was incubated with nickel-nitrilotriacetic acid-
agarose (Ni-NTA, Qiagen). After washing the resin, the bound protein was 
eluted with imidazole. The eluted fractions were applied to size exclusion 
columns (SEC, Superdex 75 or 200, as appropriate) equilibrated with Tris-
HCl, HEPES or phosphate buffer with the addition of NaCl, and in some 
cases, beta-mercaptoethanol. The buffer was selected according to the solu-
bility of the protein in each buffer.  

In one case, the freeze-thaw method (FT) was used as a mild way of brea-
king cells. This method solubilized fewer E. coli proteins, decreasing the 
amount of contaminating host proteins. The FT gave good results in the puri-
fication of the poorly soluble protein Rv0636 (see FAS proteins section, Fi-
gure 13).  

Crystallization 
The proteins that reached to the purified status (Table 1) were submitted to 
crystallization trials. The initial search for crystallization conditions was per-
formed with standard kits (Core, JCSG+, PEG-ion, PACT, Quik screen). 
Four gene products gave diffracting crystals. 

During the ongoing experiments, other research groups deposited the co-
ordinates in the Protein Data Bank (PDB) (Berman, Westbrook et al. 2000) 
of Rv2178c, Rv2539c, Rv2540c, Rv3227 and Rv3804c. The work on these 
Mtb proteins was therefore abandoned and the effort was concentrated on the 
other selected targets. However, as well as confirming the interest of the tar-
gets chosen, the conditions in which the crystals were obtained for Rv3227 
(PDB code 2BJB, unpublished) indicated some aspects that could be impro-
ved. For example, higher concentrations of ammonium sulphate or sodium 
citrate than what are found in the commercial screening kits, could be used. 
The crystallization is one of the limiting steps in the work with the Mtb pro-
teins (Table 1) and much effort was devoted to get diffracting crystals (Figu-
re 3). 

Modification of lysine residues (methylation) was tried without success. 
Protein mutations and deletions were tried as well. Some of these results are 
discussed later in the text. 
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Figure 3. Example of some crystals obtained during the screening and opti-
mization of conditions for the crystallization used in this work. Panel A-C: 
Rv1284 crystals in optimized and two different screening conditions respec-
tively, D: Rv3778c crystals in optimized conditions. 

Solving the three-dimensional structure 
Molecular replacement (MR) is the most common technique in use today to 
solve the three-dimensional structure of proteins using X-ray diffraction. The 
fact that proteins with similar amino acid sequences can have similar 
structures, is the basis of MR method. The structure of a protein deposited in 
the PDB, with high enough sequence identity to ours, is in this way used as a 
template to determine the intitial phases. For a more extensive introduction 
to the method see elsewhere (Evans and McCoy 2008). 

We used the MR method successfully for all the proteins studied in this 
thesis, and the different programs used are specified in the respective papers.  

Biochemical function 
Many proteins in Tuberculist are annotated with a putative function, based 
on similarities with known proteins, despite the fact that the Mtb proteins 
themselves have never been characterized in any way. The experimental 
determination of the biochemical function is thus desirable to confirm that 
the annotation is correct. In addition, the characterization of a protein, 
including describing its kinetic features, is a necessary starting point for the 
inhibitor search. 

The decision to set up an enzymatic assay depended of the stage of the 
project, priority and specific interest. During the work with the selected Mtb 
proteins, some assays were performed either when we had diffracting 
crystals (Papers I, II, IV and V), when needed to confirm enzymatic activity 
annotated in the Mtb database (Papers I, II and IV) or in the search of 
predicted biological function in cases of unknown function (Papers III and 
V). The enzymatic assays performed are mentioned in their corresponding 
sections. 

A                 B                             C                            D
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Future perspectives 
Target selection should focus on genes coding for essential proteins, with 
emphasis on the first enzymes in critical pathways, which usually are the 
enzymes most tightly regulated. However, auxiliary or complementary 
proteins should also be considered. My opinion is that more work should be 
done on transporters through the Mtb membrane. Inhibitors found or 
developed in the way that we have adopted now will, after all, face the 
barrier of the Mtb membrane, which is very complex and not permeable to 
many potential drugs. 

“Brute force” or “low-hanging fruit” approaches will not yield the desired 
results in the Mtb project, as the best targets are unlikely to be the easiest 
ones. Therefore, a rational approach in all the phases of the work is needed 
to increase the chances of the design of new drugs. To enable this process, 
critical steps such as cloning, soluble expression and crystallization require 
more attention (Table 2). 

E. coli is the most commonly employed expression host (Makrides 1996). 
The use of weaker promoters, low copy number plasmids and chaperones 
should have a beneficial effect, in cases where the insolubility of the 
expressed proteins is due to high levels of expression that promote the 
formation of inclusion bodies. 

Using Mycobacterium smegmatis (Goldstone, Moreland et al. 2008; 
Graslund, Nordlund et al. 2008), Mycobacterium vaccae (Gao, Bai et al. 
2007) or other microorganisms closely related to M. tuberculosis as 
expression host should provide a better opportunity for the soluble 
expression of proteins that fail to express in soluble form in E. coli. Despite 
the fact that yeast is a good expression system, there is no Mtb structure 
deposited in the PDB that has been produced in a yeast system. Thus it 
seems likely that this largely unexploited option is likely to be a fruitful 
avenue for future efforts. 
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Carbonic anhydrases 

Background 
Carbonic anhydrases (CAs), EC 4.2.1.1, are metal (generally zinc)-
containing enzymes that catalyse the reversible hydration of the membrane-
permeable gas CO2 to form bicarbonate. 

 

They participate in photosynthesis, intermediary metabolism, facilitated dif-
fusion of CO2, pH homeostasis, and ion transport. CAs are among the fastest 
and most efficient enzymes studied so far (Lindskog 1997; Khalifah 2003). 
They are divided into five families named �-, �-, �-, �-, and �-CAs that are 
unrelated in sequence and structure (Figure 4). �-CAs are monomers com-
prised by antiparallel �-sheet; this group is characterized by the fact that they 
show esterase as well as carbonic anhydrase activity (Verpoorte, Mehta et al. 
1967). �-CAs are dimers or multiples of dimers comprised by an �/� fold. �-
CAs are homotrimers with a typical “toblerone” organization of the �-sheets 
(Lindskog 1997) (Figure 4). Both �-CAs and �-CAs are similar to �-CAs; 
the former utilizes cadmium instead of zinc, while the latter is larger. 

Figure 4. Ribbon representation of �-, �- and �-CAs. One subunit in each case has 
rainbow coloring going from the N-terminus (red) to C-terminus (blue), while the 
other subunits are colored in gray. Zinc atoms are depicted as spheres. (PDB codes 
4CA2, 1G5C and 1THJ, respectively) 

CO2  + H2O        HCO3
- + H+ 

�-CA �-CA �-CA 
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CAs are found in all living organisms. Mammals have 16 �-CA isozymes 
that have been extensively studied (Supuran and Scozzafava 2007). It is no-
teworthy that �-CA is the only kind of CA-family found so far in humans. In 
fact, the greatest progress in the design of CA inhibitors has been related to 
this kind of enzyme, with practical results in the treatment of the glaucoma 
(Maren and Jankowska 1985; Palmberg 1995). 
�-CAs are widespread in eubacteria, archaea, algae, and plants. Mtb has 

three �-CAs (Rv1284, Rv3588c and Rv3273) and one �-CA (Rv3525c) that 
have been identified by sequence alignment studies (Smith, Jakubzick et al. 
1999). 

Despite the structural differences in the CA families, the general reaction 
mechanism is based on a zinc-bound hydroxide ion for all the CAs. Details 
of the mechanism can be reviewed in several reviews (Lindskog 1997; 
Kimber and Pai 2000; Supuran and Scozzafava 2007). In brief, a substrate 
molecule of CO2 is attacked by the nucleophilic zinc-bound hydroxide, so 
forming a bicarbonate ion. Later, the bicarbonate ion is replaced by a water 
molecule. The zinc-bound hydroxide ion is then regenerated via a proton 
shuttling mechanism (Tu, Paranawithana et al. 1990). The rate-limiting step 
is the transfer of the proton to the buffer (see Figure 7 for the active site 
architecture of Rv1284 and Rv3588c). 

The studies presented in this chapter are based on Papers I and II. Other 
unpublished data associated with our published results are presented in a 
brief way. 

In Paper II, we describe how pH affects the dimerization state of 
Rv3588c. We demonstrate that a tetramer is formed at high pH, and is likely 
to be the active form of the enzyme. The “essential dimer” formation was 
shown previously in Paper I. Interestingly, the formation of tetramer is 
accompanied by large changes in the active site and in a region of the 
tetramer-forming interface. The Rv3588c active site mutants are also 
presented.  

Rv1284 (Paper I) 
Rv1284 protein (19 kDa) was cloned, expressed and purified in the way 
described earlier (see the general methods section and Paper I). Many 
crystals were produced in several different conditions after only one day. 
The crystallization conditions were optimized and data sets were collected at 
the ESRF (European Synchrotron Radiation Facility, Grenoble) beamline 
ID14-1 to a resolution of 2.0 Å. The diffraction data were processed with 
MOSFLM and reduced and scaled in SCALA using the CCP4 program suite 
(CCP4 1994), and was found to belong to space group F222, with unit cell 
parameters a=100.2 Å, b=154.1 Å, and c=156.9 Å. 
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The three-dimensional structure of Rv1284 was solved by MR, using a �-
CA structure from Methanobacterium thermoautotrophicum with PDB code 
1G5C (Strop, Smith et al. 2001), the structure with the highest sequence 
identity (29%) to Rv1284, as a search model. Final refinement statistics are 
given in Paper I, Table 1. 

The overall structure is shown in Figure 7, panel A. For better clarity and 
convenience, the structure-related figures of the Rv1284 are shown beside 
the figures of Rv3588c (see below).  

