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ABSTRACT 

The enzyme UDP-galactopyranose mutase (UGM) is essential for the biosynthesis of the 

cell wall of Mycobacterium tuberculosis, the causative agent for tuberculosis (TB). MtUGM is a 

member of the pyranose-furanose mutases and is involved in the production of UDP-

galactofuranose (UDP-Galf). Galf is not observed in mammals and therefore inhibitors of UGM 

could be used as a new class of antimycobacterial agents. Due to increase of drug resistant bacteria, 

it is important to design new inhibitors that bind to sites other than the active site of the enzyme, 

and the inhibitor MS-208 was proposed to bind to a novel allosteric site in MtUGM. 

This thesis reports the design of mutants of MtUGM, their expression, purification and 

characterization to probe the binding of MS-208 inhibitor to the allosteric site. Computational 

docking studies have depicted different binding modes of MS-208 in the allosteric site of these 

mutants, while inhibitory analysis showed a change in the type of inhibition among tested allosteric 

site mutants. Additionally, the structures of the R257A and E321A mutants have been determined 

by X-ray crystallography. The crystallographic results revealed some of the residues that may be 

involved in positioning the inhibitor in the allosteric site. Additionally, various prokaryotic UGM 

species were tested for presence of the allosteric site. Next inhibition analysis with MS-208 was 

performed on UGM from Deinococcus radiodurans. This data shows that MS-208 can inhibit 

various prokaryotic UGMs.  

A fluorescence-based competitive binding assay using the fluorophore 8-

anilinonaphthalene-1-sulfonic acid (ANS) has been used to probe ligand binding to MtUGM. It 

was shown that ANS behaves as a competitive inhibitor of MtUGM. ANS was docked and 

kinetically tested with two allosteric site mutants (Y253A and D322A) and showed competitive 

behavior against these mutants. These results show that ANS inhibits and binds to the enzyme 

differently than MS-208.  

It has been proposed that two strictly conserved active site residues (W166 and R261) 

regulate active site closure and control binding of the substrate in the productive conformation in 

prokaryotic UGM. Kinetic, modeling, and crystallization results showed that W166A and R261A 

mutants of the enzyme are still catalytically active. The crystal structure of MtUGM in the presence 

of an UDP-F2-Galf substrate analog has been determined for further active site studies. To date, it 

is only the second available structure of the possible binding mode for the original substrate, UDP-

Galf. 
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Chapter 1: Introduction 
 

1.1 Is Tuberculosis still a threat?  

Tuberculosis (TB) is ranked as the second most prevalent infectious disease in the world, after 

the human immunodeficiency virus (HIV). TB impacts the lungs by spreading through the air from 

patients with TB.1 The World Health Organization (WHO) estimated that in 2018 there were 1.6 

million deaths from ten million recorded cases of TB. Most of these cases are reported in China, 

Nigeria, India, Pakistan, Ethiopia, Indonesia, and Bangladesh, 40% of which occur in India.2 One of 

the main goals in the research community is to reduce TB cases within the developing countries. 

Different vaccines have been designed and clinically tested, and only the bacille Calmette-Guérin 

(BCG) vaccine is currently used worldwide.3 The vaccine was produced from an attenuated strain of 

Mycobacterium bovis by Calmette and Guérin and brought to the public in 1921.4 The WHO advises 

neonatal BCG vaccinations in countries with high incidence of TB. Many researchers have been 

working on the development of a new vaccine. One example is an epitope based vaccine that promotes 

immunity, however, this vaccine still requires further assessment.3  

TB that is resistant to first line treatment (the drugs isoniazid and rifampicin) has emerged and 

is called multidrug-resistance TB (MDR-TB). Currently, 480,000 people have developed MDR-TB 

and for these people the first line of treatment has low efficiency.5 The current treatment for MDR-

TB takes 24 months with a success rate around 40%.6 A combination of aminoglycosides, 

capreomycin, cycloserin, paminosalicylic acid, thioamides and fluoroquinolones are used to treat 

MDR-TB.1 Additionally, some patients develop extensive drug resistance (XDR) to fluoroquinolones 

and aminoglycosides. XDR-TB requires an even longer period of therapy that could lead to a rise of 

drug toxicity.7 The absence of a properly working treatment strategy is causing low success rates 

within these patients. In summary, all of these issues may cause an increase in MDR-TB mortality, 

and transmission of TB to the uninfected population, and increase the number of XDR-TB cases. As 

a result, there is a need to design new drugs and update the current treatment strategy.8
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1.2 The cell wall of Mycobacterium tuberculosis 

The cell wall of Mycobacterium tuberculosis, the causative agent of TB, is a complex 

structure that differentiates it from other prokaryotic species.9 The cell wall structure of M. 

tuberculosis was described in 1982 by Minnikin and it contains three main components.10 The 

plasma membrane is the inner layer that is typical for bacterial membranes. The cell wall core is 

located outside of the plasma membrane and contains peptidoglycan (PG) that is covalently bound 

to an arabinogalactan (AG) layer. The cell wall is rich in carbohydrates and many of them are 

incorporated into the 15-100 nm PG layer. Information on the biosynthesis of PG in M. tuberculosis 

is limited.7, 11 Researchers have determined that the majority of the biosynthesis is the same as for 

Escherichia coli. PG is composed of alternating N-acetylglucosamine (GlcNAc) and N-

acetylmuramic acid (MurNAc) polysaccharide residues that are connected by β-1,4 linkers.12 The 

AG layer is a heteropolysaccharide that is covalently bound through a phosphodiester bond to the 

MurNAc residues of the PG, and accounts for approximately 35% of the total cell wall mass. 

Finally, this layer connects to an outer mycolic acid layer, which is the third component of the 

membrane.9 A schematic representation of the cell wall of M. tuberculosis is shown in Figure 1-1. 

Figure 1-1: The cell wall of M. tuberculosis. Arrows indicate sites where mycolic acids attach. 
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The cell wall protects the innermost components from the environment and helps maintain 

constant osmotic pressure inside the cell. Maintaining the integrity of the cell wall is crucial for 

growth and replication of the bacteria and this can be used as a potential drug target for the design 

of new antibacterial agents.13 The unique nature of the mycolic acid-AG-PG complex creates a 

special lipidic and hydrophobic blockage against the immune system and general antibiotics. Two 

antibiotics that are part of the four-drug regime, ethambutol and isoniazid, inhibit the production 

of the arabinan and mycolate layers. Currently, no antibiotics have been designed that can inhibit 

production of the galactan layer.7 

 

1.3 Biological importance of D-galactofuranose  

The AG layer consists of glycosyl residues that are spread between a galactan layer, which 

is made of 23 galactofuranose (Galf) residues, two arabinan layers that are made of 26 

arabinofuranose (Araf) residues, and a linker. The linker connects the AG and PG layers to each 

other and it consists of a rhamnosyl residue attached to a N-acetylglucosaminosyl-1-phosphate.9  

Galf is a vital component of the cell wall and is essential for cell growth.14 This sugar is not 

observed in mammals, however, it has been found in the O-antigen lipopolysaccharides of E. coli, 

Klebsiella pneumoniae, and Shigella dysenteriae. Additionally, these residues have been identified 

in the cell wall of protozoa (Leishmania major), fungi (Aspergillus fumigatus) and in pathogenic 

bacteria.15 Since Galf is not present in humans, it has been proposed that the Galf biosynthetic 

pathway is a potential target for developing new anti-TB pharmaceuticals.16 

 

1.4 Biosynthesis of D-galactofuranose  

The biosynthesis of Galf can proceed through the Leloir pathway.17 In this pathway the first 

step involves addition of phosphate at C1 of Galp by galactokinase to produce galactose-1-

phosphate (G1P). In the next step, G1P uridylyltransferase transfers a uridine monophosphate 

(UMP) from uridine diphosphate (UDP) glucopyranose to G1P to produce UDP-galactopyranose 

(UDP-Galp). Finally, UDP-galactopyranose mutase (UGM) converts UDP-Galp into the UDP-

Galf.18 This pathway is represented in Figure 1-2. Moreover, UDP-Galp can be produced from 

UDP-glucopyranose using UDP-galactose-4-epimerase (GALE).19  
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Figure 1-2: Biosynthesis of D-galactofuranose via the Leloir pathway.  

 

1.5 UDP-galactopyranose mutase as a research target 

 

1.5.1 Role of UDP-galactopyranose mutase in the formation of the cell wall of bacteria 

As shown above, the bacterial cell wall contains many Galf residues in the galactan 

repeating unit. UDP-Galf is the biosynthetic precursor or donor molecule for these Galf residues 

in the cell wall.20 UGM is a critical enzyme in Galf biosynthesis. UGM catalyzes the 

interconversion between the UDP-Galp six-membered ring and the UDP-Galf five-membered ring 

using the non-covalently bound cofactor flavin adenine dinucleotide (FAD). The equilibrium of 

this reaction favors the pyranose form far more than the furanose form with a ratio of 93:7, as 

shown in Figure 1-3.21 

 



 5 

 

Figure 1-3: The reaction where UGM catalyzes the interconversion of UDP-Galp and UDP-Galf. The pyranose form 

is favored at equilibrium (93:7 ratio). 

 

As mentioned above, UGM contains a FAD bound inside the active site and consequently 

this enzyme is classified as a flavo-enzyme.21 Purified UGM is yellow in color due to presence of 

FAD, and UV-visible spectroscopy shows absorption peaks at 382 nm and 450 nm with a shoulder 

at 465 nm that is unique to FAD.22 The solved crystal structures of UGM have provided 

information about the binding mode of FAD in the enzyme.23 Various techniques have been used 

to calculate the molecular weight of UGM from different bacterial species. In general, the mass 

ranges from 43 to 45 kDa. Gel filtration showed that UGM acts as a homodimer.24  

The glf gene that encodes UGM was first identified and cloned from E. coli.22 Gene knock-

out experiments performed by removal of this gene that encodes UGM in M. tuberculosis proved 

that the presence of this enzyme is necessary for mycobacterial viability.25 Since UGM is absent 

in humans and it is the key enzyme involved in incorporation of Galf into the cell wall of bacteria, 

it is a valuable antibacterial drug target. The genes that encode UGM have been identified in 

bacteria, fungi, algae and protozoa including a number of human and animal pathogens.20-22, 24b  

 

1.5.2 Structural studies of prokaryotic UDP-galactopyranose mutase 

To look inside the UGM structure and understand how FAD and the substrate bind to the 

enzyme, X-ray crystallography has been used. The first crystal structure of prokaryotic UGM was 

solved from E.coli in 2001.21 Thereafter, the crystal structures from KpUGM, DrUGM and 

MtUGM were determined.23, 24b As shown in Figure 1-4, these crystal structures displayed similar 

structures and organization of domains, despite the differences in their sequences. Root-mean-

square deviations (RMSDs) for these structures were around 1 Å.26  
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Figure 1-4: Sequence alignment of various UGM species, namely Mt, Ec, Kp, DrUGMs. FAD binding residues are 

highlighted by green triangles, the active site amino acids are highlighted by red stars. Conserved amino acids (white 

letters) are put in red blocks. ESPrint online server was used to perform alignment of the sequences. 

 

UGM functions as a homodimer and is found in the α/β class of proteins. Each monomer 

of UGM has three characteristic domains (Figure 1-5 A). The first domain is a FAD binding 

domain and contains a typical βαββαβ Rossmann fold.21 The Rossmann fold is a nucleotide binding 
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domain where FAD, nicotinamide adenine dinucleotide phosphate (NADP) and nicotinamide 

adenine dinucleotide (NAD) commonly bind.27 FAD binds to the enzyme through a combination 

of hydrogen bonds with the side chains of conserved amino acid residues (Figure 1-4). When bound 

to the enzyme the FAD isoalloxazine ring faces domain 2 and is located in a cleft of domain 1. The 

ribosyl moiety of FAD forms a hydrogen-bond network between its hydroxyl group and the side 

chain of E38 on UGM. In addition, the side chain residues of V13 and R39 form a pocket with the 

main chain of residues F226 and G245 in the enzyme. This pocket binds the adenine moiety of 

FAD. Y366 and H65 stabilize the FAD isoalloxazine ring through a hydrophobic region.23 The 

second domain is made of five α-helices and two mobile loops and is located below the cleft of 

domain 1. In addition, this domain can be in both open and closed conformations.21 Domain 3 

consists of anti-parallel β-sheets and unites domains 1 and 2. Domain 2 and 3 contain most of the 

active site residues (Figure 1-4).21, 28 Moreover, when crystal structures in the presence of oxidized 

and reduced FAD were solved for KpUGM, different FAD conformations were observed.23 In the 

oxidized UGM structure, FAD was in a planar conformation and N5 is sp2 hybridized (Figure 1-5 

B), while in the reduced UGM structure, the FAD conformation was bent at N5 (butterfly-shaped) 

and N5 is sp3 hybridized (Figure 1-5 C).23, 24b
  

 

FAD

Domain 1

Domain 2

Domain 3

(A)                         
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Figure 1-5: (A) The monomer structure of MtUGM. (B) Representation of FAD in yellow sticks in the oxidized UGM 

structure. (C) Representation of FADH2 in purple sticks in the reduced UGM structure. In (A), domain 1 is blue, 

domain 2 is purple, and domain 3 is grey. The mobile loops 1 and 2 are in green. FAD is shown in stick representation. 

Pictures are generated by PyMOL version 1.8.6. PDB accession codes 1V0J, 2BI7, and 2BI8. 

 

To date, MtUGM, DrUGM and KpUGM have been crystallized in the presence and absence 

of the UDP-Galp substrate.16, 23 The structures of these species have been used to infer the binding 

mode of the substrate as well as the structural changes of the enzymes upon ligand binding in 

various prokaryotes. Among these species, the binding of UDP-Galp is conserved and it binds 

under the FAD isoalloxazine ring. The MtUGM structure will be used as an example to discuss the 

binding mode of UDP-Galp and changes within enzyme upon ligand binding. 

When the UDP-Galp, ligand binds to the enzyme, the active site mobile loops I (A131-

N140) and II (Q167-R184) take on a closed conformation (PDB code 4RPH). In the absence of the 

substrate it takes an open conformation (PDB code 1V0J).16, 23 In addition, helices α4, α5 and α6 

of domain 2 (F102-D194) alter their position when the UDP-Galp binds (Figure 1-6). Residues of 

the mobile loop II form a new helix (α8) upon substrate binding. The position of the uridine and 

sugar binding active site residues are altered upon substrate binding. When the active site is in a 

closed conformation, the conserved arginine (R180) moves and interacts with the 2-OH group and 

the α-pyrophosphate of the UDP-Galp substrate. In addition, the second conserved arginine (R292) 

interacts with the 2-OH group of Galp and the β-phosphate of UDP. Y366 stabilizes the β-

phosphate group of the UDP moiety. Movement of the mobile loop also moves hydrophobic 

residues into the active site forming the substrate hydrophobic binding pocket.16 

(B)                         (C)                         
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Figure 1-6: Superposition of apo MtUGM (magenta) and MtUGM with bound UDP-Galp (green). Domain 2, with 

mobile loops I and II, is in purple when in an open conformation and green when in a closed conformation. FAD and 

UDP-Galp are shown in sticks. Picture is generated by PyMOL version 1.8.6. PDB accession codes 1V0J and 4RPH. 

 

In the uridine-ribose binding region, W166 and R261 are located on the edge of the active 

site. These residues form a cation-π interaction in the structure of MtUGM in the absence of a 

ligand. When the substrate binds, W166 rotates 45o and interacts with the ribose hydroxyls, causing 

disrupting this cation-π interaction. As a result, the R261 site chain rotates 180o away from the 

substrate binding site (Figure 1-7). It was proposed that these two residues induce the closure of 

the active site domain.16 

I 

II 

FAD 

UDP-Galp 
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Figure 1-7: W166 and R261 regulate domain closure. Superposition of open MtUGM with no bound substrate (purple) 

and closed MtUGM with bound UDP-Galp (green). Picture is generated by PyMOL version 1.8.6. PDB accession 

codes 1V0J and 4RPH. 

 

To position the uracil ring of the UDP-Galp substrate, multiple residues move in the active 

site. For example, upon 45º rotation of Y161, a cation- interaction forms with the N282 side chain 

and the uracil. Non-conserved residues, namely valine, leucine, and phenylalanine help in the uracil 

positioning. The -phosphate of the substrate is stabilized by R180. The three strictly conserved 

tyrosines that are present in the structure are involved in stabilization of the UDP-Galp 

diphosphate. For instance, a 90º rotation of Y366 causes stabilization of the β-phosphate and at the 

same time a new cation- interaction is formed with R180 to help to keep the active site mobile 

loop closed. As mentioned previously, R180 forms a hydrogen bond to the 2-OH group of UDP-

Galp. The 3-OH is stabilized by a hydrogen bond to H68. Additionally, H89 stabilizes the 6-OH 

of the substrate (Figure 1-8).16 

The hydrogen bond distance between the C4 hydroxyl of the substrate and O4 of FAD is 

significant for the UDP-Galp catalytic selectivity in UGM (Figure 1-8). If the C4 hydroxyl is in an 

equatorial position, UGM will not identify it and it will be catalytically inactive. Additionally, the 

redox state of FAD determines the binding mode of UDP-Galp. Structural studies have revealed 

UDP-Galp 

3.1 
2.6 

3.0 

W166 

R261 

W166 

R261 

Q167 
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that when FAD is in the reduced form, the distance from N5 to the anomeric carbon of UDP-Galp 

is between 2.9 to 4.0 Å which was found to be ideal for substrate binding in the catalytically 

productive conformation.29 

 

Figure 1-8: Superposition of MtUGM in the absence (purple) and in the presence of UDP-Galp (green) to represent 

the changes in the positioning of the active site residues. FAD and UDP-Galp are shown in sticks representation. 

Picture is generated by PyMOL version 1.8.6. PDB accession codes 1V0J and 4RPH. 

 

Upon substrate binding, the loop which is made of A320 to P326, moves close to the FAD 

binding domain in the MtUGM structure (Figure 1-9). So far, the cause of the loop movement is 

not clear. This change might be related to the redox state of FAD or by alteration of the orientation 

of R261 when UDP-Galp binds to the active site.16 
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Figure 1-9: Representation of the loop (A320-P326) movement in the proposed allosteric site upon UDP-Galp binding 

to the active site of the enzyme. Where MtUGM is colored green and MtUGM: UDP-Galp complex is colored magenta. 

UDP-Galp is shown in sticks representation. Picture is generated by PyMOL version 1.8.6. PDB accession codes 1V0J 

and 4RPH. 

 

1.5.3 Role of the active site residues 

Previously obtained crystal structures showed the conserved amino acids that are 

significant for UDP-Galp and FAD binding (Figure 1-4). Site-directed mutagenesis has been used 

to study the active site residues of UGM.21, 28 For example, kinetic studies on the KpUGM active 

site mutants revealed that most of the introduced mutations removed enzyme activity. It was shown 

that the conserved arginines, namely R180, R292, and R360, are crucial for enzyme activity. 

Replacement of these residues to alanine inactivates the enzyme.21 For example, R180 is part of 

mobile loop II and moves upon substrate binding and active site closure. In addition, R292 side 

chain rotates 180 to help in the substrate positioning. These arginines aid by stabilizing the 

phosphate groups of the substrate.16 

 

R261/R261 
1.8 Å  
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1.5.4 SN2 mechanism of the UDP-galactopyranose mutase reaction 

UGM is an atypical example of a flavoenzyme.30 During the reaction, the redox state of 

FAD does not change.21 The mechanism of this reaction has been of major interest for various 

research groups for over a decade. An SN2 mechanism for UGM has been proposed, as shown in 

Figure 1-10.30 An iminium ion intermediate (II) was trapped using sodium cyanoborohydride and 

positional isotope exchange (PIX) experiments with tritium labeled substrate showed that the bond 

between C1 and UDP of the six-membered ring was removed prior to conversion into the five-

membered ring.21, 30 

In this isomerization reaction, FAD acts as a catalytic nucleophile. The anomeric carbon of 

galactose is attacked by the nitrogen atom (N5) of the reduced FADH- forming a covalent FAD-

galactosyl intermediate and releasing UDP (I).30-31 The described SN2 mechanism only takes place 

when FAD is reduced.21 The interconversion between the FAD-galactosyl intermediate and FAD-

galactofuranose takes place via an iminium ion (II). The ring of the adduct opens (II) and closes 

by attack of the C4-hydroxyl forming galactofuranose (III). Finally, UDP attacks the C1 carbon 

atom of the galactofuranose adduct, forming UDP-galactofuranose, and regenerating the reduced 

FADH-.30 

In 2016, the crystal structure of UGM as the covalently-bound intermediate (I) was 

solved.32 To solve the crystal structure, the H63A mutant of A. fumigatus was used. Upon formation 

of the covalent complex, the H63 side chain makes a hydrogen bond with hydroxyl of ribityl group 

of the FAD. The H63A mutant is catalytically inactive and the research group discovered that it 

can be used to capture the intermediate.32 The electron density showed that N5 of FAD is 

covalently attached to the anomeric carbon of UDP-Galp and UDP is bound in the active site. 

Additionally, interactions between substrate and mutant were similar to those observed in the 

MtUGM: UDP-Galp complex. O2 and O3 hydroxyls of the UDP-Galp formed hydrogen bonds 

with main chain of R182. Hydroxyls O3 and O4 from UDP-Galp were hydrogen bonded to F66, 

and O4 was also hydrogen bonded to N207 of the mutant. Lastly, O6 hydroxyl was closely encased 

between W315 and R327 amino acids. The presence of the interactions that were observed in the 

wild type: substrate complex showed that the obtained crystal structure of the mutant and 

intermediate is reasonable.32-33  
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Figure 1-10: Proposed SN2 mechanisms for the interconversion of UDP-Galp and UDP-Galf. FAD-galactopyranose 

adduct (I), the iminium ion (II), and the FAD-galactofuranose adduct (III) are formed during the reaction. 

 

1.5.5 Main difference between prokaryotic and eukaryotic UDP-galactopyranose mutases 

When the crystal structures of two eukaryotic UGMs (Aspergillus fumigatus and 

Trypanosoma cruzi) were solved, the comparison to prokaryotic structures showed similarity in 

the organization of domains, even with low sequence identity.34 The eukaryotic UGM contain 

additional inserts in their sequences, and consequently the monomers are bigger in size. 

Additionally, AfUGM is a tetramer and TcUGM is a monomer. Structure-based sequence 

alignment was performed, and are results presented in the Figure 1-11. 
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Figure 1-11: Sequence alignment among prokaryotic MtUGM and eukaryotic UGM species, namely Af and TcUGMs. 

Conserved amino acids (white letters) put in red blocks. ESPrint online server was used to perform alignment of the 

sequences. 