Active site and enzymatic characterization 
One important observation emerging from our work was the fact that the 
active site architecture of the �-CA structures determined to date could be 
categorized into two types (Kimber and Pai 2000), the “cab” type in which 
three protein residues and a water molecule are coordinated to the zinc, and 
the “plant” type, in which four protein residues are coordinated to the zinc 
(Figure 8). The Rv1284 active site in the structure solved here belongs to the 
“cab” type. It has residues Cys35, His88, Cys91, and a water molecule coor-
dinated to a Zn2+ atom; in addition, Asp37 and Arg39 form a well-defined 
salt bridge. This architecture of the active site is also found in the CA struc-
tures of Pisum sativum (Kimber and Pai 2000), Methanobacterium thermoa-
utotrophicum (Strop, Smith et al. 2001) and Halothiobacillus neapolitanus 
(Sawaya, Cannon et al. 2006). 

Carbonic anhydrase activity was assayed by measuring changes in pH du-
ring the reaction with a dye indicator method (Khalifah 1971). The data were 
acquired at the appropriate wavelength according to the buffer/indicator pair 
using a Beckmann DU-600 spectrophotometer with time t= 0 coinciding 
with manual addition of substrate (CO2 saturated water). Bovine��-CA II 
was used as positive control. The details of the assay are described in Paper 
I.  

Figure 5. Enzymatic assays. CA 
activity at pH 8.4. The negative 
control, BSA, approached equilib-
rium in 20 s, as did the reaction 
including Rv1284. The sample 
containing Rv3588c (2.5 �M) 
showed a much faster reaction. 
However, that catalyzed by bovine 
�-CA II (3.3 nM), the positive 
control, was even faster. 
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Rv1284 did not show CA activity (Figure 5) and we speculate that the lack 
of activity could be due to two main reasons: first, the amount of Zn2+ pre-
sent in the enzymatic preparation was very low, compared to the Zn2+ content 
of Rv3588c (0.3 and 0.94 Zn2+ equivalent per protein molecule respectively). 
Second the N- and C-terminal ends are very close to the active site and the 
presence of the His-tag could be detrimental for the activity. The addition of 
Zn2+ to the purified enzyme preparation caused heavy precipitation, and ad-
ding Zn2+ in the fermentation flask caused no change in the CA activity of 
the final preparation. 

Based on the CA-assay results obtained with the Rv3273 mutants (see be-
low), the fact that the longer version of Rv3273al did not show CA activity 
compared to the short version Rv3273ac (having a 20 amino acid difference 
at the N-terminus) supports the idea of the detrimental effect of a “hanging” 
N-terminus. 

To further investigate the lack of activity of Rv1284, we decided to make 
the following mutants: 1.- Construct a C-terminus His-tagged version, 2.-
Remove the N-terminal His-tag 3.- Express the protein without a His-tag in 
P. pastoris, because the secretion into the media would avoid the back-
ground contaminating activity of the E. coli CA. 

Figure 6. Panel A, diagram of Rv1284 mutants constructed. M1, a sequence coding 
for the recognition site of Factor Xa protease (solid square) was inserted after the 
His-tag. M2, is a C-terminus His-tag (smiley) version. Panel B-D, SDS-PAGE 8-
25% of samples from soluble fractions during Ni-NTA purification of Wt, M1 and 
M2, respectively, designated as (C) Crude extract, (P) column flow-through, (F1-F3) 
fractions eluted with 250 mM of imidazole. Panel E, SDS-PAGE 8-25% of samples 
of P. pastoris-secreted Rv1284 without tags. (0) time= 0 h, (Y1-3) samples from 
different clones, after 72 h of induction with methanol. 

The results obtained (Figure 6) may be summarized as follows: 1.- The C-
terminal His-tagged version of rv1284 produced low amounts of protein (pa-
nel D). 2.-The Factor Xa sequence introduced between the N-terminal His-
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tag and the starting amino acid of the protein (panel C) could not be cleaved 
even in the presence of urea. 3.-The expression in P. pastoris, the best option 
so far, on the small scale was good (panel E) but the purification procedure 
should be improved. 

Rv3588c (Paper I and II) 
Rv3588c protein (23 kDa) was cloned, expressed and purified in the way 
described above (see general methods section and Paper I). The first crystals 
of the dimeric form were observed after 5-8 days (Paper I) and for the tetra-
meric form after 2 months (Paper II). The statistics related to the structures 
are presented in Paper I and II. Briefly, the dimeric form of Rv3588c (Paper 
I) was solved to a resolution of 1.7 Å, using crystals that belong to space 
group P41212, with unit cell parameters a=56.4 Å, b=56.4 Å, and c=104.2 Å. 
The tetrameric form (Paper II) was solved to a resolution of 2.2 Å, using 
crystals that belong to space group P21, with unit cell parameters a=67.9 Å, 
b=70.3 Å, and c=84.4 Å. 
 

Figure 7. Ribbon diagrams of Rv1284 (Panel A) and Rv3588c in the dimeric form 
(Panel B). One subunit has rainbow coloring going from red (N-terminus) to blue 
(C-terminus) in each case, while the other subunit is colored in gray. Zinc atoms are 
depicted as spheres. 

Active site and enzymatic characterization 
The Rv3588c active site architecture (dimeric form, Figure 8), belongs to the 
class observed for “plant” type �-CAs (i.e. distinct from that observed above 
for Rv1284). As the crystals were grown at a pH 7.5, at which the enzyme 

A B 
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has no activity, we believe that the active site architecture observed is the 
inactive one, with residues Cys51, Asp53, His104 and Cys107 coordinated 
to a Zn2+ atom. This architecture of the active site is found in the structures 
of E. coli (Cronk, Endrizzi et al. 2001) and Porphyridium purpureum 
(Mitsuhashi, Mizushima et al. 2000) CAs. 

Figure 8. In the active site of Rv1284 (Panel A), the zinc is coordinated with a mole-
cule of water and the three residues conserved in the �-CAs (two Cys and one His). 
However, the Rv3588c (dimeric form) active site (Panel B) shows  a zinc coordina-
ted to the three equivalent ligands without a water molecule. 

When the crystallization conditions were changed (Table 3), crystals were 
formed (Paper II) with different crystallographic properties (cell dimensions 
and space group). The active site (Figure 9) and the tetramer-forming inter-
face display large structural changes (residues 119-126). In addition, one 
segment is observed to be ordered in the tetrameric structure but not in the 
dimeric one (residues 31-42). 

A B 
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Figure 9. Stereo view of the active site of Rv3588c; the conformation observed is 
similar to the “cab” type.  

 
Table 3. The crystallization conditions used in this study. 

Name crystallization conditions PDB code 
Rv1284 8% polyethylene glycol 2000, 100 mM NaSCN, pH 7.5 1YLK 
Rv3588c 
(dimer) 

35% polyethylene glycol 400, 200 mM MgCl2, 100 mM 
HEPES, pH 7.0 

1YM3 

Rv3588c 
(tetramer) 

20% polyethylene glycol 3350, 10% glycerol, 200 mM 
NaSCN, unbuffered 

2A5V 

Three active-site mutants were constructed, Asp53Ala (D53A), Arg55Ala 
(R55A) and the double mutant (DR). A change in the solubility was evident 
although the level of protein expression seemed not to be affected. Only the 
R55A mutant was soluble enough as to be purified in the usual way. Howe-
ver, the chromatographic profile in the SEC at pH 7.5 showed remarkable 
differences compared to the wild type Rv3588c (Figure 10).  
 

Figure 10. Chromatograms of Rv3588c (Panel A) and mutant R55A (Panel B) on 
size-exclusion chromatography.  Fractions eluted from the Ni-NTA column were in 
each case applied in a Superdex-75 column (SEC). Chromatograms of three diffe-
rent purifications of wild type Rv3588c were superimposed (left). Peaks 1, 2 and 3 
are composed by tetramers, dimer and monomers respectively. The insert shows a 
SDS-PAGE of the peaks of the R55A mutant. M: LMW protein marker (94, 67, 43, 
30, 20 and 14 kDa), AU: arbitrary units. Ve: Elution volume. 

Based on the evidence accumulated from the structural studies, together with 
previous size exclusion chromatography experiments using buffers at diffe-
rent pH, and the lack of CA activity of the R55A mutant, it is possible to 
conclude that the change in Arg55 decreases the proportion of dimeric speci-
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es at pH 7.5, this is the most abundant peak for Rv3588c (comparing the ra-
tio of peaks 2 to 3). Moreover, the change in Asp53 is so drastic that it hin-
ders the soluble protein expression (both D53 and the double mutant have 
low solubility). The solubility-associated changes seem to be specific to 
Rv3588c since this kind of problems is not reported for similar mutants in 
CA of M. thermoautotrophicum (Smith, Ingram-Smith et al. 2002). 

Rv3273 
Rv3273 (81 kDa) is annotated as a probable transmembrane carbonic anhyd-
rase with a sulphate transporter domain in the amino terminal regions and a 
carbonic anhydrase domain at the C-terminal end of the protein. It has 11 
transmembrane helices in the putative sulphate transporter domain (Figure 
11, Panel A). We decided to clone the carbonic anhydrase domain (unpubli-
shed results) in two constructs differing by 20 amino acids. The shorter ver-
sion, Rv3273ac (25 kDa), and the longer version, Rv3273al (27 kDa), were 
successfully over-expressed in the soluble fraction. A full length rv3273 
gene coding for 80 kDa protein was cloned but the expression level was un-
detectable. 

 
Figure 11. Panel A, diagram of Rv3273 mutants constructed. The carbonic 
anhydrase domain was N-terminal His-tagged. Rv3273al is a 20 amino acid longer 
version of Rv3273ac. Panel B (Rv3273ac) and Panel C (Rv3273ac): SDS-PAGE 8-
25% gradient gel of soluble fraction samples from Ni-NTA purification. (C) Crude 
extract, (P) column flow-through, (F1-F3) fractions eluted with 250 mM imidazole. 

The CA activity assay was performed with the purified Rv3273ac and 
Rv3273al. Surprisingly, CA activity was detected only in the Rv3273ac pro-
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tein preparation (results not shown). This result supported the hypothesis that 
a “hanging” N-terminal end might block the active site, similar to the possib-
le situation for Rv1284. 

Future perspectives 
The fact that CAs are ubiquitous provides evidence of their important roles 
in the living cell. They are not linked to a specific pathway, instead their 
substrate CO2 is produced in many metabolic reactions. 

In this work, Rv1284 and Rv3588c structures were solved. Both are 
essential for survival of Mtb and belong to the �-CA family. Regarding 
Rv3273, more study is needed on the putative sulphate transporter domain; 
an intriguing possibility is the idea in the present annotation in Tuberculist 
that it could transport carbonate rather than the sulphate. 