 

The main difference between prokaryotic and eukaryotic UGMs is prokaryotes contain one 

mobile loop and eukaryotes contain two. In eukaryotes the two separate mobile loops are created 
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by an additional helix (7) that is present in the active site mobile loop II. In prokaryotes, the mobile 

loop (Q167-R184) moves upon UDP-Galp binding to bring arginine to the right position, which 

provides α-phosphate substrate stabilization (Figure 1-8). Additionally in the MtUGM structure, 

R180 is involved in the stabilization of the sugar hydroxyl causing the mobile loop to close around 

the substrate.16 Also, the binding of the substrate to the enzyme results in the movement of the 

helices from domain 2 to the active site and formation of a new helix by residues from the mobile 

loop. 

Eukaryotes contain mobile loop I (L179-N187), mobile loops II (G198-A208), and 

additional mobile loop III (V60-F66). Mobile loop II is located in domain 2 and moves into the 

active site upon substrate binding (Figure 1-12). Loop I movement provides positioning of R182 

(for AfUGM) that is involved in the α-phosphate stabilization of the ligand. Upon loop II 

movement, N207 (for AfUGM) is brought to the active site to provide stabilization for the hydroxyl 

of the O4 of the sugar ligand. Movement of these two loops helps to position the substrate in the 

active site. Additionally, loop III experiences a conformational shift with 180 o peptide chain 

rotation upon cofactor reduction and binding of the substrate. As a result, H63 shifts above N5 of 

the isoalloxazine ring of FAD, I65 shifts out of the active site, and F66 moves into the active site 

(for AfUGM).33-34  

 

Figure 1-12: Superposition of AfUGM with no bound substrate (purple) and with bound UDP-Galp (blue). Mobile 

loops I and II are in magenta when in an open conformation and in blue when in a closed conformation. Conformations 

II 

I 

III 

FAD 

UDP-Galp 
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of the mobile loop III is colored in the same way as for mobile loops mentioned above. FAD and UDP-Galp are shown 

in green sticks. Picture is generated by PyMOL version 1.8.6. PDB accession codes 3UKA and 3UKF. 

 

1.6 Inhibitors of UDP-galactopyranose mutase 

As previously mentioned, UGM is a potential target for the development of 

antimycobacterial agents. Over the years, a number of inhibitors against UGM have been 

developed.14, 35 Inhibitors can be divided into two groups: substrate-like and non-substrate-like 

inhibitors.36 Substrate-like inhibitors or analogues have a similar structure with the substrate. A 

variety of substrate analogues have been synthesized, including analogs with modified sugars or 

UDP portion of the substrate.35a, 37 Most of these analogues were used for mechanistic studies of 

the enzyme and did not show high inhibitory activity against UGMs.38 The identification of non-

substrate-like analogues is aided by generating, developing and screening of ligand-based virtual 

databases.39  

 

1.6.1 Sugar-based derivatives 

As previously stated, UGM catalyzes the interconversion between UDP-Galp and UDP-

Galf using the non-covalently bound FAD. Studies of the mechanism showed that during catalytic 

reaction, formation of an oxocarbenium-type intermediate takes place.31 The design of iminosugars 

as transition state analogues that mimic a proposed oxocarbenium has produced a new class of 

inhibitors. The group of 1-C-substituted 1,4-dideoxy-1,4-imino-D-galactitols were successfully 

synthesized and were tested against EcUGM (Figure 1-13, compounds 3-6). These compounds 

showed moderate inhibition against EcUGM at 25 mM and residual activity of the enzyme was 

around 50%.37a Galactitols did not bind well because the UDP portion of the substrate was absent.  

 

Figure 1-13: Structures of 1-C-substituted 1,4-dideoxy-1,4-imino-D-galactitols. 
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To continue to study the UGM mechanism, a UDP-carbasugar (Figure 1-14, compound 7) 

was synthesized, where the cyclohexene ring is similar to the acyclic intermediate. This analogue 

mimics a transition-state that mimics the oxocarbenium (compound 9). A C-glycosidic analogue 

of the UGM substrate UDP-α-Galf (compound 8) was chosen to compare their inhibition results 

with the results for an analogue 7. KpUGM was used for the assay with an inhibitor concentration 

of 1 mM. Of the compounds shown in Figure 1-14, compound 7 showed ~30% inhibition and 

compound 8 showed 10% inhibition.40  

 

Figure 1-14: Structures of UDP-carbasugar (7), UDP-α-Galf (8), and the oxocarbenium (9). 

 

It has been reported that 1,4-dideoxy-1,4-imino-D-galactitol (DMDG) compound 10 

(Figure 1-15) mimics Galf and has inhibited the growth of TB. This showed that Galf mimics could 

be used for the design of potential inhibitors.41 C1-alkyl and aryl moieties were introduced into 

Galf mimics with further determination of their antimycobacterial activity against M. tuberculosis 

(Figure 1-15). Some synthesized compounds were tested against H37Rv strains of M. tuberculosis 

using a broth microdilution assay.42 Compound 17 with substituted acetyl groups and compound 

14 had a minimum inhibitory concentration (MIC) of 6.25 µg mL-1 and was two times lower than 

for compound 13 with substituted benzyl groups. The MICs of DMDG, compounds 11 and 12 were 

12.5 µg mL-1. The lowest MIC recorded was 3.13 µg mL-1 for compounds 15 and 16.43 
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Figure 1-15: Structures of the sugar-based derivatives that mimic Galf. 

 

1.6.2 Proposed substrate-like analogues of UDP-Galp and UDP-Galf 

Multiple research groups have designed inhibitors of UGM from natural sugar derivatives, 

specifically from UDP-Galp or UDP-Galf. For example, the UDP-CH2-Galp substrate analog has 

been synthesized (Figure 1-16, compound 18). The inhibitory activity of UDP-CH2-Galp or UDP-

phosphono-galactopyranose toward MtUGM has been evaluated and it was found that the IC50 

value was 495 ± 38 µM.37b In addition, the synthesis of the phosphonate analog of UMP-Galp has 

been reported (Figure 1-16, compound 19). The inhibition percentage was found to be 2% at 1 mM 
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concentration (tested against E. coli).37c These compounds have been designed as inhibitors but are 

not specific to UGM and have low cell permeability.37b, 44 

 

Figure 1-16: Structures of substrate-like analogues of UDP-Galp. 

 

The Vincent laboratory has shown that exo-glycals (Figure 1-17) had inhibitory activity 

against UGM. These exo-glycals contained two electron-withdrawing groups, namely a sulfone 

and phosphonate. Two of these compounds were tested against MtUGM. First a fluorescence-

polarization assay was used to calculate Kd values. A value of 77 µM was calculated for 20-(E) 

while the 20-(Z) isomer had a value of 470 µM. Second inhibition assays were performed. The 

percent inhibition was 23% for (Z) and 46% for (E). The IC50 of 1.09 ± 0.02 mM was determined 

only for the (E) isomer. Inhibitors were tested at 500 M concentration in this research.45 

 

Figure 1-17: Structures of the exo-glycals. 

 

1.6.3 Non-ionic compounds of UDP-Galp 

Non-ionic compounds that mimic UDP-Galp were synthesized in 2015 and were designed 

to increase the bioavailability and cell penetration to reach MtUGM. To mimic the ribose moiety 

and the ionic pyrophosphate group, a nonionic polyhydroxylated chain was introduced (Figure 1-

18). Two ligands, namely 1-[(5-O-(β-D-galactopyranosyl)-D-glucityl]pyrimidine-2,4(3H)-dione 

(21) and 1-[5-O-(α-D-galactopyranosyl)-D-glucityl]pyrimidine-2,4(3H)-dione (22), were 

successfully designed. Inhibition assays that were performed against MtUGM showed that these 
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analogues are weak inhibitors against UGM. Both of them showed ~30% inhibition at 500 µM of 

inhibitor.38b 

 

Figure 1-18: Structures of non-ionic compounds that mimic UDP-Galp. 

 

1.6.4 UDP-galactitols 

A new group of UDP-galactitols (Figure 1-19) was designed in the Vincent laboratory 

based on the inhibition results obtained for acyclic galactose derivative (compound 23) by the Liu 

research group.46 The designed ligands contained UDP and galactitol substructures. The number 

of the atoms in the linkage between UMP and galactitols were identical to the original UDP-

galactose substrate. Inhibition assays showed that compound 24 had the best inhibitory activity 

among all designed analogues at 69% inhibition. Inhibitory activities were 18%, 10%, and 5% for 

compounds 25, 26, and 27, respectively at 250 M of inhibitors. These results for alkyne 25 and 

alkene 27 showed that the connection between UDP and the galactitol substructures is significant 

for the binding of the ligands.47 
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Figure 1-19: Structures of UDP-galactitols. 

 

1.6.5 Monofluorinated and tetrafluorinated UDP-Gal derivatives 

Fluorine is a popular replacement for functional groups in bioorganic chemistry. The length 

of the C-F bond is short (1.3 Å), plus fluorine is chemically inert, and it is a hydrogen bond 

acceptor. The C-F group has been used as a substitution for groups such as C-OH, C-H, and C=O. 

The size of F group is similar to H group and smaller than OH. Accordingly, the C-F group is a 

good replacement for C-OH moiety.37d, 48 

Monofluorinated UDP-Gal derivatives have been prepared to study the UGM mechanism 

(Figure 1-20) and it was shown that they behave as substrates of UGM. Further research 

determined that the position of the fluorine is important for the catalytic activity.45, 48 For instance, 

compounds 28 and 30 have a fluorine at position 2 and showed a decrease in kcat compared to the 

natural substrates. Compound 28 showed an increase in KM. Pyranosides 29 and 30 showed higher 

KM values than were recorded for UDP-Galp.49 Kinetic values are shown in Table 1-1. A group of 

tetrafluorinated sugar analogues (31 and 32) were synthesized in 2014 and these compounds did 

not behave as KpUGM substrates. Interconversion between 31 and 32 was not observed. 
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Fluorescence polarization assays were used to calculate Kd values for ligands 31 and 32, and were 

53 µM and 76 µM, respectively. UDP was used as a reference compound for assay calibration and 

for comparison with the potential inhibitors. The Kd value for UDP was 26 µM.46, 50 The 

compounds were also tested as inhibitors of KpUGM, and 31 and 32 showed 59% and 46% 

inhibition, respectively. For comparison, UDP had only 33% inhibition. These tetrafluorinated 

substrate analogues behave as better inhibitors than UDP.37d Structures of the complexes between 

MtUGM and compounds 31 and 32 were obtained in the Sanders laboratory as further evidence 

that these compounds bind to the enzyme.16 

 

Figure 1-20: Structures of the fluorinated UDP-Gal sugars. 

 

Table 1-1: Kinetic parameters for fluorinated UDP-Gal derivatives 

Compound KM (M) kcat (s-1) 

UDP-Galp 43 5.5 

UDP-Galf 22 27 

28 65 0.03 

29 280 0.09 

30 203 0.02 
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The next group of the analogues, UDP-3-fluoro-galactofuranose and UDP-6-fluoro-

galactofuranose were prepared using chemical synthesis or enzymatic reactions (Figure 1-21, 

compounds 33 and 34).35a Kinetic assays showed that these compounds acted as substrates with a 

decrease in kcat and drastic increase in KM for 33 and 34 analogues. For instance, in the case of 

UDP-F6-Galf the KM was 24 mM and kcat was 7.4 s-1, while for the original substrate, UDP-Galf, 

the KM and kcat were 22 µM and 27 s-1, respectively. This increase in KM can be explained that 

fluorine caused binding of the analogues to UGM in a less favourable conformation for catalysis.35a 

 

Figure 1-21: Structures of UDP-3- and 6-fluoro-galactofuranose. 

 

1.6.6 Determination of the crystal structures of MtUGM in complex with tetrafluorinated 

analogues of UDP-Galp and UDP-Galf 

Crystal structures of MtUGM with bound UDP-F4-Galf (Figure 1-20, compound 31) and 

UDP-F4-Galp (Figure 1-20, compound 32) were solved in the Sanders laboratory.16 A good 

electron density of the ligand in the sugar region was observed in deoxyfluorinated UDP-Galp 

analog. All monomers had the bound analogue inside the active site. The presence of fluorines at 

C2 and C3 caused a tilt of the pyranose ring by approximately 0.5 Å compared to UDP-Galp. In 

this mode, the sugar residue was closer to the isoalloxazine ring of FAD. As a result, N5 of FAD 

was shifted 0.9 Å deeper into the FAD binding pocket. Also, this shift caused the O4 carbonyl 

atom of the isoalloxazine ring to move 0.8 Å. The anomeric C1 carbon of the tetrafluorinated sugar 

(compound 32) was 4.8 Å away from N5 of FAD which is considered as too long for catalysis to 

take place.16 

Figure 1-22 shows the interactions present between the fluorinated analogue (compound 

32) and the enzyme. The axial fluorine (F2β) of C2 interacts with the O4 carbonyl of the 

isoalloxazine ring of FAD and with the carbonyl oxygen of A64. The equatorial fluorine (F2α) of 

C2 interacts with R180 directly and with R360 and D368 using conserved water molecules. The 

equatorial fluorine (F3β) of C3 interacts with O4 carbonyl of the isoalloxazine ring of FAD and 
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the axial fluorine (F3α) of C3 interacts with α-phosphate moiety using a water molecule. Y191 and 

F192 residues make a hydrophobic pocket around CF2 at the position three.16 

 

Figure 1-22: Superposition of MtUGM: UDP-Galp (green) and MtUGM with bound UDP-F4-Galp (orange) to 

compare binding mode of the fluorinated analog with the original substrate. FAD, UDP-Galp, and UDP-F4-Galp 

(fluorine residues colored light blue) showed in sticks. Protein residues showed as lines. Picture is generated by 

PyMOL version 1.8.6. PDB accession codes 4RPL and 4RPH. 

 

The structure of MtUGM with tetrafluoro-galactofuranose, UDP-F4-Galf, is the first 

reported structure with bound hexafuranose sugar.16 The oxidized MtUGM structure had the 

analogue bound inside of all three monomers. The UDP portion maintained the same interactions 

that were discussed previously. In the case of the F4-Galf moiety, interactions were similar to those 

observed previously for the Galp sugar. The anomeric carbon (C1) of the sugar was 4.4 Å away 

from N5 of FAD. This distance is quite long for catalysis to occur. Previously solved structures of 

various prokaryotic UGM species which contained oxidized FAD, showed that when FAD is 

reduced the distance between N5 of FAD and the anomeric carbon of the sugar decreases.16, 21, 23, 
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24b The reduced structure of the complex was not determined and as a result, the observed distance 

in the oxidized structure is not representative of the distance in the reduced complex.16 

In Figure 1-23, F2β of C2 is located closer to the O4 carbonyl of the FAD isoalloxazine 

ring. Additionally, F2β interacts through a chain of conserved waters with R360, D368, and H68. 

The same positions and interactions were observed for F2α of C2 and F3α of C3 of the UDP-F4-

Galp analogue. The position of F2β of C3 of the F4-Galf is similar to that of the OH of C4 of the 

UDP-Galp with a few minor differences. A tilt of 1.4 Å was observed for the C3 carbon of UDP-

F4-Galf analog and a 1.9 Å shift was observed for the F3β group compared to the C4 carbon of the 

original UDP-Galp substrate. F2β of C3 interacts with the O4 carbonyl of the FAD isoalloxazine 

ring. Additionally, the shift of the F3β group likely removed the steric interaction between F3α of 

C3 and L66, H89, and F192. Otherwise, F3α of C3 would face the direction that was observed for 

the equatorial hydrogen of C4 in the UDP-Galp substrate.16 

 

Figure 1-23: Superposition of MtUGM: UDP-Galp (green) and MtUGM with bound UDP-F4-Galf (magenta) to 

compare binding mode of the fluorinated analog with the UDP-Galp substrate. FAD, UDP-Galp, and UDP-F4-Galf 

(fluorine atoms colored light blue) are shown in sticks. Protein residues are shown as lines. Picture is generated by 

PyMOL version 1.8.6. PDB accession codes 4RPK and 4RPH. 
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The position and interactions of the UDP with the active site residues were conserved in 

these two fluorinated analogues. Within all oxidized structures, the distance between the N5 of 

FAD and the anomeric carbon (C1) is over 4.2 Å, which is considered a long distance for the 

covalent catalysis. When the reduced structure of MtUGM: UDP-Galp was evaluated, the distance 

between anomeric carbon and the N5 of FAD was 3.9 Å.16 

 

1.7 Non-substrate like inhibitors 

The popularity of computational design of potential candidates using “virtual library design 

and screening” has increased the ability to identify potential inhibitors. In this subchapter, the 

discovery of non-substrate-like inhibitors and their activity against different UGM species will be 

discussed. 

 

1.7.1 Identification of compounds with pyrrole, pyrazole, and aminothiazole cores 

When computational design was applied, two potential compounds were identified using 

the pharmacophoric model and in silico screening protocol.51 Two libraries of compounds were 

built. The first library contained compounds with their MICs that were reported previously as 

inhibitors of M. tuberculosis. The next step involved production of structure-relationship models 

using recursive portioning (RP) statistical classification method. RP uses molecular descriptors 

such as structural (molecular weight, chiral centers, hydrogen bond acceptor/donor), 

thermodynamic, and topological to produce RP models.52 Lastly, Lipinski’s rule was applied as a 

filter of the compounds. The second library was built based on a benzene core that was a common 

feature among compounds from the first library. Also, three substitution points where identified at 

position 1, 2, and 4 of the benzene core. This library was screened using Lipinski’s rule (with 

logP=6) and a structural variety of compounds (shown by molecular descriptors) as criteria. 

Finally, 114 compounds were selected from the libraries and then were used to select similar 

compounds from multiple commercial databases. Compound 35 (Figure 1-24) was selected from 

the Asinex database and then was purchased. This compound showed a MIC of 25 g mL-1 against 

M. tuberculosis.52 Next the Asinex database was screened using previously developed 

pharmacophoric model.53 From this model, compound 36 (Figure 1-24) was identified and showed 

a MIC of 25 g mL-1. Two analogue series were synthesized based on compound 35 that contained 

pyrrole and compound 36 that contained pyrazole ring. Electron-donating and withdrawing groups 
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were introduced to compound 35.52 Alkyl groups were added at 2 and 5 positions to produce 

analogues 35a and 35b. In the case of compound 36, various moieties were introduced at the phenyl 

rings. After synthesis, MIC values were calculated against M. tuberculosis. Pyrrole analogues of 

compound 35 did not show improvement in the inhibitory activity. MIC values for the pyrazole 

analogues of compound 36 decreased from 25 g mL-1 (36) to 12.5 g mL-1 (37f) and 6.25 g mL-

1 (37a and 37e). Therefore, when a p-chloro moiety was introduced to the benzoyl group, the MICs 

improved for 37a, 37e, and 37f analogues. However, methyl and nitro groups did not improve 

inhibitory activity (37h and 37b). When the phenyl ring and the carbonyl group of the 4-benzoyl 

residue were modified, an increase in MICs was recorded (greater than 100 g mL-1).52 

 

Figure 1-24: Structures of the compound (35) with a pyrrole, compound (36) with a pyrazole ring, and analogues (37 

a, b, e, f, and h). 

 

The Pinto research group synthesized two compounds that inhibited the growth of bacteria, 

namely pyrazole 38 ((4-chlorophenyl)-[1-(4-chlorophenyl)-3-hydroxy-5-methyl-1H-pyrazol-4-
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yl]-methanone) and aminothiazole 39 (3-(4-iodophenyl)-2-[4-(3,4-dichlorophenyl)-thiazol-2-

ylamino]-propionic acid) (Figure 1-25).54 To show their antimicrobial activity, assays were 

conducted. Compound 39 did not inhibit the growth of the H37Rv strain of M. tuberculosis. This 

is likely due to the compound being unable to enter the cell. However, compound 38 inhibited the 

growth of this strain at 2.5, 5, 10, and 20 g mL-1. An inhibition assay showed an IC50 of 62  1 

M for pyrazole and 37  1 M for aminothiazole against MtUGM.54 

 

Figure 1-25: Structures of compound (38) pyrazole and compound (39) aminothiazole. 

 

Multiple UDP-fluorescein substrate derivatives were synthesized by the Kiessling research 

group and they showed high affinity to Kp and Mt UGMs.38a Next this research group explored the 

ligands that are not mimicking the substrate. Previously they showed that 2-aminothiazoles play a 

role as competitive inhibitors of UGM.30 To produce a potent UGM inhibitor, a fluorophore was 

added to the core of 2-aminothiazole (Figure 1-26, compound 40) that had a Kd of 15 M. 

Compound 41 (Figure 1-26) was successfully synthesized and showed a Kd of 0.3 M for MtUGM 

with an IC50 of 3.5 M.55
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Figure 1-26: Structures of the non-substrate like UGM inhibitors, where compound (41) incorporates fluorescein. 

 

1.7.2 Compounds with thiazolidinone core 

In the Kiessling laboratory, two libraries of compounds (Chembridge DIVERSet 16,000 

compounds and Chemical Diversity Labs, ChemDiv 20,000 compounds) have been screened 

against KpUGM using the fluorescence polarization assay.30 About 0.4% of the compounds were 

identified as potential inhibitors. Compounds 42-45 showed affinity to MtUGM (Figure 1-27).56 

 

Figure 1-27: Structure of the compounds that were identified by high-throughput fluorescence polarization (FP) 

screening. 



 31 

Compounds 42 and 45 have a thiazolidinone core with two carbonyl hydrogen bond 

acceptors. Compound 42 contained the main features common to all active compounds and showed 

inhibitory activity with IC50 of 1.6 M for Kp and 65 M for MtUGM. Consequently, the ligand 

was selected as a base compound to design a new library. The newly designed library contained 

18 compounds with four showing affinity to both Kp and MtUGM (46, 47, 48, 49) and one with 

significant affinity to MtUGM. (50) (Figure 1-28).56 

 

Figure 1-28: Synthesized analogues of the compound (42). 

 

When their IC50 values were determined, it was learned that compounds with similar Kd 

did not have similar IC50 values (Table 1-2). To provide more interactions with UGM, aromatic 

moieties was introduced to the mentioned above inhibitors. The benzyl moiety was added to 

promote interaction with a concerved active site W166 residue that is important for the binding of 

ligand. To change the polarity of the aryl structure, various halogen groups were introduced at the 

R2 position. To test the importance of the halogen groups, compound 47 was produced. It contained 

a methyl group that similar in size with a bromo group but has different properties. Compound 47 

showed weak affinity to any UGM. Consequently, the presence of the methyl group showed that 

the electron-withdrawing groups are important in the R2 position of these inhibitors. Various 

electron-withdrawing groups were then introduced to the aryl moiety. Ligands that contained nitro 
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(compound 51) and fluoro (compound 48) groups showed less affinity to UGMs compared to the 

bromo compound 42. However, the position of the bromo- group was important for the affinity 

toward UGMs. For example, the p-bromo aryl compound 50 showed better affinity for MtUGM 

than for KpUGM. The o-bromo aryl compound 52 did not bind to any of UGMs. In addition, when 

the aryl group at positions R2 (compound 53) was removed, no affinity to any UGM was recorded. 