The mechanism uncovered by the structure determination of the 
tetrameric form of Rv3588c provides interesting clues for the development 
of new inhibitors, based on the disruption of the tetramerization. I do not 
have any doubt that �-CAs are “good”, although perhaps not “excellent”, 
targets for the development of drugs. The technical difficulties are not trivial, 
for example, the setup of high throughput assays for inhibitor screening. One 
interesting solution seems to be the assay employed for �-CA II, which 
measures the esterase rather than carbonic anhydrase activity (Iyer, Barrese 
et al. 2006). There is also a natural barrier to pass, that is, the Mtb cell 
envelope, which is remarkably impermeable to many drugs currently in use 
against different diseases. 

I believe that we will continue seeing significant advances in the design of 
inhibitors for �-CAs, given the advantage that very high resolution structure 
data can be collected. This information will allow detailed studies of 
inhibitor binding. Hopefully, some of the experiences obtained with �-CAs 
will benefit the development of �-CA inhibitors. 



 30 

FAS II proteins (Paper III) 

Background 
According to in vivo studies Mtb has approximately 106 essential (Sassetti 
and Rubin 2003) genes that are annotated as coding for conserved hypotheti-
cal or unknown function proteins. The biochemical function determination of 
these proteins is challenging; however, this seems worth undertaking, as they 
are a potential source of interesting new drug targets. 

Rv0636, formerly annotated as a conserved hypothetical protein, was pre-
dicted to be a �-hydroxyacyl-ACP dehydrase, having a hydratase 2 motif 
(Castell, Johansson et al. 2005). This activity is part of the fatty acid syntha-
se system II (FAS II). 

In Paper III, we present the experiments performed to confirm this hy-
pothesis, as well as the prediction of protein-protein interactions within the 
cluster comprised by the genes rv0635-rv0636-rv0637 (Figure 14). Also, 
experiments “in vivo” using the split-Trp method (Tafelmeyer, Johnsson et 
al. 2004) on Mycobacterium smegmatis and knockout results are presented. 
 

Figure 12. Schematic diagrams (Panel A) of mycolic acid synthesis and (Panel B) 
the mycobacterial cell wall. 1.-outer lipids 2.-mycolic acid 3.-polysaccharides (ara-
binogalactan) 4.-peptidoglycan, 5.-plasma membrane, 6.-lipoarabinomannan (LAM), 
7.-phosphatidylinositol mannoside, 8.-cell wall skeleton. Right panel adapted from 
Wikipedia. 
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Mtb has a thick cell wall (Figure 12), which constitutes an efficient barrier 
against many potential new drugs. Mycolic acids are long-chain �-alkyl �-
hydroxy fatty acids (C70 to C90 carbons in length), and are an essential and 
major component of the mycobacterial cell wall. They are synthesized by the 
FAS II enzymes. The mycolic acid precursors are produced by FAS I, and 
consist of fatty acid chains of 26 (C26) and 16 (C16) carbon atoms that will 
be further extended up to C56 (meromycolic acids). Later, C26 is fused to 
the meromycolic acids to finally yield mycolic acid. Mtb FAS reviews can 
be found elsewhere (Takayama, Wang et al. 2005; Bhatt, Molle et al. 2007). 

FAS I is found in mammals, bacteria, parasites and plants, whereas FAS 
II is not found in mammals. The fact that the humans have only FAS I moti-
vates the search for broad spectrum drugs against FAS II enzymes. Indeed, 
isoniazid, a frontline antituberculosis drug, targets some enzymes of FAS II 
(Argyrou, Jin et al. 2006).  

Rv0636 co-expression and enzymatic characterization 
The rv0636 gene was cloned as described in the general methods section and 
Paper III. Despite the high level of expression in E. coli, the solubility and 
the final protein yield were low (1 mg/L of culture). Interestingly, the FT 
method was effective, practical, and convenient for this purpose. It solubili-
sed fewer E. coli proteins than the cell disruptor method during the Rv0636 
purification (Figure 13). 

Figure 13. Comparison between freeze-
thaw (FT) and cell disruptor (CD) 
methods. SDS-PAGE 8-25% gradient 
gels were stained with Coomassie Brilli-
ant Blue. Samples represent soluble frac-
tions of Rv0636 (MW 16 kDa) during 
Ni-NTA purification. (C) Crude extract, 
(P) column flow-through, (F1-F3) frac-
tions eluted with 250 mM imidazole. 
LMW: protein marker 

Bioinformatics studies on rv0636 (Paper III) suggested that the flanking 
genes rv0635 and rv0637, both coding for unknown proteins, could be co-
expressed, either in pairs (rv0635-6, rv0636-7), or all three genes together 
(rv0635-7). Co-expression of rv0635 and rv0637, while interesting, is more 
technically challenging. Other Mtb proteins have been co-expressed (Strong, 
Sawaya et al. 2006) using two separated ribosome-binding sites (RBS) for 
each protein. Instead, we used polycistronic expression, using the T7-vector 
promoters for both genes (Figure 14). If the Mtb RBSs are functional in E. 
coli, both proteins will be expressed, the first with an N-terminal His-tag. 
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Figure 14. Genomic organization of the rv0635-7 cluster (Panel A). Maps of the 
plasmids constructed for the co-expression of Rv0636-7 and Rv0635-7. The gene 
downstream of the T7 promoter is His-tagged (Panel B). 

Figure 15. Overlapped SEC chromatograms of the proteins co-expressed, Rv0635-7 
(red) and Rv0636-7 (blue), and SDS/PAGE of: Lane a, total soluble proteins; lane b, 
Ni Sepharose fraction; lanes c and d, Superdex 75 fractions. Monomeric sizes of 
proteins: Rv0635, 18.3 kDa; Rv0636, 14.8 kDa; Rv0637, 18.9 kDa. 

In the case of successful co-expression of, and tight interaction between, the 
partner proteins, they will be expected to co-elute from the Ni-NTA column 
(Figure 15). As predicted, an impressive increase in the solubility of the co-
expressed proteins (Figure 15) was observed (20 mg/L of culture for 
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Rv0635-Rv0636-Rv0637 and Rv0636-Rv0637, compared to the homodimer 
of Rv0636 (1 mg/L of culture). 

The hydratase activity was detected in the co-purified proteins for the 
Rv0635-7 and Rv0636-7 cases. Interestingly, the heterodimers presented 
different substrate length specificity compared to each other (Paper III). 
Another experiment made use of the split-Trp method, which confirmed the 
interaction of the partner proteins “in vivo”. This method is based on the fact 
that cells can only grow in the presence of tryptophan as the only carbon 
source if they possess a functional form of the relevant sensor protein. If the 
partner proteins to be tested are previously fused to two fragments of the 
sensor protein, reconstitution of its activity will occur only if the partners do, 
in fact, interact. 

As well, the essentiality of Rv0635 and Rv0636 was confirmed by knock-
out experiments, in agreement with Sassetti et al’s classification of these two 
genes as essential. 

Despite many crystallization attempts, no diffracting crystals were obtai-
ned. Bioinformatics studies performed on Rv0636 suggested that some muta-
tions could be designed (unpublished) that might help to promote crystal 
formation. 

Eleven mutants were made that can be classified into two groups. First, 
deletions of 4 and 8 amino acids at the N- or C- termini, or both, were desig-
ned to remove potentially disordered regions of the protein. Second, muta-
tions at the Rv0636 active site residues Asp36 and His41 (Figure 16) were 
designed to produce inactive enzymes that would allow the use of substrates 
in the co-crystallization experiments. 

Figure 16. Diagram of the Rv0636 mutants constructed. The genes rv0635 (green) 
and rv0637 (blue) were not mutated. N-terminal His-tag (smiley), N-terminal dele-
tion (hollow squares), C-terminal deletion (hollow arrows), active site mutations 
Asp36/Ala (D) and His41/Ala (H) are shown. 
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Interestingly, the deletion mutants expressed more protein than the wild type 
but it was totally insoluble. The lack of solubility suggested the importance 
of the N- and C-termini in the formation of oligomers. This hypothesis was 
supported by the fact that the co-expression of Rv0636 deletion mutants with 
their partners prevented the co-purification of both proteins. 

In contrast to the mutants with deletions at the N- and C-termini, the 
double mutation in the active site of Rv0636, Asp36Ala and His41Ala, does 
improve the apparent solubility, but when the double mutant is co-expressed 
with Rv0637 there is no co-elution in the Ni-NTA column. This suggests 
that those residues play an important role in the heterodimer formation, as 
well as having relevance in the catalytic mechanism. 

Future perspectives 
Many enzymes participating in the synthesis of mycolic acid are considered 
as good drug targets (Takayama, Wang et al. 2005; Bhatt, Molle et al. 2007; 
Lu and Tonge 2008). The studies performed in the cluster rv0635-7 sheds 
light on the biochemical function of these enzymes. A more recent study 
explored the use of flavonoid inhibitors in vivo, probably targeting Rv0636 
(Brown, Papaemmanouil et al. 2007). However, more studies are required to 
elucidate the binding of those inhibitors to Rv0636, and clearly such 
structures will help in future inhibitor design. 
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Threonine Synthase (Paper IV) 

Background 
The rv1295 gene is annotated as encoding a putative threonine synthase 
(MtTS; EC 4.2.3.1). This enzyme participates in the last step of the threonine 
biosynthetic pathway, which belongs to the super-pathway of lysine, threo-
nine and methionine biosynthesis (Figure 17).  

Figure 17. Panel A: Super-pathway of lysine, threonine and methionine biosynthesis. 
Panel B: threonine synthase reaction. 
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Threonine synthase (TS) is a PLP-dependent protein that is absent in mam-
mals, making this enzyme an interesting target for the development of novel 
antibiotics, anti-fungal agents and herbicides (Farrington, Kumar et al. 1993; 
Laber, Gerbling et al. 1994; Laber, Maurer et al. 1999). 

There are five families of PLP-dependent enzymes, according to the fold-
type classification outlined earlier (Grishin, Phillips et al. 1995). TSs belong 
to the fold-type II, which can be further subdivided into 2 classes based on 
multiple sequence alignments. Rv1295 fits in among the fold-type II class I 
enzymes. 

In Paper IV, we describe structural, biochemical and in vivo studies per-
formed on the Rv1295 protein (38 kDa). The crystals were produced around 
three months after the crystallization setup and the datasets were collected at 
ESRF (Grenoble) beamline ID14-4 to a resolution of 2.5 Å (PDB code 2d1f). 
The three-dimensional structure of Rv1295 (Figure 18) was solved by the 
molecular replacement method, using as a search model a Thermus ther-
mophilus HB8 (TtTS) structure, PDB code 1UIN (Omi, Goto et al. 2003). 
Final refinement statistics are given in Paper IV, Table 1. A correction of the 
previously TS described reaction mechanism is proposed, as well as an ex-
ploration of the enzyme’s unusual pH/activity profile. 

Figure 18. Overall structure. A stereo ribbon diagram illustrates the structure of di-
meric MtTS. The N and C terminus of one subunit are labeled. In the same subunit, 
the domains are colored as follows: large domain (green), small domain (red), swap 
domain (cyan); the active site PLP of this subunit is colored magenta. 

Active site and enzymatic characterization 
Rv1295 protein shows TS activity when incubated with the substrate O-
phospho-homoserine (OPH). The activity was measured by the release of 
inorganic phosphate using a modification of the Lanzetta method (Lanzetta, 
Alvarez et al. 1979). Although Mtb is a mesophilic microorganism, the en-
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zyme shows good stability at high temperature, losing less than 10% of the 
initial activity, when it is incubated for 10 minutes at 65 oC. Another remar-
kable attribute is the high activity that MtTS displays at high pH (Figure 19). 
Based on the structural results, we proposed a modification to the reaction 
mechanism proposed earlier for TtTS (see below). 

Figure 19. The MtTS activity was measured by the release of inorganic phosphate 
from OPH (1 or 5 mM) at different pHs.  

Reaction mechanism 
Electron density for the PLP coenzyme was observed in the active site (Figu-
re 20), though no PLP was added in the purification or crystallization. The 
PLP is covalently bonded to a conserved lysine, as is typically found in PLP-
dependent enzymes, forming what is known as the “internal aldimine”. The 
active site residues that are interacting with the PLP molecule are conserved 
compared to TtTS.  

Figure 20. Stereo view of active site superposition of MtTS (gold) and TtTS (gray). 
MtTS-PLP is also shown in gold. Residues involved in PLP interactions (except 
Ala198 and Gly196) are shown in ball-and-stick models. Hydrogen bonds are indi-
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cated by black dotted lines. The electron density for the PLP is contoured at 1	�
 0.2 
e/Å3 in the last 2Fo-Fc map prior to its inclusion in the model. 

Several TS reaction mechanisms have been proposed previously (Flavin and 
Slaughter 1960; Laber, Gerbling et al. 1994; Garrido-Franco, Ehlert et al. 
2002). The TtTS structure has the highest resolution and also includes a 
complex with the substrate analog AP5 (Omi, Goto et al. 2003); this 
therefore seems to provide the most correct mechanism published to date. 
Due to the sequence similarities between MtTS and TtTS (58% identity), 
there is a good basis for comparisons between the two proteins.  

The mechanism described for TSs has been referred to elsewhere (Omi, 
Goto et al. 2003) as the most complex of the PLP-dependent enzymes, and 
includes both a � and � replacement reaction (Figure 21). 

The OPH will bind to the “open” form that will promote a conformational 
change to the “closed” form. The �-amino group of OPH performs a 
nucleophilic attack on the C4’ of PLP, forming the first “external aldimine” 
and releasing the side chain of Lys69 in neutral form. The following �-
deprotonation of OPH by Lys69 results in the formation of a carbanion 
intermediate, then Lys69’s proton is transferred to the C4’ carbon of the 
PLP, giving the ketimine intermediate. The Lys69 is again neutral and ready 
for another proton extraction; a �-deprotonation of the OPH produces the 
enamine. The protonated Lys69 donates its proton to the OPH phosphate, 
promoting its elimination and the formation of �,�-unsaturated ketimine. 

Since a proton must be transferred from C4’ to C� to form �,�-
unsaturated ketimine, and the Lys69 side chain is too distant to perform this 
transfer, we suggested that the 5'-phosphate of PLP is the acid-base catalyst, 
instead of the 5'-phosphate of the OPH previously suggested based on the 
TtTS structure (Omi, Goto et al. 2003). 

Once the �,�-unsaturated ketimine is formed, a proton is abstracted from 
a water molecule by Lys69 and donated to the C�� while the hydroxyl ion 
formed attacks the C��of the substrate. As the water molecule is 
incorporated, the second “external aldimine” is formed, which represents the 
threonine bonded to the PLP. As a final step, the internal aldimine is re-
formed and the threonine and the phosphate are released, with a return to the 
“open” form of the enzyme. 

Looking at characteristics of the active site that could explain Rv1295 
remarkable high pH optimum, we identified Asn95 (N95) and Ala98 (A98) 
as candidates. These residues are substituted by aspartate and histidine, 
respectively, in the threonine synthases from Arabidopsis thaliana, 
Saccharomyces cerevisiae and E. coli (Paper IV), which have lower pH 
optima. Thus these were tested in mutational studies. 

Three active site mutants were constructed, Asn95 � Asp (N95D), Ala98 
� His (A98H) and the double mutant (NA). The solubility was reduced 
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drastically for the single mutants and by about half for the double mutant 
compared to the wild type. However, the double mutant (NA) did not bind 
PLP and was inactive even when pre-incubated with the cofactor. Thus, the 
results are inconclusive concerning the role of these amino acids in MtTS 
activity at high pHs. 
 

Figure 21. Proposed reaction mechanism of MtTS. Residues of particular importan-
ce in the reaction are labeled, as are atoms of the PLP cofactor and the substrate. 

Essentiality studies 
Studies performed on Mtb cells (Paper IV) using the two-step homologous 
recombination method (Parish and Stoker 2000) confirmed the importance of 
this gene for the survival of Mtb. Briefly, the method involves the removal 
of the rv1295 gene from the Mtb cell by DNA recombination with a plasmid. 
The construction of the plasmid used for this purpose is performed in two 
steps. The first step produces a plasmid that contains only the flanking 
regions of the Rv1295 gene. The second step is the insertion of selection 
markers in the plasmid.  

The plasmid constructed is introduced in the Mtb cells by electroporation 
and the recombinants cells are selected, assisted by the markers present in 
the plasmid. The success of the recombination events is controlled during the 
process by PCR or/and Southern blot analysis. 
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Future perspectives 
The gene essentiality studies “in vivo” will be extended with Tanya Parish’s 
macrophage assay, where the bacteria will be in its “natural” environment, 
rather than the more artificial in vitro studies. 

Provided these studies are favorable, the search for MtTS inhibitors is the 
next step toward the drug design. One logical starting point is to evaluate the 
OPH analogs already published and assayed versus other TSs (Shames, Ash 
et al. 1984; Farrington, Kumar et al. 1993; Laber, Gerbling et al. 1994). The 
fact that a human TS-like enzyme (Donini, Percudani et al. 2006) was found, 
with no threonine synthase activity but capable of OPH binding, adds 
complexity to the drug design (Amadasi, Bertoldi et al. 2007). However as 
OPH is not produced in humans, the use of OPH analogs is still worth 
exploring. 
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Rv3778c (Paper V) 

Background 
Rv3778c is annotated in the Tuberculist database as a possible aminotransfe-
rase but we believe that this is an example of wrong functional annotation, 
like other cases reported earlier (Johnston, Arcus et al. 2003; Watkins and 
Baker 2006). The aminotransferases are generally PLP-dependent proteins 
that have a lysine in the active site, which binds covalently to the PLP, as 
discussed earlier for MtTS, the rv1295 gene product. (Good reviews of diffe-
rent aspects of the vast family of PLP-dependent proteins are found elsewhe-
re (Grishin, Phillips et al. 1995; Schneider, Kack et al. 2000; Percudani and 
Peracchi 2003; Eliot and Kirsch 2004).) However, sequence alignments (see 
below) indicate that the relevant lysine is missing in Rv3778c. 

Structure solution 
Rv3778c protein crystallizes within hours, forming long needles (0.2x0.2x1 
mm). The crystallization conditions were optimized (Figure 22) and datasets 
were collected at ESRF ID23-2 and MaxLab I911. The structure was solved 
by molecular replacement, using as search model with the PDB code 1C0N 
(Fujii, Maeda et al. 2000). Statistics of the structure solution and refinement 
are presented in the paper V (PDB code 3CAI). 
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Figure 22. Rv3778c crystals. (Panel A) Typical needle clusters (0.2x0.2x1 mm, spa-
ce group P41) formed in the drops. (Panel B): Fragment of the needle mounted in a 
cryo-loop (0.2x0.2x0.5 mm). 

We have the structure, but what does Rv3778c do? 
Rv3778c codes for an essential (Sassetti, Boyd et al. 2003) protein (42 kDa). 
We have solved its three-dimensional structure to a resolution of 1.8 Å, sho-
wing that it is a homodimer (Figure 23; Table 1, Paper V). However, we 
could not demonstrate experimentally the activities predicted initially, such 
as selenocysteine lyase or cysteine lyase. 

Known structures with a similar fold have a different active site. 
The DALI search in the PDB database using our Rv3778c model identified a 
number of structures of proteins that have been biochemically well characte-
rized, and are structurally very similar to Rv3778c (Table 4, Figure 23). All 
of the eight proteins with the most similar folds have a conserved lysine in 
the active site that binds PLP. However, Rv3778c has neither this lysine, nor 
any other conserved residues around the active site (Figure 24). When 1C0N, 
the structure most similar to Rv3778c, is superimposed, the PLP bonded to 
1C0N cannot be placed into the Rv3778c structure without steric clashes 
with residues in its active site. 

The absence of PLP bound to Rv3778c was evident already in the first 
steps of protein purification. The lack of yellow color in the protein prepara-
tion, as well as of internal aldimine absorbtion peaks at 335 and 411 nm in 
UV spectra, and of electron density in the map, all supported the PLP-
independent character of Rv3778c. 