Consequently, to maintain binding of these compounds, the right moieties at certain positions must 

be present.56 

 

Table 1-2: IC50 values for selected compound with thiazolidinone core 

Compound 
KpUGM 

IC50 (M) 

KpUGM 

Kd (M) 

MtUGM 

IC50 (M) 

MtUGM 

Kd (M) 

42 1.6 9.4 65 12 

43 4.0 n/d 41 4.9 

44 n/d n/d n/d 8 

45 4.0 n/d 28 5.3 

46 n/d 21.3 49 16 

47 n/d >33 41 >33 

48 n/d >33 n/d >33 

49 n/d 5.3 >100 10 

50 n/d >33 35 9.3 

51 n/d >33 n/d >33 

52 n/d >33 n/d >33 

53 n/d >33 n/d >330 

 

1.7.3 Discovery of MS-208 inhibitor  

As mentioned above, a group of compounds that have a 5-arylidene-2-thioxo-4-

thiazolidinone (Figure 1-27, compound 42) has been identified by virtual screening of the libraries 

with IC50 in the range 28–65 µM against MtUGM.56 However, these ligands with a thiazolidinone 

core reacted reversibly and did not inhibit mycobacterial growth. Kiessling’s group decided that 

alteration to this scaffold will improve the affinity to UGM. A new class of compounds have been 

synthesized, namely 2-aminothiazoles, that have shapes similar to the thiazolidinones. Twenty-
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five 2-aminothiazoles derivatives were identified as ligands of MtUGM. Two out of twenty five 

compounds had Kd values 7.4 M (Figure 1-25, compound 39) and 14 M (Figure 1-29, compound 

54). Kinetic assays showed that these derivatives behaved as competitive inhibitors of UDP-Galf.39 

 

Figure 1-29: Structure of the compound (54) that inhibited MtUGM.  

 

In 2017, a compound with triazolothiadiazine core was identified by virtual screening of 

the commercially available compounds.30, 56 Compound 55 (Figure 1-30) showed a Ki value of 28 

± 15 µM against MtUGM. Additionally a MIC value of 9.3 g mL-1 was determined against M. 

smegmatis.57 

 

Figure 1-30: Structure of the most potent compound (55). 

 

Inhibitors based on a 5-hydroxy-pyrazole core were identified using virtual screening. The 

MIC for compounds 57 and 58 was determined to be 6.25 µg mL-1 while for compound 59 the 

MIC was 12.5 µg mL-1 (Figure 1-31). In addition, the p-chlorobenzoyl residue of the pyrazole ring 

from structure 56 was identified as crucial for inhibition. When various groups replaced the methyl 

moiety at the C3 position, MICs of the compounds did not change. The introduction of different 

hydrophobic groups at the p-position of the N1-phenyl ring showed moderate inhibition. 
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Compound 57 had inhibitory activity in the low micromolar range against MtUGM. As a result, 

this is the compound 57 (MS-208), was chosen for further study.58 

  

Figure 1-31: Inhibitors based on a 5-hydroxy-pyrazole core (56-59). 

 

1.7.4 Psoromic acid as an inhibitor  

Lichens have been used as antibiotics against some strains of M. tuberculosis. Psoromic 

acid (PA) (Figure 1-32, compound 60) is one derivative isolated from lichen. Over the years it has 

been shown that PA has anti-tumor, antigenotoxic and antibacterial properties.59 Antimycobacterial 

activity was determined using the most common strain (H37Rv) and nine other strains of M. 

tuberculosis. MICs were in the range 3.2–4.1 M. MIC against H37Rv strain was 3.2 M. 

Inhibition of PA against MtUGM was 85.8% at 20 mM. PA was also successfully docked into the 

active site of the tested enzyme. Hydrogen bonds were observed between PA and R303, D202, 

T205, and A206 amino acids of the enzyme. This research showed that PA shows promise as a 

potential drug against TB.60 

 

Figure 1-32: Structure of PA that can be used as potential inhibitor of MtUGM. 

 

1.7.5 Hydrazones 

Fluorescence polarization assays showed that acylhydrazones can inhibit KpUGM.30 

However, these compounds did not show any inhibition against MtUGM. These compounds have 

an acylhydrazone functional group (Figure 1-33, compound 61). The acylhydrazone functional 

group was used for dynamic combinatorial chemistry (DCC) by the Vincent research group to 
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produce inhibitors that might inhibit MtUGM.61 DCC is a method to synthesize molecules by 

reversible reaction of building blocks using non-covalent or covalent interactions.62 An aldehyde 

(A1) and several hydrazide (H 1-5) groups were chosen for the reaction (Figure 1-33). H3 + A1 

(compound 62) hydrazone was the most potent inhibitor against Kp, Ec and MtUGMs. Compounds 

H4 + A1 (63) and H5 + A1 (64) did not inhibit any of the UGM species. Kinetic assay using 

compound H3 + A1 (62) showed a competitive inhibition with a Ki of 35.3  11.9 M. AutoDock 

was then applied to see the potential binding mode between the designed compounds and enzyme. 

Results indicated that H3 + A1 (compound 62) was bound in the active site of the enzyme. The 

MICs were 25 g mL-1 for H3 + A1 (compound 62), more than 50 g mL-1 for H5 + A1 (compound 

64), and 50 g mL-1 for H6 + A1 (compound 65) against M. tuberculosis. In addition, no significant 

cytotoxicity of H3 + A1 (compound 62) was recorded. To conclude, these newly discovered 

compounds suggested a new path for the design of inhibitors against M. tuberculosis.61 

 

Figure 1-33: Structures of the initial acylhydrazone (61) and newly synthesized hydrazones (62-65). 

 

1.8 Docking as a computational method to study protein: ligand interactions  

Multiple biological processes involve various types of interactions such as protein and 

substrate, protein and protein, and protein and ligand. To study these types of interactions, the 
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crystal structures of the protein with the ligand of interest are required. However, to successfully 

grow the crystal and solve the structure of the complex is not easy in the case of many enzymes 

and ligands.63 Consequently, the application of computational methods collectively called docking 

(a concept that was introduced in the 1980s) was significant to help predict the binding mode, 

potential binding site and interactions between proteins and ligands.63a 

Docking is a computational approach that is used to predict binding modes between 

receptors and ligands. Proteins usually play the role of receptor and small molecules usually act as 

a ligand. Docking is widely used in the design and virtual screening of potential ligands with 

inhibitory activity. Over the years, the speed and precision of docking has improved considerably, 

however, protein flexibility remains an issue.63a, 64  

To predict the binding mode between a protein and ligand, various types of interactions, 

namely van der Waals, hydrophobic, stacking, electrostatic, and hydrogen bonding are utilized. In 

the docking process, the ligand pose with the lowest energy is predicted. Docking uses different 

algorithms depending on the program. The most popular search algorithm is genetic algorithm.65 

The algorithms produce a number of binding poses determined by the user, and a scoring function 

is applied to evaluate the poses. Usually the user can set up the number of runs to generate poses. 

To evaluate the success of the docking, the RMSD between the experimentally obtained data and 

the pose predicted by algorithm is generated. The docking scoring functions help to calculate the 

binding affinity by weighting the various non-covalent interactions between protein and ligand. 

The scores suggest the best binding mode between protein and chosen ligand. Essentially, the score 

is evaluating how tightly the ligand is bound in the complex.66 Often the solved crystal structure 

of the protein may be available and can be downloaded from the Protein Data Bank (PDB). After 

that, usually water molecules are removed from the protein model, charges stabilized, and the 

ligand binding site is assigned. The ligand of interest needs to be generated using available 

programs such as ChemDraw. After it is drawn, the energy of the ligand needs to be minimized; 

SPARTAN is common program used for the energy minimizing step.67 The last step involves 

docking of the ligand into the protein and score calculations to evaluate the affinity between ligand 

and protein.66 

Two popular docking programs that are used are GOLD (genetic optimization for ligand 

docking) and AutoDock.64, 68 These programs both use genetic search algorithms and allow limited 

conformational flexibility of the protein amino acids located in the ligand binding site.69 GOLD 



 37 

has been used to perform the computational analysis between the protein of interest and the 

inhibitors. The genetic algorithms employ biological evolution theory. At the start of a run the 

algorithm generates a population of various ligand conformations (genes) where the orientation, 

translation, and conformation of the ligand set up in connection to the protein. Next, genetic 

parameters such as migration, crossovers, and mutations are introduced to test the various ligand 

conformations until the population that has the highest score is generated.63c, 64 GOLD uses a force-

field scoring function that take into account non-bonded interactions to calculate binding energy 

between ligand and protein.70 The energy is calculated using van der Waals interactions, 

electrostatic interactions, and intramolecular distances.71 ChemScore is the scoring function that is 

provided in GOLD.72 This score uses force-field scoring and takes into consideration the number 

of metal atoms, ligand lipophilicity, hydrogen bonding and the number of bonds in the ligand that 

can be rotated.73 The next popular scoring function in GOLD is ChemPLP that applies force-field, 

piecewise linear potential and hydrogen bonding terms that are used in ChemScore to perform 

modeling of van der Waals and repulsive forces.70, 74 The piecewise linear potential simulates 

attraction and repulsion between heavy atoms of protein and ligand. Heavy atoms assigned as 

nonpolar, electron acceptor, electron donor or both. Next, certain potentials (hydrogen bond, metal, 

non-polar, and buried) are chosen and depend on the atom type of protein and ligand.70 The 

ChemPLP calculates a score faster and is more efficient in predicting the best pose compared to 

other scoring functions.75 

 

1.9 Identification of the allosteric site in MtUGM 

Ligand-based virtual screening was used to identify a series of non-substrate-like inhibitors 

with a 5-hydroxy-pyrazole core that showed inhibition against UGM and were nontoxic to human 

cells.39 One of these inhibitors has demonstrated micromolar inhibition activity against M. 

tuberculosis (MIC of 6.25 g mL-1). Consequently, this inhibitor, called MS-208 (Figure 1-31, 

compound 57), was chosen for further study.58 

Molecular dynamics, docking and saturation transfer difference-nuclear magnetic 

resonance (STD-NMR) has previously been used to determine the possible binding site of MS-208 

in the MtUGM structure, in the presence and absence of UDP-Galp.76 The obtained results have 

shown that in MtUGM, MS-208 was bound in a potential allosteric site (A-site), instead of the 

active site (S-site) (Figure 1-34 A). The allosteric site contains the A-loop made of negatively 
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charged residues, E321, D322, D323, D324, and E325. The bottom of the binding groove contains 

P326, P246, W260, and A320 amino acids and these residues have hydrophobic interactions with 

MS-208. In addition, the A-site binding groove is made of R249, R257, R39, and Y253. Despite 

the presence of many charged residues in the A-site, ionic interactions with MS-208 were not 

observed. 