 

A B 
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Figure 23. Panel A: Ribbon diagram showing the overall structure of Rv3778c. One 
of the two subunits of the protein is shown in color according to the protein doma-
ins, as follows: small N-terminal domain (green), large domain (red) and C-terminal 
domain (cyan). The N and C termini of one subunit are labeled. Panel B: Superim-
position of the C� chain of the Rv3778c subunit (dark blue) with the PLP-dependent 
structures with the highest Z-DALI score (light gray) described in Table 4.  

 

Figure 24. Active site superimposition of Rv3778c (gold) and selenocysteine lyase 
(PDB entry 1C0N) from E. coli (gray). 1C0N-PLP is also shown in dark green. 
Some of the residues involved in PLP interactions are shown in ball-and-stick mo-
dels. In Rv3778c, Asp86 and Arg87 are occupying space that PLP fills in 1C0N, 
while Ala219 is located in the position equivalent to the PLP binding lysine (Lys226 
of 1C0N). 

 

 

A B 
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Table 4. Comparison of Rv3778c with other known structures. Z, Dali Z-score; rmsd 
to Rv3778c; Ir, sequence identity in conserved region/number of residues in 
Rv3778c (396 aa). Only results with Z-scores greater than 27.6 are shown. 

Protein source Z Rmsd 
(Å) 

Ir (%) PDB code, reference 

selenocysteine lyase (Escheri-
chia coli) 

50.1 1.4 25.82 1c0n (Fujii, Maeda et 
al. 2000)  

l-cysteine L-cystine C-S Lyase 
(Synechocystis PCC 6714) 

38.6 1.76 18.27 1elq (Kaiser, Clausen et 
al. 2000) 

Aminotransferase 
(Thermotoga maritima) 

37.5 1.8 18.39 1ecx (Kaiser, Clausen et 
al. 2000) 

Kynureninase 
(Pseudomonas fluorescens) 

34.8 2.03 19.93 1qz9 (Momany, Levdi-
kov et al. 2004) 

Alanine--glyoxylate 
aminotransferase (Homo 
sapiens) 

30.3 2.08 15.21 1j04 (Zhang, X. et al 
unpublished) 

8-amino-7-oxonanoate synthase 
(Escherichia coli) 

29 2.04 13.55 1bs0 (Alexeev, Alexee-
va et al. 1998)  

Putative aspartate aminotrans-
ferase (Thermus thermophilus) 

27.6 2.15 12.50 1iug (Katsura, Y et al 
unpublished) 

Proteins identified by BLASTp searches have a similar active 
site 
A BLASTp search of the GenBank database (Benson, Karsch-Mizrachi et al. 
2008) identified a number of protein sequences with substantially higher se-
quence identity to Rv3778c (Figures 25 and 26) (36-89%) than is observed 
for the proteins that are structurally similar (10-23%). Unfortunately, none of 
these most similar proteins, originating from different microorganisms, has 
been biochemically characterized. Indeed, we believe that most are also in-
correctly annotated as possible aminotransferases. 
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Figure 25. ClustalW alignment of the BLASTp hits most similar to Rv3778c. Of the 
Rv3778c active-site residues depicted in Figure 24, Asp86, Arg87 and Ala219, all 
are conserved. Conserved residues are marked in black shading. 

Figure 26. A neighbor-joining tree for proteins without PLP-binding lysines, and for 
those that are structurally most similar, was constructed. The dotted line separates 
the sequences from the proteins structurally similar to Rv3778c. The percent of ami-
no acid identity decreases going from the top to the bottom. 

Investigation of Rv3778c’s function 
We were facing a big challenge with the Rv3778c project: at the moment we 
must categorize it as enigmatic, laborious and speculative. I say “enigmatic”, 
because Rv3778c proved to have the overall fold of PLP-dependent transfe-
rases type I, but was unable to bind PLP (Table 4 and Figure 24). I say “la-
borious”, because I needed to set up all potentially relevant enzymatic as-
says, without discarding any possibility, and using positive controls when 
available (Table 5). I say “speculative”, because either Rv3778c shows a 
new enzymatic activity performed by a conserved fold, or a known activity 
that is performed by a new enzymatic mechanism. To shed light on the situa-
tion, we have explored a number of different avenues. 
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Rv3778c does not seem to be an aminotransferase 
Glutamate and alanine racemases are reported as non PLP-dependent amino-
transferases (Yoshimura and Esak 2003), so Rv3778c protein was assayed 
for both activities in the laboratory, giving negative results. 

We also attempted co-crystallization of Rv3778c with possible racemase 
subtrates, mainly D- and L-amino acids, and ketoacids such as 2-
oxoglutarate, glyoxylate, pyruvate and oxalacetate. A number of datasets (L-
Glu, L-Cys, L-Trp, L-Gln, D-Asp, D-Glu and L-Met) were collected at 
MaxLab. Unfortunately, none of these ligands bind to the protein in the crys-
tallization conditions used. 

Other information that could be significant 
Looking for characteristic elements of the Rv3778c structure, we found a 
loop rich in arginines (Arg282, Arg285, Arg286 and Arg289), which is con-
served also in the proteins identified by BLASTp. 

Several cavities were also identified that are significantly bigger compa-
red to the superimposed structures (Figure 27), using the ASA comands in O 
(Jones, Zou et al. 1991) and the VOIDOO program (Kleywegt and Jones 
1994). The empty Rv3778c cavities have adequate space to accommodate 
various large ligands but which ligand could be the correct one?  

A PDB search was performed using combinations of the residues lining 
the cavities. It was hoped that similar spatial disposition in other proteins 
would give some clues about potential activities and/or ligands. The servers 
used for this purpose were the Catalytic Site Atlas (CSA) (Porter, Bartlett et 
al. 2004) and SPASM (Kleywegt 1999). CSA returned no hits, denoting the 
lack of Rv3778c similarities to any active site reported; however, SPASM 
returned several hits. The SPASM hits, even without apparently related bio-
logical relevance or high sequence identity to Rv3778c, suggested that some 
quite large ligands, such as heme, tetrahydrofolate (THF), acetyl-CoA 
(CoA), FAD, and NAD could be modelled into the cavities. 



 48 

Figure 27. Accessible surface area of Rv3778c. The position of cavity 1 is shown. 

Despite discarding possibilities that looked less relevant, the number of as-
says required to test these ideas was still devastatingly large. It was clear that 
further searches should be done. Most servers that predict protein function 
from protein structure or sequence (PredictProtein, 
http://www.predictprotein.org; ProtFun 2.2 Server (Jensen, Gupta et al. 
2003); InterProScan, http://www.ebi.ac.uk/InterProScan; ProFunc 
(Laskowski, Watson et al. 2005)) gave predictions that were similar to the 
ones that we had up to now. One of the servers more recently set up, Con-
Func (http://www.sbg.bio.ic.ac.uk/confunc), however, gave interesting new 
ideas. The biological functions rejected by ConFunc were in agreement with 
the experimental evidence that we had in hand, in short, no PLP-binding, no 
racemase activity and no selenocysteine or cysteine lyase activity. This fact 
made us give more attention to the functions that ConFunc did predict. 

Surprisingly, the most likely Rv3778c biological function predicted by 
ConFunc was that of a glycine dehydrogenase, which belongs to the oxido-
reductase rather than the aminotransferase enzyme class. Glycine dehydro-
genase (decarboxylating) is part of the glycine cleavage system, which is 
composed by four associated components: the P protein (EC 1.4.4.2), the T 
protein (EC 2.1.2.10), the L protein (EC 1.8.1.4) and the lipoyl-bearing H 
protein (Perham 2000). Consequently, we considered all the glycine-related 
activities found in the search as possible candidates for the Rv3778c activity 
(see Table 5 and Figure 28). 

In Tuberculist, the four genes coding for enzymes of the glycine cleavage 
system (Rv1832 (protein P), Rv2211c (protein T), Rv0462 (protein L) and 
Rv1826 (protein H)) are functionally annotated. This fact leads the search for 
biological function of rv3778c towards other glycine-related activities such 
as the betaine (trimethyl glycine). 
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Betaine (trimethyl glycine) is also worth considering, as a metabolite that 
can be transformed into glycine by the action of oxidoreductases (Figure 28). 
In Tuberculist, the genes that code for betaine transporters (rv0917, rv3757c-
rv3759c) are annotated, however, none of the enzymes processing the betai-
ne has been identified (Figure 28). This indicates that rv3778c could alterna-
tively be one of the missing genes participating in betaine metabolism. The 
fact that Rv3778c is essential can be interpreted as a unique activity in the 
enzymatic repertoire of Mtb. 

The enzymatic activities assayed 
The assays for the enzymatic reactions that have so far been tested were set 
up in aerobic conditions (Table 5), so the measurement of the dehydrogenase 
activity, in particular, lacks the appropriate technical conditions and should 
be investigated further. 

The enzymatic activities listed in Table 5 are ordered according to the se-
quence of tests assayed during this study. 

 
 

Table 5: Enzymatic activities related to aminotransferases and glycine dehydrogena-
se considered during the Rv3778c biochemical function studies. The activities anno-
tated in the Mtb database are shown. Asterisk (*) indicates the putative activity 
could not be detected. Unless noted otherwise, the activity was tested here or elsew-
here, although the tests should be repeated under anaerobic conditions. 

EC num-
ber 

Enzyme name Rv number 
/essential? 

Reference 

4.4.1.16  L-selenocysteine selen-
ide-lyase 

rv1464/yes (Esaki, Nakamura et al. 1982) 

2.8.1.7 cysteine desulfurylase rv3025c/yes (Esaki, Nakamura et al. 1982) 
5.1.1.13 aspartate racemase ?/? (Yoshida, Seko et al. 2006) 
5.1.1.3 glutamate racemase rv1338/no (Gallo and Knowles 1993) 
1.4.4.2 glycine dehydrogenase 

(decarboxylating) (pro-
tein P) 

rv1832/yes Not assayed 

2.1.2.10 glycine dehydrogenase 
(protein T) 

rv2211c/yes Not assayed 

1.8.1.4 dihydrolipoyl dehydro-
genase (protein L)  

rv3303c*/no 
rv0462/yes 

(Argyrou, Vetting et al. 2004; 
Yan, Yang et al. 2007) 
(Argyrou, Blanchard et al. 2002) 

 glycine cleavage system 
(protein H) 

rv1826/no Not assayed 

1.4.1.10 glycine dehydrogenase 
(deaminating) 

?/? (Goldman and Wagner 1962; 
Usha, Jayaraman et al. 2002), 

1.4.2.1 glycine dehydrogenase 
(cytochrome) 

?/? (Sanders, Becker et al. 1972) 

1.4.3.19 glycine oxidase rv0415/yes (Meskys, Harris et al. 2001) 
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EC num-
ber 

Enzyme name Rv number 
/essential? 

Reference 

1.4.99.5 glycine dehydrogenase 
(cyanide-forming) 

?/? Not assayed 

1.5.3.10 dimethylglycine oxidase ?/? (Leys, Basran et al. 2003) 
1.5.99.1 sarcosine dehydro-

genase 
?/? (Hoskins and Mackenzie 1961; 

Porter, Lin et al. 1985; Basran, 
Bhanji et al. 2002), 

1.5.3.1 sarcosine oxidase ?/? (Meskys, Harris et al. 2001) 
1.5.99.2 dimethylglycine dehy-

drogenase 
?/? (Hoskins and Mackenzie 1961; 

Porter, Lin et al. 1985; Basran, 
Bhanji et al. 2002), 

 

Figure 28. Enzymes participating in the metabolism of betaine are shown. None of 
these enzymes is annotated in the Mtb database. The EC numbers of glycine dehyd-
rogenase-related enzymes are listed in Table 5. 

Summarizing the evidence collected, Rv3778c is not able to bind PLP, it is 
not an aminotransferase that is PLP-independent, nor is it a glutamate or as-
partate racemase. It has a large cavity connected with a tunnel to two smaller 
cavities, and according to the ConFunc server it could be a glycine dehydro-
genase. The results of the assays performed so far (Table 5), point toward a 
probable oxido-reductase enzyme instead of an aminotransferase, however, 
all the assays were performed in aerobic conditions, and no cofactor was de-
tected such as NAD, FAD, FMN, folic acid, or heme. 

Future perspectives 
The determination of different activities related to the Mtb glycine dehydro-
genase enzyme family may open up a way for the studies on a group of en-
zymes, not annotated so far, participating in the dormant stage of Mtb, the 
most difficult of the stages of the Mtb life cycle to treat using current drugs. 

If we assume that the betaine transporters annotation is correct, the ortho-
logous enzymes participating in the steps represented in Figure 28 perform 

Betaine 
Dimethylg-
lycine Sarcosine Glycine 

2.1.1.5 1.5.99.2 1.5.99.1
1.5.3.1 

2.1.1.20
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their activities in strictly anaerobic conditions, specifically, some dehydro-
genases increase their activity level in the dormant stage. 

It is notable that four transporters for betaine are annotated in the Mtb da-
tabase, but none of the proteins participating in the metabolism of betaine to 
form glycine have been annotated. From the biochemical and structural data 
we speculate that blocking essential proteins in the betaine-glycine pathway 
would interrupt the flow of essential metabolites from human cells into Mtb. 
The dormant Mtb cell could be forced to reactivate and either be cleared in 
healthy persons or be treated with anti-tubercular drugs, hopefully, in a shor-
ter period of time. Blocking this pathway early in the disease could also pre-
vent Mtb entering the dormant stage, which would also shorten treatment. 
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Concluding remarks  

In this thesis, we have solved the structures of four essential proteins. A fifth 
enzyme has been biochemically characterized and co-expressed with its 
functional partners. The work done represents a modest step toward the fin-
ding of new drugs against Mtb, and provides structural and kinetic data that 
could help to the design of drugs, based either on the reaction mechanism 
(Rv1295) or the subunits’ oligomerization state, as seen in the carbonic an-
hydrase (Rv3588c) case. 

Rv3778c still remains without a biochemical function assignment. As Mtb 
has a vast repertoire of unknown essential proteins, the elucidation of their 
biochemical function represents a big challenge. These un-explored targets, 
where species-specific, may allow the development of much needed antitu-
bercular drugs. 
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Summary in Swedish 

Denna avhandling presenterar strukturella och funktionella studier av fem 
proteiner från Mycobacterium tuberculosis. Dessa proteiner är nödvändiga 
för bakteriens överlevnad. En bild av proteinets tredimensionella struktur 
tillsammans med mätningen av proteinets aktivitet gör det möjligt att ta fram 
substanser som inhiberar proteinets funktion och därmed utgör en möjlig 
grund till nya läkemedel mot tuberkulos. 
 
Tuberkulos ett stort hot 
Tuberkulos har under lång tid utsatt mänskligheten för mycket lidande och 
trots vaccineringsprogram och medicinering fortsätter sjukdomen att utgöra 
ett stort hot mot människors hälsa. Enligt Världshälsoorganisationens upp-
skattning dog under 2005 1.6 miljoner människor i världen av tuberkulos. En 
tredjedel av jordens befolkning beräknas vara smittade och av dessa insjuk-
nar 5-10% någon gång under sin livstid. Främst insjuknar personer med ett 
nedsatt immunförsvar. Störst andel av smittade finns i tredje världens tätt 
befolkade länder i Sydostasien och Afrika men även i andra delar av världen 
utgör sjukdomen ett överhängande hot. I Afrika ses utbredningen av HIV 
som den främsta anledningen till ökningen av tuberkulos. 
 
Behov av nya läkemedel 
Behandlingen av tuberkulos tar vanligtvis 3-6 månader och kräver flera olika 
preparat varav många har otrevliga biverkningar som leverskador, illamåen-
de och yrsel. Samma läkemedel har använts de senaste 50 åren. Tuberkulos 
orsakas av bakterien M. tuberculosis och under senare år har nya stammar av 
M. tuberculosis identifierats som är resistenta mot ett eller flera av de befint-
liga läkemedlen. De stammar som är resistenta mot flera av läkemedlen ut-
gör ett stort hot mot människor eftersom ingen behandling som idag ges bo-
tar den typen av tuberkulos. För att få kontroll över de resistenta stammarna 
av M. tuberculosis och för att förbättra dagens långdragna behandling behö-
ver nya läkemedel mot tuberkulos utvecklas. 

Ett steg i utvecklingen av nya läkemedel är identifieringen av livsnödvän-
diga bilogiska processer i M. tuberculosis, och de enzymer som är involve-
rade i dessa processer. 
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Struktur och funktion 
De studerade proteinerna har producerats rekombinant genom att sätta in det 
önskade proteinets DNA-kod i den för proteinuttryck vanligt använda bakte-
rien E. coli. Proteinet erhålls då med enklare metoder och i mycket större 
mängd än om det skulle renas fram direkt från M. tuberculosis.  

Det renade proteinet har sedan används till att studera dess biologiska 
funktion och för att få fram dess tredimensionella struktur. En egenskap som 
proteiner har är att de under vissa förhållanden kan kristalliseras. Med hjälp 
av röntgenkristallografi har en bild av den tredimensionella strukturen ska-
pats.  

Med hjälp av den tredimensionella strukturen kan vi få viktig kunskap om 
hur proteinet fungerar i detalj. Den ökade kunskapen om de livsviktiga pro-
cesserna i M. tuberculosis tillsammans med möjligheten att mäta proteinets 
aktivitet ger oss en betydelsefull grund för att utveckla nya läkemedel mot 
tuberkulos. 
 
Resultat 
Två av de studerade proteinerna är �-karboanhydraser. Deras tredimensio-
nella strukturer har bestämts och båda enzymerna uppvisar den arkitektur i 
det aktiva centret som kan förväntas av ett �-karboanhydraser. Dock har kar-
boanhydrasaktivitet bara kunnat bekräftas för ett av de två proteinerna. 

Strukturen för ett aktivt treoninsyntas har också bestämts. Utifrån struktu-
ren har en, i jämförelse men andra treoninsyntaser, modifierad reaktionsme-
kanism föreslagits. 

Funktionen för ett enzym med tidigare okänd funktion har visats ha �-
hydratasaktivitet. Detta viktiga protein deltar i uppbyggnaden av M. tubercu-
losis cellvägg som utgör en svårgenomtränglig barriär för möjliga läkemedel 
mot bakterien.  

När strukturen för ett protein med möjlig aminotransferasfunktion be-
stämts visade sig att, även om den övergripande strukturen var mycket lik 
den som aminotransferas har, var det aktiva centret inte alls likt det som för-
väntas av ett aminotransferas. Trots många försök har inte proteinets funk-
tion kunnat fastställas men arbetet fortsätter. 
 



 55 

Acknowledgements  

It is hard to mention all the names in these pages, and not forget people that 
contributed to the results included in the academic exercise. I hope that my 
feelings of gratitude, friendship and love reach to all the persons that I did 
not mention due to my notorious bad memory. 

I would like to thank my supervisors Sherry, for all the patience, support, 
encourage and being an “angel”, and Torsten for the “no limits” enthusiasm, 
the “mañana” and for the lots of tricks, tips and “howto”. To Alwyn for the 
trust, support, for accepting me as PhD student in the department and being a 
good heart “dinosaur”. 

Special thanks to Tex, the “guru” of crystallization, for making me feel “at 
home” and guide me in my “suede” adaptation. To Erling and Christer, 
guys without you I could not have survived. To Mark for scaring skating on 
cracking ice and programs. 

Thanks to Ingrid, Sigrid, and the other administration office people for ta-
king care of many problems and your always helpful attitude. 

To the people and ex-people of RAPID that creates a nice environment in the 
lab. To Annette for being a wonderful person with a huge human solidarity, 
Alina for your rebel soul and the happiness, Lena the most talkative Swe-
dish girl that I have ever met. All you three Totte’s angel, thanks. Seved the 
chess master, for your endless energy. Jimmy and Christofer, for the work 
done with Rv1284. Nina for the help in the lab. Evalena for the data collec-
tions. Daniel a knight, Henrik I. for your questions and the RTFM, Patrik a 
MAD man. Martin for the CA’s and TS projects work. Wojciech for Erice 
and sweet comments. Anna J. for sharing office and disturbing you many 
times. Nisse for being a nice guy.  

I want to thank all my collaborators throughout the projects. 

To the Xray people many thanks. 