To understand how MS-208 binds to the allosteric site, two binding models have been 

proposed. When MS-208 binds to the allosteric site before the substrate, the A-loop does not move 

towards FAD binding site. As a result, the substrate binding in the S-site becomes weaker, as the 

contacts form upon complete closure of the active site are absent (Figure 1-34 B). Conversely, the 

binding of UDP-Galp at the S-site weakens the attachment of MS-208 to the A-site (Figure 1-34 

C). As a result, MS-208 was predicted to bind more tightly to apo MtUGM than to the MtUGM: 

UDP-Galp complex.76 

The recently solved crystal structure of MtUGM in the presence of substrate (PDB code 

4RPG) showed that the A-loop of the proposed allosteric site moves closer to the FAD cofactor 

causing the movement of the R261 residue (Figure 1-7). As a result of this dynamic motion, the 

space in the allosteric site decreased upon the A-loop movement. Additionally it was observed that 

the A-loop is part of the hinge-bending domain closure.16  

Further inhibition studies were performed in the Sanders laboratory to evaluate the type of 

inhibition using different concentrations of MS-208 and UDP-Galf substrate.76 The results showed 

that MS-208 behaves as mixed type inhibitor and Ki and Ki
' values were 135 ± 23 μM and 403 ± 

72 μM, respectively. These binding constants showed that MS-208 inhibits MtUGM alone more 

efficiently, almost 3-fold compared to the enzyme: substrate complex, and this is consistent with 

previous observations. The hydrophobic nature of the binding between MS-208 and MtUGM can 

explain its modest binding affinity.76  
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Figure 1-34: (A) Representation of the allosteric site (green) of MtUGM with bound MS-208 (in green sticks). The 

active site S-loop is open and colored red. (B) Representation of changes in the binding mode of MS-208 and the A-

loop, when MS-208 binds first to the allosteric site followed by UDP-Galp binding to the active site of the enzyme. 

Where MtUGM: MS-208 (green) and MtUGM: MS-208: UDP-Galp (magenta). (C) Representation of changes in the 

binding mode of MS-208 and the A-loop, when MS-208 binds to the allosteric site in the presence of UDP-Galp in the 

active site of the enzyme. Where MtUGM: MS-208: UDP-Galp (magenta) and MtUGM: UDP-Galp: MS-208 (cyan). 

FAD is shown as lines. UDP-Galp and MS-208 are shown in sticks. Pictures are generated by PyMOL version 1.8.6. 

PDB accession code 4RPH. 

 

1.10 Application of a fluorescence assay using the competitive binding probe, 8-

aniline-1-naphthalenesulfonic acid, to study enzyme: inhibitor interactions  

To study interactions between protein and ligands, a number of different techniques have 

been designed, one of which, a fluorescence-based assay, has been widely used for this purpose. 

In this assay, the drug displaces a fluorescent dye or fluorophore that is already bound to the 
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enzyme of interest. Usually a change in the fluorescence intensity is used to identify displacement 

of the dye by the drug. In addition, if the binding site of the fluorophore is known, the binding site 

of the drug can be identified.77 The compound, 8-aniline-1-naphthalenesulfonic acid (ANS) has 

been used for this type of assay.78 ANS is not fluorescent in water, however it fluoresces upon 

binding to hydrophobic sites of enzymes. The binding between the enzyme and ANS takes place 

due to mostly hydrophobic interactions.78 In addition, the ANS sulfonate group and the side chains 

of R/K/H amino acids are involved in electrostatic interactions, and these interactions are 

dependent on the pH and the cationic charge of the enzyme. When the sulfonate group binds to 

charged R and K residues, an increase in the fluorescence intensity and a blue shift in the emission 

maxima are observed. ANS has been widely used to study protein folding and unfolding, 

conformation changes, and molten globule testing.78-79  

  

1.11 Thesis Focus and Research Objectives  

The Sanders group has previously determined the structure of MtUGM with UDP-Galp 

bound in the active site.16 This has helped to gain insight on significant features of the binding of 

the substrate, and aid in understanding the role of key residues in the active site.  

The active site of MtUGM is complete when the mobile loop II closes around the substrate. 

This closure helps to position and orient the substrate into the active site in a conformation that is 

the most favorable for catalysis. A number of residues have been identified as performing specific 

roles in binding the substrate. For instance, R180 and R292 stabilize the α-phosphate group and β-

phosphate group of the substrate respectively. The active site residues position the substrate 

properly into the S-site (active site) and are critical for the proper formation of the enzyme: 

substrate complex. Two residues, namely W166 and R261, have been identified as critical residues 

in controlling the closure of the mobile loop II. In the open conformation of the loop, W166 and 

R261 form a cation-π interaction, which is broken by the 180o rotation of R261 to let the substrate 

enter the active site. After movement, R261 forms a new hydrogen bond with Q167. Therefore, 

the first research goal is to identify the role of W166 and R261 in the mobile loop II closure upon 

UDP-Galp binding. 

The Pinto group has identified the presence of an allosteric site in MtUGM that binds a 

non-substrate like inhibitor, MS-208.76 The proposed model for MS-208 binding to the A-site 

suggests that the interactions between MS-208 and the protein are mostly hydrophobic in nature. 
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Further studies have suggested that inhibition by MS-208 brings changes to the enzyme: substrate 

interaction through the movement of critical active site residues. The second research goal is to 

identify which allosteric site residues are critical for MS-208 inhibition and how they are involved 

in the transmission of the allosteric site signal to the active site and substrate binding. 

To achieve stated above research goals, I had the following objectives. 

 

To achieve research goal one: 

1. Design active site mutants of MtUGM and test them computationally and kinetically to 

determine their role in the closure of the mobile loop II. 

2. Solve the crystal structures of the W166A and R261A active site mutants. 

3. Solve the crystal structure of MtUGM in the presence of fluorinated UDP-Galp and UDP-    

 Galf analogues to continue active site studies.  

 

To achieve research goal two:  

1. Model MS-208 inside the allosteric site of MtUGM to identify residues that are important 

for MS-208 binding.  

2. Design MtUGM allosteric site mutants using site-directed mutagenesis and perform 

inhibition assays to determine the binding mode and type of inhibition with these mutants.  

3. Identify various prokaryotic UGM species and determine if they contain an allosteric site 

where MS-208 can be bound. 

4. Design a method to determine Kd values of MS-208 in the presence of the allosteric site 

mutants and wild type MtUGM.  

5. Determine crystal structures of the allosteric site mutants.
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Chapter 2: Material and Methods 

2.1 Primers for PCR 

The sequences of the primers for site-directed mutagenesis of MtUGM mutants (Table 2-

1) were designed using the program Primer X and sent to AlphaDNA Inc. for synthesis.  

 

Table 2-1: List of MtUGM primers that were used to perform PCR to insert desire mutation 

Mutant Primer 

P246A Forward   5’-GTTTACACCGGCGCGCTGGACCGCTACTTC -3’ 

P246A Reverse    5’-GAAGTAGCGGTCCAGCGCGCCGGTGTAAAC -3’  

P326A Forward   5’-GAGGACGACGACGAGGCATACTATCCGATCAAC -3’  

P326A Reverse 5’-GTTGATCGGATAGTATGCCTCGTCGTCGTCCTC -3’  

W260A Forward 5’-GATTGGGCGCGCGCACCTTGGACTTC -3’  

W260A Reverse 5’-GAAGTCCAAGGTGCGCGCGCCCAATC -3’  

Y253A Forward 5’-CTACTTCGACGCGGCCGAAGGCCGATTG -3’   

Y253A Reverse 5’-CAATCGGCCTTCGGCCGCGTCGAAGTA -3’  

D322A Forward   5’-GAATACTCCCGGTTCGCCGAGGCCGACGACGAGCCATAC -3’ 

D322A Reverse    5’-GTATGGCTCGTCGTCGGCCTCGGCGAACCGGGAGTATTC -3’ 

D324A Forward   5’-GAGGACGACGCCGAGCCATACTAT -3’   

D324A Reverse 5’-ATAGTATGGCTCGGCGTCGTCCTC -3’  

R249A Forward 5’-CCGCTGGACGCCTACTTCGACTAC -3’   

R249A Reverse 5’-GTAGTCGAAGTAGGCGTCCAGCGG -3’  

R257A Forward   5’-CCGAAGGCGCATTGGGCTG -3’  

R257A Reverse 5’-CAGCCCAATGCGCCTTCGG -3’  

E321A Forward 5’-GAATACTCCCGGTTCGCCGCGGACGACGAC -3’  

E321A Reverse 5’-GTCGTCGTCCGCGGCGAACCGGGAGTATTC -3’  

R261A Forward   5’-CGATTGGGCTGGGCCACCTTGGAC -3’  

R261A Reverse   5’-GTCCAAGGTGGCCCAGCCCAATCG -3’   

W166A Forward 5’-GCCAAGCAAGCGCAGACTGAC -3’  

W166A Reverse 5’-GTCAGTCTGCGCTTGCTTGGC -3’   

 

2.2 Site-directed mutagenesis of MtUGM mutants  

The MtUGM mutants were made by PCR amplification according to a procedure using 

QuickChangeTM site-directed mutagenesis kit (Agilent). PCR was set up using 50 ng wild type 

plasmid DNA as a template, 125 ng each forward and reverse primers (shown in Table 2-1), the
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reaction buffer (2 mM MgCl2), dNTPs, KAPA HiFi DNA polymerase (KAPA Biosystems). PCR 

reaction conditions that were applied are given in Table 2-2.  

 

Table 2-2: PCR reaction conditions for the allosteric and active site mutants of MtUGM 

Process Temperature (°C) Time (units) Cycles 

Denaturation 95 2 min 1 

Annealing 98 20 sec 1 

Denaturation 95 30 sec  

Annealing 65 15sec 25 

Elongation 75 15 sec  

Elongation 72 5 min 1 

Cooling 4 1 hour 1 

 

Overexpression vector pDest-His6-MBP harboring the MtUGM gene was used as the 

template DNA.80 The PCR mixture contained 50 ng of template DNA and 125 ng of each forward 

and reverse primers (Table 2-1). PCR amplifications were carried out in Eppendorf 5331 

Mastercycler Gradient PCR Thermal Cycler (Table 2-2). 

In order to scale up the amount of the P326A, W260A, Y253A, D322A, D324A, R249A, 

R257A, E321A, and W166A mutants, site-directed mutagenesis was repeated. Site-directed 

mutagenesis was performed with QuickChangeTM site-directed mutagenesis kit (Agilent) 

according to the manufacturer's protocol while using KOD polymerase provided by Cygler 

laboratory (University of Saskatchewan). Overexpression vector pET-29b (+)-His6 containing the 

MtUGM gene was used as the template DNA (kindly provided by Dr. Laura Kiessling). PCR 

reaction conditions were used as described in Table 2-2.  

After PCR amplification, Dpn1 was used to digest the original methylated plasmid, and 5 

µL of each reaction was used to transform E. coli DH5α cells (Invitrogen). Transformants were 

plated on LB-agar plates with kanamycin or ampicillin, depending on the vector of the mutants, 

and were grown overnight at 37 °C to produce colonies. Antibiotic resistant colonies were selected 

from the LB-agar plates and inoculated in 5 mL Luria-Bertani (LB) media, supplemented with 100 

μg mL-1 kanamycin or ampicillin antibiotic and grown overnight at 37 °C. The Qiagen mini-prep 

kit was used to isolate the DNA plasmid, NanoDrop ND-1000 spectrophotometer (Thermo 

Scientific Inc) helped to determine the concentration of the plasmid and the specific mutations 

were verified by DNA sequencing (Applied Genomic Center, National Research Council, 
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Saskatoon, Canada). When mutations were confirmed all DNA plasmids were transformed into E. 

coli BL21 over-expression cells. 

 

2.3 Overexpression and purification of different types of mutases 

 

2.3.1 MtUGM overexpression and purification 

The MtUGM encoding gene was previously cloned into a pDest-His6-MBP vector and 

overexpressed in E. coli BL21 (DE3) Codon-PlusTM-RIL cells.16, 80 Cultures were grown overnight 

at 37 °C in 100 mL LB media with addition of 100 μg mL-1 ampicillin. The next day, 10 mL of LB 

media was subcultured from the overnight culture and grown in 1 L LB media at 37 °C until an 

OD600 of approximately 0.5 was reached. Isopropyl-β-D- thiogalactopyranoside (IPTG, 1 mM) was 

used to induce MtUGM overexpression and the cells were left to grow overnight at 15 °C. Cells 

were harvested by centrifugation (2630 g, 20 minutes at 4 °C) and stored at -80 °C. 

For protein isolation, the cell pellet was re-suspended in lysis buffer (25 mM Tris pH 7.5, 

150 mM sodium chloride) and lysed with the addition of lysozyme (20 μg mL-1), 4-(2-aminoethyl) 

benzene sulfonyl fluoride hydrochloride (AEBSF 20 μg mL-1), DNase (10 μg mL-1), and 1% 

Triton-X 100, and left for 30 minutes stirring at 4 °C. The cells were lysed by sonication (4 minutes, 

15 seconds on/off pulse) and cell debris was separated from soluble protein by centrifugation 

(27000 g, 30 minutes at 4 °C).  

The supernatant was filtered using 0.22 mm filter (Sarstedt, Germany) and applied to a 

Dextrin Sepharose column (GE-Healthcare), washed with lysis buffer. Bound His6-MBP-MtUGM 

protein was eluted in the presence of 50 mM maltose, 25 mM Tris pH 7.5, and 150 mM sodium 

chloride. The eluted protein was dialyzed against 25mM Tris pH 7.5, 150 mM sodium chloride to 

remove maltose. Dialyzed protein was concentrated to 7 mg mL-1 using a 30 kDa Amicon 

centrifuge filter device. The next step was the cleavage of the His6-MBP tag with the addition of 

TEV protease in a 1:10 ratio running reaction overnight at 4 °C. The TEV protease treated sample 

was diluted 5 times with 25 mM Tris pH 7.5, and 150 mM sodium chloride buffer and loaded onto 

a Ni2+-Sepharose column (GE-Healthcare) where cleaved portion of MtUGM eluted in the flow 

through. The column was washed with 25 mM Tris pH 7.5, 150 mM sodium chloride and 250 mM 

imidazole buffer to remove bound of MBP and TEV-protease. The soluble MtUGM protein was 
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dialyzed against 25 mM Tris pH 7.5, 150 mM sodium chloride. Pure protein was concentrated to 

1 mg mL-1 for further kinetic and inhibition assays.  

In 2018, a pET-29b (+)-His6 vector containing the MtUGM gene was generously provided 

by Dr. Laura Kiessling (MIT University).56 The gene was then overexpressed in E. coli BL21 Gold 

cells. Transformed cells were grown overnight at 37 °C using 10 mL Terrific Broth (TB) media 

with 100 μg mL-1 kanamycin as antibiotic. After 24 hours, 10 mL of grown cells was transferred 

into 1 L of TB media with 100 μg mL-1 kanamycin and was grown overnight at 37 °C. The next 

day the cells were centrifuged (2630 g, 20 minutes at 4 °C) and resuspended in 20 mM disodium 

phosphate pH 8.0, 500 mM sodium chloride lysis buffer. To disrupt the cells, lysozyme (20 μg mL-

1), AEBSF (20 μg mL-1), DNase (10 μg mL-1), and 1% Triton-X 100 were added. The mixture was 

stirred for 30 minutes at 4 °C and the cells were broken by sonication (4 minutes, 15 seconds on/off 

pulse). Cell debris was removed by centrifugation (27000 g, 45 minutes at 4 °C). The supernatant 

was filtered through a 0.22 mm filter (Sarstedt, Germany). 

Purification of the protein was done by using His GraviTrap column (GE-Healthcare) pre-

equilibrated with buffer containing 50 mM disodium phosphate pH 8.0, 300 mM sodium chloride. 

The column was washed using 50 mM disodium phosphate pH 8.0, 300 mM sodium chloride and 

50 mM imidazole to remove impurities. MtUGM protein was eluted with the same buffer 

containing 500 mM imidazole. Fractions containing MtUGM were yellow colored. The protein 

was dialyzed against 20 mM disodium phosphate pH 8.0, 150 mM sodium chloride to remove 

imidazole and concentrated to 14 mg mL-1 to perform crystallization trials. 

 

2.3.2 MtUGM mutants overexpression and purification 

The growing and purification of MtUGM mutants from the allosteric site (Y253A, D322A, 

P326A, R249A, E321A, R257A, D324A, P246A, and W260A) and from the active site (R261A 

and W166A) were performed in a similar way to the wild type MtUGM (Section 2.3.1). All mutants 

were concentrated to 1 mg mL-1 for the kinetic and inhibition assays and approximately 10 mg mL-

1 for crystallization studies. 

 

2.3.3 DrUGM overexpression and purification 

Previously in Sanders laboratory, the DrUGM gene was cloned into a pHISTEV vector and 

overexpressed into E. coli Tuner cells (Novagen, USA).24b Cells were grown in 100 mL LB media, 
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supplemented with 100 μg mL-1 kanamycin, overnight at 37 °C. Next day 10 mL of overnight cells 

was transferred into 1 L LB media and grown until an OD600 nm of about 0.6. To induce protein 

overexpression IPTG (0.4 mM) was added, the cells were grown for additional 5 hours at 30 °C, 

after that they were harvested by centrifugation (2630 g, 20 minutes at 4 °C) and stored at -80 °C.  

The cell pellet was resuspended in 20 mL of 100 mM potassium phosphate pH 8.0 with 

addition of lysozyme (20 μg mL-1), AEBSF (20 μg mL-1), DNase (10 μg mL-1), and 1% Triton-X 

100 and stirred for 30 minutes at 4 °C. The cells were lysed by sonication for 2 minutes (10 seconds 

on/off pulse) at 4 °C, then cell debris was removed by centrifugation (27000 g, 45 minutes at 4 °C) 

to separate enzyme supernatant. To remove other contaminants, heat treatment (10 minutes at 55 

°C) was applied to the supernatant and then mixture was additionally centrifuged (27000 g, 30 

minutes at 4 °C). Collected sample was dialyzed against 25 mM potassium phosphate pH 8.0 

buffer. Purification of the DrUGM was done in three steps. Firstly, HQ 20 anion exchange column 

(Applied Biosystems, USA) was pre-equilibrated with the dialyzing buffer and the sample was 

loaded. Buffer that contained 25 mM potassium phosphate pH 8.0 with gradient from 0 M to 1 M 

with sodium chloride was used to elute the protein. Collected DrUGM fractions were dialyzed 

against 50 mM potassium phosphate pH 8.0 buffer. The sample was treated with 30% (w/v) 

ammonium sulphate while stirred at 4 °C. Second step required the use of HP-20 hydrophobic 

interaction column (Applied Biosystems, USA) pre-washed with 50 mM potassium phosphate pH 

8.0, 30% (w/v) ammonium sulphate. Bound DrUGM protein was eluted using a 30-0% (w/v) 

ammonium sulphate gradient and 50 mM potassium phosphate pH 8.0. Eluted DrUGM fractions 

were collected and dialyzed against 50 mM Bis-Tris propane pH 8.0, then concentrated to 4 mg 

mL-1. The last purification step was performed using a gel-filtration column (GE Healthcare), 

which was pre-washed with the dialyzed buffer. Fractions that contained DrUGM were 

concentrated to 10 mg mL-1 and 1 mg mL-1 for crystallization and inhibition studies, respectively. 

The fractions were separated in aliquots, flash-cooled in liquid nitrogen and stored in the -80 °C 

freezer. 
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2.4 Kinetic characterization of the various mutases 

 

2.4.1 Kinetic assay of wild type MtUGM and the active site mutants 

The following procedure was used to perform the kinetic assay for the wild type MtUGM 

and the active site mutants.16 In the kinetic assay, the conversion of UDP-Galf to UDP-Galp was 

monitored at 262 nm using High-performance liquid chromatography (HPLC) (Waters HPLC 

system, with a Waters 510 pump connected to Waters 717 plus Autosampler and Waters 2487 Dual 

λ Absorbance Detector). The reaction was performed with varying amounts of the substrate, UDP-

Galf in a final volume of 100 μL. The reactions were accomplished by adding a known 

concentration of the enzyme into a degassed vial using argon with 50 mM sodium phosphate buffer 

pH 7.0 and distilled water. Water, buffer and n-butanol were degassed using argon prior to the 

experiment. Final concentration of the wild type was 300 nM, of W166A was 1 μM, and of R261A 

was 1 μM. After, the reaction mixture was incubated for 2 minutes at 37 °C. To reduce the reaction 

mixture, 20 mM sodium dithionite was added. After 30 seconds, UDP-Galf (concentration range 

10–150 µM) was added to the mixture and the reaction was left to proceed for the appropriate 

amount of time to yield a 30-40% conversion; the mixture was then quenched with 100 µL of n-

butanol. Then the aqueous phase was injected into a Carbopac PA1 column (Dionex Inc), which 

was pre-equilibrated with degassed and filtered 200 mM ammonium acetate pH 7.0 buffer. The 

nucleotide sugars were eluted isocratically with 200 mM ammonium acetate pH 7.0. After HPLC-

run, a graph with two peaks that represented UDP-Galf (substrate) and UDP-Galp (product) was 

provided. Millennium software (Version 4.0) was used to calculate the area under the peaks and 

equation (1) below was applied to calculate the % of the substrate conversion. 

 

 

 

The initial velocity was calculated using the substrate concentration and the % conversion. The 

kinetic parameters were determined using non-linear regression analysis with GraphPad Prism 

software (GraphPad Software, San Diego, CA). In addition, reactions for each substrate 

concentration were done in duplicates. 

 

% Conversion   = 
Area under UDP-Galp peak 

[Area under UDP-Galf peak + Area under UDP-Galp peak] 
× 100%         (1) 
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2.4.2 Inhibition assay for the MtUGM allosteric site mutants by MS-208 

Inhibition assay was performed in a similar way as described in the section 2.4.1. Some 

modifications to the procedure are described in this section. Each mutant (P326A at 200 nM, 

W260A at 200 nM, Y253A at 300 nM, D322A at 300 nM, D324A at 100 nM, R249A at 200 nM, 

R257A at 200 nM, E321A at 200 nM, and P246A at 1 μM) was reduced with 20 mM sodium 

dithionite and incubated for 30 seconds at 37 °C. Then inhibitor (MS-208) was added to the mixture 

and left for an additional 1 minute incubation. Reaction was initiated with addition of UDP-Galf 

(10–150 μM) and quenched with 100 µL of n-butanol and the reaction mixture was loaded onto 

the column. Two concentrations of MS-208, 120 μM and 200 μM, were used for the analysis. The 

graph that was generated after HPLC-run, contained two peaks that were integrated by Millennium 

software (Version 4.0) to determine the percentage of the conversion (equation 1). The rate of the 

product formation per second was calculated and plotted over various UDP-Galp concentrations 

using GraphPad Prism software (GraphPad Software, San Diego, CA). MS Excel was used to draw 

Dixon and Cornish-Bowden plots as diagnostics plots to determine the type of inhibition. 