Jerry for the positive energy you irradiate, Mats for Barcelona, Tällberg, 
BMC etc, conversations and positive spirit. Gunnar for your enthusiasm and 



 56 

cryo course. Jonas for being a “provocateur” and politically incorrect. Hen-
rik H. for Tällberg help. Remco and Anke for the wonderful time sailing 
around beautiful islands. Wimal for your friendship, Sanjee for your trust, 
help and care. Anatoly for having fun in the ESRF trip (the bottle of wine is 
still waiting for Alina and you). Agata for your mails and ESRF trip. To 
both Martins, the Big (including the “dagis” encounters) and the Small for 
your chats. Janos for the welcome smile in 2003. Fariborz for the fun in the 
lab. Fredrik and Andrea for the good time at Roskilde. Emma for the time 
spent together. Kaspars and Yamei for the Grenoble sight seeing trip. Mag-
nus and Pavel you are a good team. Karin for Como meals chats. Andreas 
H for your excellent work in the lab. 
Al, Jenny, Sara, Rosie, Maria… just to all Xray people, thanks. 

 
Lars, Gerard, Hasse, for the crystallography courses. 

I thank all my caring friends coming from the darkest to the brightest corners 
of this world, including “Los Puchos”, “el bolo” and CIGB colleagues. 

To the amazing MalNombre, an excursion group that is both a school and a 
family which I proudly belongs to. 

To my parents and my sister, for all your care, understanding, support and 
love. Sin Uds como ejemplo de tenacidad, paciencia y nunca rendirse ante 
las dificultades, no hubiera podido forjar mi carácter, gracias. 

To my Cuban and Swedish family, especially my daughters for your patience 
when I am far away from you. I miss you always. And last to my dear Anna, 
colleague, friend, spouse and caring mother. “Eramos pocos, y parió Catana” 
 
Adrian 
 



 57 

References  

Alexeev, D., M. Alexeeva, et al. (1998). "The crystal structure of 8-amino-7-
oxononanoate synthase: a bacterial PLP-dependent, acyl-CoA-condensing 
enzyme." J Mol Biol 284(2): 401-19. 

Amadasi, A., M. Bertoldi, et al. (2007). "Pyridoxal 5'-phosphate enzymes as targets 
for therapeutic agents." Curr Med Chem 14(12): 1291-324. 

Argyrou, A., J. S. Blanchard, et al. (2002). "The lipoamide dehydrogenase from My-
cobacterium tuberculosis permits the direct observation of flavin intermedi-
ates in catalysis." Biochemistry 41(49): 14580-90. 

Argyrou, A., L. Jin, et al. (2006). "Proteome-wide profiling of isoniazid targets in 
Mycobacterium tuberculosis." Biochemistry 45(47): 13947-53. 

Argyrou, A., M. W. Vetting, et al. (2004). "Characterization of a new member of the 
flavoprotein disulfide reductase family of enzymes from Mycobacterium 
tuberculosis." J Biol Chem 279(50): 52694-702. 

Basran, J., N. Bhanji, et al. (2002). "Mechanistic aspects of the covalent flavoprotein 
dimethylglycine oxidase of Arthrobacter globiformis studied by stopped-
flow spectrophotometry." Biochemistry 41(14): 4733-43. 

Benson, D. A., I. Karsch-Mizrachi, et al. (2008). "GenBank." Nucleic Acids Res 
36(Database issue): D25-30. 

Berman, H. M., J. Westbrook, et al. (2000). "The Protein Data Bank." Nucleic Acids 
Res 28(1): 235-42. 

Betts, J. C., P. T. Lukey, et al. (2002). "Evaluation of a nutrient starvation model of 
Mycobacterium tuberculosis persistence by gene and protein expression 
profiling." Mol Microbiol 43(3): 717-31. 

Bhatt, A., V. Molle, et al. (2007). "The Mycobacterium tuberculosis FAS-II conden-
sing enzymes: their role in mycolic acid biosynthesis, acid-fastness, patho-
genesis and in future drug development." Mol Microbiol 64(6): 1442-54. 

Brown, A. K., A. Papaemmanouil, et al. (2007). "Flavonoid inhibitors as novel an-
timycobacterial agents targeting Rv0636, a putative dehydratase enzyme 
involved in Mycobacterium tuberculosis fatty acid synthase II." Microbio-
logy 153(Pt 10): 3314-22. 

Castell, A., P. Johansson, et al. (2005). "Rv0216, a conserved hypothetical protein 
from Mycobacterium tuberculosis that is essential for bacterial survival du-
ring infection, has a double hotdog fold." Protein Sci 14(7): 1850-62. 

CCP4 (1994). "The CCP4 suite: programs for protein crystallography." Acta 
Crystallogr D Biol Crystallogr 50(Pt 5): 760-3. 

Cole, S. T., R. Brosch, et al. (1998). "Deciphering the biology of Mycobacterium 
tuberculosis from the complete genome sequence." Nature 393(6685): 537-
44. 



 58 

Cronk, J. D., J. A. Endrizzi, et al. (2001). "Crystal structure of E. coli beta-carbonic 
anhydrase, an enzyme with an unusual pH-dependent activity." Protein Sci 
10(5): 911-22. 

Donini, S., R. Percudani, et al. (2006). "A threonine synthase homolog from a 
mammalian genome." Biochem Biophys Res Commun 350(4): 922-8. 

Ducati, R. G., A. Ruffino-Netto, et al. (2006). "The resumption of consumption-- a 
review on tuberculosis." Mem Inst Oswaldo Cruz 101(7): 697-714. 

Eliot, A. C. and J. F. Kirsch (2004). "Pyridoxal phosphate enzymes: mechanistic, 
structural, and evolutionary considerations." Annu Rev Biochem 73: 383-
415. 

Esaki, N., T. Nakamura, et al. (1982). "Selenocysteine lyase, a novel enzyme that 
specifically acts on selenocysteine. Mammalian distribution and purifica-
tion and properties of pig liver enzyme." J Biol Chem 257(8): 4386-91. 

Evans, P. and A. McCoy (2008). "An introduction to molecular replacement." Acta 
Crystallogr D Biol Crystallogr 64(Pt 1): 1-10. 

Farrington, G. K., A. Kumar, et al. (1993). "Threonine synthase of Escherichia coli: 
inhibition by classical and slow-binding analogues of homoserine phospha-
te." Arch Biochem Biophys 307(1): 165-74. 

Flavin, M. and C. Slaughter (1960). "Threonine synthetase mechanism: studies with 
isotopic hydrogen." J Biol Chem 235: 1112-8. 

Fujii, T., M. Maeda, et al. (2000). "Structure of a NifS homologue: X-ray structure 
analysis of CsdB, an Escherichia coli counterpart of mammalian selenocy-
steine lyase." Biochemistry 39(6): 1263-73. 

Gallo, K. A. and J. R. Knowles (1993). "Purification, cloning, and cofactor indepen-
dence of glutamate racemase from Lactobacillus." Biochemistry 32(15): 
3981-90. 

Gao, H., Y. Bai, et al. (2007). "Expression, purification, and characterization of so-
luble RpfD with high bioactivity as a recombinant protein in Mycobacteri-
um vaccae." Protein Expr Purif 55(1): 112-8. 

Garrido-Franco, M., S. Ehlert, et al. (2002). "Structure and function of threonine 
synthase from yeast." J Biol Chem 277(14): 12396-405. 

Goldman, D. S. and M. J. Wagner (1962). "Enzyme systems in the mycobacteria. 
XIII. Glycine dehydrogenase and the glyoxylic acid cycle." Biochim Bi-
ophys Acta 65: 297-306. 

Goldstone, R. M., N. J. Moreland, et al. (2008). "A new Gateway vector and expres-
sion protocol for fast and efficient recombinant protein expression in My-
cobacterium smegmatis." Protein Expr Purif 57(1): 81-7. 

Goulding, C. W., L. J. Perry, et al. (2003). "Structural genomics of Mycobacterium 
tuberculosis: a preliminary report of progress at UCLA." Biophys Chem 
105(2-3): 361-70. 

Graslund, S., P. Nordlund, et al. (2008). "Protein production and purification." Nat 
Methods 5(2): 135-46. 

Grishin, N. V., M. A. Phillips, et al. (1995). "Modeling of the spatial structure of 
eukaryotic ornithine decarboxylases." Protein Sci 4(7): 1291-304. 

Hoskins, D. D. and C. G. Mackenzie (1961). "Solubilization and electron transfer 
flavoprtein requirement of mitochondrial sarcosine dehydrogenase and di-
methylglycine dehydrogenase." J Biol Chem 236: 177-83. 



 59 

http://www.who.org. 
Iyer, R., A. A. Barrese, 3rd, et al. (2006). "Inhibition profiling of human carbonic 

anhydrase II by high-throughput screening of structurally diverse, biologi-
cally active compounds." J Biomol Screen 11(7): 782-91. 

Jensen, L. J., R. Gupta, et al. (2003). "Prediction of human protein function accor-
ding to Gene Ontology categories." Bioinformatics 19(5): 635-42. 

Johnston, J. M., V. L. Arcus, et al. (2003). "Crystal structure of a putative methyl-
transferase from Mycobacterium tuberculosis: misannotation of a genome 
clarified by protein structural analysis." J Bacteriol 185(14): 4057-65. 

Jones, T. A., J. Y. Zou, et al. (1991). "Improved methods for building protein mo-
dels in electron density maps and the location of errors in these models." 
Acta Crystallogr A 47 ( Pt 2): 110-9. 

Kaiser, J. T., T. Clausen, et al. (2000). "Crystal structure of a NifS-like protein from 
Thermotoga maritima: implications for iron sulphur cluster assembly." J 
Mol Biol 297(2): 451-64. 

Khalifah, R. G. (1971). "The carbon dioxide hydration activity of carbonic anhydra-
se. I. Stop-flow kinetic studies on the native human isoenzymes B and C." J 
Biol Chem 246(8): 2561-73. 

Khalifah, R. G. (2003). "Reflections on Edsall's carbonic anhydrase: paradoxes of an 
ultra fast enzyme." Biophys Chem 100(1-3): 159-70. 

Kimber, M. S. and E. F. Pai (2000). "The active site architecture of Pisum sativum 
beta-carbonic anhydrase is a mirror image of that of alpha-carbonic anhyd-
rases." Embo J 19(7): 1407-18. 

Kleywegt, G. J. (1999). "Recognition of spatial motifs in protein structures." J Mol 
Biol 285(4): 1887-97. 

Kleywegt, G. J. and T. A. Jones (1994). "Detection, delineation, measurement and 
display of cavities in macromolecular structures." Acta Crystallogr D Biol 
Crystallogr 50(Pt 2): 178-85. 

Kochi, A. (2001). "The global tuberculosis situation and the new control strategy of 
the World Health Organization. 1991." Bull World Health Organ 79(1): 71-
5. 

Laber, B., K. P. Gerbling, et al. (1994). "Mechanisms of interaction of Escherichia 
coli threonine synthase with substrates and inhibitors." Biochemistry 
33(11): 3413-23. 

Laber, B., W. Maurer, et al. (1999). "Characterization of recombinant Arabidopsis 
thaliana threonine synthase." Eur J Biochem 263(1): 212-21. 

Lamichhane, G., M. Zignol, et al. (2003). "A postgenomic method for predicting 
essential genes at subsaturation levels of mutagenesis: application to My-
cobacterium tuberculosis." Proc Natl Acad Sci U S A 100(12): 7213-8. 

Lanzetta, P. A., L. J. Alvarez, et al. (1979). "An improved assay for nanomole 
amounts of inorganic phosphate." Anal Biochem 100(1): 95-7. 

Laskowski, R. A., J. D. Watson, et al. (2005). "ProFunc: a server for predicting pro-
tein function from 3D structure." Nucleic Acids Res 33(Web Server issue): 
W89-93. 

Leys, D., J. Basran, et al. (2003). "Channelling and formation of 'active' formalde-
hyde in dimethylglycine oxidase." Embo J 22(16): 4038-48. 



 60 

Lindskog, S. (1997). "Structure and mechanism of carbonic anhydrase." Pharmacol 
Ther 74(1): 1-20. 

Lu, H. and P. J. Tonge (2008). "Inhibitors of FabI, an Enzyme Drug Target in the 
Bacterial Fatty Acid Biosynthesis Pathway." Acc Chem Res 41(1): 11-20. 

Makrides, S. C. (1996). "Strategies for achieving high-level expression of genes in 
Escherichia coli." Microbiol Rev 60(3): 512-38. 

Maren, T. H. and L. Jankowska (1985). "Ocular pharmacology of sulfonamides: the 
cornea as barrier and depot." Curr Eye Res 4(4): 399-408. 

Meskys, R., R. J. Harris, et al. (2001). "Organization of the genes involved in di-
methylglycine and sarcosine degradation in Arthrobacter spp.: implications 
for glycine betaine catabolism." Eur J Biochem 268(12): 3390-8. 

Mitsuhashi, S., T. Mizushima, et al. (2000). "X-ray structure of beta-carbonic anhyd-
rase from the red alga, Porphyridium purpureum, reveals a novel catalytic 
site for CO(2) hydration." J Biol Chem 275(8): 5521-6. 

Momany, C., V. Levdikov, et al. (2004). "Three-dimensional structure of kynureni-
nase from Pseudomonas fluorescens." Biochemistry 43(5): 1193-203. 

Murillo, A. C., H. Y. Li, et al. (2007). "High throughput crystallography of TB drug 
targets." Infect Disord Drug Targets 7(2): 127-39. 

Omi, R., M. Goto, et al. (2003). "Crystal structures of threonine synthase from 
Thermus thermophilus HB8: conformational change, substrate recognition, 
and mechanism." J Biol Chem 278(46): 46035-45. 

Palmberg, P. (1995). "A topical carbonic anhydrase inhibitor finally arrives." Arch 
Ophthalmol 113(8): 985-6. 

Parish, T. and N. G. Stoker (2000). "Use of a flexible cassette method to generate a 
double unmarked Mycobacterium tuberculosis tlyA plcABC mutant by 
gene replacement." Microbiology 146 ( Pt 8): 1969-75. 

Percudani, R. and A. Peracchi (2003). "A genomic overview of pyridoxal-
phosphate-dependent enzymes." EMBO Rep 4(9): 850-4. 

Perham, R. N. (2000). "Swinging arms and swinging domains in multifunctional 
enzymes: catalytic machines for multistep reactions." Annu Rev Biochem 
69: 961-1004. 

Porter, C. T., G. J. Bartlett, et al. (2004). "The Catalytic Site Atlas: a resource of 
catalytic sites and residues identified in enzymes using structural data." Nu-
cleic Acids Res 32(Database issue): D129-33. 

Porter, D. H., M. Lin, et al. (1985). "Measurement of dimethylglycine in biological 
fluids." Anal Biochem 151(2): 299-303. 

Sanders, H. K., G. E. Becker, et al. (1972). "Glycine-cytochrome c reductase from 
Nitrobacter agilis." J Biol Chem 247(7): 2015-25. 

Sassetti, C. M., D. H. Boyd, et al. (2003). "Genes required for mycobacterial growth 
defined by high density mutagenesis." Mol Microbiol 48(1): 77-84. 

Sassetti, C. M. and E. J. Rubin (2003). "Genetic requirements for mycobacterial sur-
vival during infection." Proc Natl Acad Sci U S A 100(22): 12989-94. 

Sawaya, M. R., G. C. Cannon, et al. (2006). "The structure of beta-carbonic anhyd-
rase from the carboxysomal shell reveals a distinct subclass with one active 
site for the price of two." J Biol Chem 281(11): 7546-55. 

Schneider, G., H. Kack, et al. (2000). "The manifold of vitamin B6 dependent en-
zymes." Structure 8(1): R1-6. 



 61 

Shames, S. L., D. E. Ash, et al. (1984). "Interaction of aspartate and aspartate-
derived antimetabolites with the enzymes of the threonine biosynthetic 
pathway of Escherichia coli." J Biol Chem 259(24): 15331-9. 

Smith, K. S., C. Ingram-Smith, et al. (2002). "Roles of the conserved aspartate and 
arginine in the catalytic mechanism of an archaeal beta-class carbonic an-
hydrase." J Bacteriol 184(15): 4240-5. 

Smith, K. S., C. Jakubzick, et al. (1999). "Carbonic anhydrase is an ancient enzyme 
widespread in prokaryotes." Proc Natl Acad Sci U S A 96(26): 15184-9. 

Strong, M., M. R. Sawaya, et al. (2006). "Toward the structural genomics of comp-
lexes: crystal structure of a PE/PPE protein complex from Mycobacterium 
tuberculosis." Proc Natl Acad Sci U S A 103(21): 8060-5. 

Strop, P., K. S. Smith, et al. (2001). "Crystal structure of the "cab"-type beta class 
carbonic anhydrase from the archaeon Methanobacterium thermoauto-
trophicum." J Biol Chem 276(13): 10299-305. 

Supuran, C. T. and A. Scozzafava (2007). "Carbonic anhydrases as targets for medi-
cinal chemistry." Bioorg Med Chem 15(13): 4336-50. 

Tafelmeyer, P., N. Johnsson, et al. (2004). "Transforming a (beta/alpha)8--barrel 
enzyme into a split-protein sensor through directed evolution." Chem Biol 
11(5): 681-9. 

Takayama, K., C. Wang, et al. (2005). "Pathway to synthesis and processing of my-
colic acids in Mycobacterium tuberculosis." Clin Microbiol Rev 18(1): 81-
101. 

Tu, C. K., S. R. Paranawithana, et al. (1990). "Buffer enhancement of proton transfer 
in catalysis by human carbonic anhydrase III." Biochemistry 29(27): 6400-
5. 

Usha, V., R. Jayaraman, et al. (2002). "Glycine and alanine dehydrogenase activities 
are catalyzed by the same protein in Mycobacterium smegmatis: upregula-
tion of both activities under microaerophilic adaptation." Can J Microbiol 
48(1): 7-13. 

Verpoorte, J. A., S. Mehta, et al. (1967). "Esterase activities of human carbonic an-
hydrases B and C." J Biol Chem 242(18): 4221-9. 

Vincentelli, R., C. Bignon, et al. (2003). "Medium-scale structural genomics: strate-
gies for protein expression and crystallization." Acc Chem Res 36(3): 165-
72. 

Watkins, H. A. and E. N. Baker (2006). "Structural and functional analysis of 
Rv3214 from Mycobacterium tuberculosis, a protein with conflicting func-
tional annotations, leads to its characterization as a phosphatase." J 
Bacteriol 188(10): 3589-99. 

Yan, L. J., S. H. Yang, et al. (2007). "Histochemical staining and quantification of 
dihydrolipoamide dehydrogenase diaphorase activity using blue native 
PAGE." Electrophoresis 28(7): 1036-45. 

Yoshida, T., T. Seko, et al. (2006). "Roles of conserved basic amino acid residues 
and activation mechanism of the hyperthermophilic aspartate racemase at 
high temperature." Proteins 64(2): 502-12. 

Yoshimura, T. and N. Esak (2003). "Amino acid racemases: functions and mecha-
nisms." J Biosci Bioeng 96(2): 103-9. 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 411

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through the
series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-8580

ACTA

UNIVERSITATIS

UPSALIENSIS

UPPSALA

2008


	Abstract
	List of publications
	Contents
	Abbreviations
	Introduction
	Aim and outline of thesis
	General Methods
	Target selection
	Cloning
	Expression
	Purification
	Crystallization
	Solving the three-dimensional structure
	Biochemical function
	Future perspectives

	Carbonic anhydrases
	Background
	Rv1284 (Paper I)
	Active site and enzymatic characterization

	Rv3588c (Paper I and II)
	Active site and enzymatic characterization

	Rv3273
	Future perspectives

	FAS II proteins (Paper III)
	Background
	Rv0636 co-expression and enzymatic characterization
	Future perspectives

	Threonine Synthase (Paper IV)
	Background
	Active site and enzymatic characterization
	Reaction mechanism
	Essentiality studies
	Future perspectives

	Rv3778c (Paper V)
	Background
	Structure solution
	We have the structure, but what does Rv3778c do?
	Known structures with a similar fold have a different active site.
	Proteins identified by BLASTp searches have a similar active site
	Investigation of Rv3778c’s function
	Rv3778c does not seem to be an aminotransferase
	Other information that could be significant
	The enzymatic activities assayed

	Future perspectives

	Concluding remarks
	Summary in Swedish
	Acknowledgements
	References
	Acta Universitatis Upsaliensis