 

2.4.3 Inhibition assay for DrUGM by MS-208 

Inhibition assay for DrUGM was performed similar to Sections 2.4.1 and 2.4.2 with some 

modifications. A mixture of DrUGM (final concentration 50 nM) and MS-208 was incubated at 

room temperature for 2 minutes. UDP-Galf (concentration range 10–150 μM) was added into the 

reaction. The reaction mixture was quenched with n-butanol and analyzed by HPLC as described 

in Sections 2.4.1 and 2.4.2. MS-208 was tested at 120 μM and 200 μM to draw kinetic curves. The 

graphs of rate vs. UDP-Galp concentration were drawn using GraphPad Prism software. 

 

2.4.4 Inhibition assay for the D322A and Y253A mutants by ANS 

Inhibition assay was conducted in the presence of the ANS inhibitor. ANS inhibitor was 

bought from Fisher Scientific (Ottawa, ON, Canada). ANS was dissolved in the water to prepare 

stock at 1 mM concentration. Prior to adding the ANS inhibitor, the MtUGM enzyme was reduced 

with 20 mM sodium dithionite and the reaction mixture was incubated for 1 minute at 37 °C. Next 

ANS was added into the mixture and incubated for an additional 1 minute. UDP-Galf 

(concentration range 10–150 μM) was added and the reaction was allowed to proceed at 37 °C. 

The mixture was quenched by using 100 µL of n-butanol and analyzed by HPLC similar to the 
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other kinetic assays (Sections 2.4.1-2.4.3). Two different concentrations of ANS were used for 

D322A, 100 µM and 200 µM, and for Y253A, 100 µM and 250 µM. 

 

2.5 Circular dichroism on wild type MtUGM and the allosteric and active site mutants 

The secondary structure of the wild type MtUGM and the mutants (Y253A, D322A, 

P326A, R249A, E321A, R257A, D324A, W260A, P246A, W166A, and R261A) were determined 

by circular dichroism (CD). The Chirascan-plus CD Spectrometer (Applied Photophysics) at the 

Protein Characterization and Crystallization Facility (PCCF) in the College of Medicine, 

University of Saskatchewan was used to conduct CD experiments. All data sets were performed in 

triplicate at 20 °C and the final data represents the average of all trials. Enzyme buffer, 20 mM 

disodium phosphate pH 8.0, 150 mM sodium chloride, was scanned to determine a baseline that 

had been subtracted from the average CD spectrum (210 nm–280 nm). The concentration of the 

protein was prepared to maintain a total absorbance under 2.0. A quartz cuvette with a 5.0 mm path 

length (Hellma, Germany) was used for these experiments. The secondary structure content was 

determined using the CD data analyzing software CDNN 2.1. 

 

2.6 Fluorescence-based binding assay for MtUGM 

Fluorescence based binding assay was conducted using BioTek Cytation 5 Cell Imaging 

Multi-Mode Reader in Dr. Phenix Laboratory, Department of Chemistry, University of 

Saskatchewan. The excitation wavelength of ANS is 354 nm and the emission wavelength is from 

400 nm to 600 nm. These fluorescence-based assays were conducted at 25 C. Each experiment 

was done in duplicate. MtUGM concentration of 10 μM was used for the experiment. Before the 

experiment protein had been reduced using sodium dithionite. Reaction buffer contained 20 mM 

disodium phosphate pH 8.0, 150 mM sodium chloride. First, the ANS concentrations (10–1000 

μM) were titrated against MtUGM to determine the ANS binding constant. Increase in the 

fluorescence intensity and a blue shift from 510 nm to 480 nm were recorded as the protein: ANS 

complex was formed. ANS excitation wavelength was at 354 nm. The binding constants of ANS 

to D322A and Y253A mutants were determined using the same method as for the wild type. The 

concentration of mutants used for the experiment was 10 μM for each scan. Experiments were 

conducted in the presence and absence of the UDP-Galp substrate. UDP-Galp concentration was 

maintained constant at 5 mM to achieve active site saturation.  
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To calculate the binding constant of the MS-208 inhibitor to MtUGM wild type and 

MtUGM mutants, the fluorescence-based dye competitive binding assay was conducted. The assay 

was run in the same manner as described above with minor adjustments. ANS concentration of 1 

mM was kept constant during the assay to achieve binding site saturation. The protein: ANS 

complex was titrated with various MS-208 concentrations (40–2000 μM). 

The data was fitted to a one site-specific binding model in GraphPad prism software. The 

binding constant was calculated from a plot of the net change in the relative fluorescence unit 

(RFU) against varying concentrations of ligand.  

 

2.7 Molecular docking and modeling experiments 

 

2.7.1 Preparation of the structures for the allosteric site MtUGM mutants  

Rosetta-Backrub (online software https://kortemmelab.ucsf.edu/backrub/cgi-

bin/rosettaweb.py?query=index) was used to introduce the desired allosteric and active site 

mutations into the MtUGM sequence.81 To produce the mutant models, the online software 

determines the best pose of the single mutation introduced to the sequence by calculating the 

flexibility of the amino acids around the mutation. Additionally, the software uses the “Backrub” 

step to simulate the backbone chain movement. The “Backrub” step rotates heavy atoms of the 

residues that are located within 6 Å radius of the heavy atoms of the mutated residue. Each residue 

rotate 11 °–40 ° around the axis drawn through the residue Cα. At the beginning of the run, the 

software applies a probability score (Protamer) to choose what to rotate, namely a residue-only or a 

backbone movement. A default score to rotate residue-only is 0.25. If residue-only is selected for 

the rotation, the library of the random rotamers is applied. The rotamer library was created by using 

available crystallographic structures that had previously been determined. If the residue-only is not 

selected, the program looks at the second probability score (Pbackbone) to perform backbone 

movement: the second Pbackbone default score is 0.75. One or a few residues are selected among the 

backbone and the rotamer library is applied. To evaluate the rotation, Metropolis criterion and 

Rosetta force field scoring function are used. 

The MtUGM structure containing UDP-Galp substrate and reduced FAD was downloaded 

from PDB server (PDB code 4RPG). UDP-Galp and FAD were deleted from the coordinate file. 

The mutations were introduced to the enzyme sequence one by one. Then the files were uploaded 



 

 

51 

into the Rosetta-Backrub software. The software generated 20 models for each mutant. Models 

with the best Rosetta score were chosen for further computational studies. 

 

2.7.2 Molecular docking of MS-208 into wild type MtUGM and the allosteric site mutants  

Docking studies have been carried out using the Genetic Optimization for Ligand Docking 

(GOLD) software (version 5.2.2).64, 70 The GOLD program uses a genetic algorithm (GA) to 

produce the most optimal ligand binding model in the protein. FAD and UDP-Galp were extracted 

from the mutant models. MS-208 model was built using Spartan ’14 V 1.1.14 program. To run 

docking, mutant .pdb file and MS-208 .mol2 file were used. 

MS-208 was docked into the allosteric (A-site) of the mutants of MtUGM structure. 

General procedure that was applied for the allosteric mutants will be described below. Mutant .pdb 

file was uploaded into the GOLD Wizard. Waters were removed from the protein structure. The 

binding site region was specified by adding the uploaded file that contained the allosteric site 

residues of MtUGM. The size of defined binding site was set at 6 Å. Hydrogen atoms were added 

to the uploaded enzyme structure. Each run was set to generate 50 results (models) with poses that 

show optimum interaction between the A-site residues and atoms in the inhibitor. Results were 

scored based on ChemPLP fitness software in the GOLD program. The results were visualized 

using the Hermes visualization software (version 1.6.2). The models with the top ChemPLP scores 

were transferred as .pdb files for further viewing in PyMOL (PyMOL version 1.7.4, DeLano 

Scientific LLC). 

 

2.7.3 Molecular docking of MS-208 into the Dr, Ec, and KpUGMs structures 

MS-208 inhibitor was docked into the potential allosteric site of various UGM species, 

namely KpUGM (PDB code 1WAM), DrUGM (PDB code 4HDY), and EcUGM (PDB code 1I8T). 

To prepare structures for the docking, the allosteric sites from different species were uploaded into 

the GOLD Wizard step. The size of the binding site for each species was set at 6 Å. The rest of the 

docking was performed as described in Section 2.7.2. The models of the various UGM species 

obtained from the docking were compared to MtUGM. 
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2.7.4 Molecular docking of ANS into wild type MtUGM and D322A and Y253A mutants 

The ANS structure that was used for the docking had been built using Spartan ’14 V 1.1.14 

program.67 Docking was performed for each structure (wild type MtUGM, D322A, and Y253A) 

separately. The rest of the run was performed in the same way as described in the Section 2.7.2. 

 

2.7.5 Molecular docking of UDP-Galp into the active site mutants, W166A and R261A  

The mutant models were generated by Rosetta-Backrub as described in Section 2.7.1. UDP-

Galp substrate .mol2 file and .pdb mutants files were used to perform molecular docking. UDP-

Galp was prepared using Spartan ’14 V 1.1.14 program.67  

“Ensemble docking” function in GOLD software was applied to produce results for the 

active site mutants (W166A and R261A), which also provided comparisons with the wild type 

MtUGM. UDP-Galp was extracted from the wild type reported crystal structure. To generate an 

ensemble of the enzymes, .pdb files of the wild type and the mutant (W166A or R261A) were 

uploaded and superimposed in the GOLD Wizard. UDP-Galp .mol2 files were added into the 

docking program. The size of the binding site was set at 6 Å. The binding site was chosen based 

on the active site of the MtUGM: UDP-Galp model complex as a reference. The GOLD program 

was set to generate 100 docked results, which were evaluated and ranked based on their ChemPLP 

fitness score. Next, the UDP-Galp substrate was docked into the active site of the enzymes 

ensemble. When runs were finished, the docking poses for each enzyme from the ensemble were 

produced. Additionally, “Ensemble docking” generates the RMSD values that calculate the 

average deviation within all the poses and this information can be accessed in the .pdb file produced 

after the docking runs are completed. Those poses were visualized in the Hermes visualization 

software (version 1.6.2). Selected poses were saved as .pdb files. 

 

2.8 Crystallization 

 

2.8.1 Co-crystallization of wild type MtUGM in the presence of MS-208 

Initial co-crystallization trials of MtUGM in the presence of MS-208 were done using the 

microbatch method.16, 82 Crystals were set up using a number of commercially available broad 

screens (Qiagen) and stored at 4 °C. Before crystallization, wild type MtUGM had been 

concentrated to 20 mg mL-1. Protein was reduced with sodium dithionite (final concentration 20 
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mM), after UDP-Galp substrate (final concentration 20 mM) was added, with further addition of 

the MS-208 inhibitor (final concentration 2.5 mM). After 2 minutes, protein mixture (1.2 µL) and 

precipitant solution (1.2 µL) were mixed together and pipetted into the wells of the crystallization 

plate. Then the wells were covered with paraffin oil (Hampton research). The Classics II, PEGs I, 

and II commercial crystallization screens were used for crystallization trials. Plate-like crystals 

grew within two weeks from 0.1 M HEPES pH 7.0, 15% (w/v) PEG 10,000 and 0.2 M ammonium 

tartrate dibasic, 15% (w/v) PEG 3350 conditions. To optimize obtained crystals, handing drop 

vapour diffusion method was used, where reservoir contained precipitant and the drop was placed 

to hang over it. Grid-screens were prepared by varying concentration of the salt and percentage of 

the PEGs. Crystals were set up at 4 °C by mixing 2.4 µL of protein solution with 2.4 µL of well. 

The wells contained 500 µL precipitant solution. The plates were stored at 4 °C. Within a month, 

yellow plate-like crystals appeared from the crystallization conditions mentioned above. Crystals 

were harvested and flash-frozen in liquid nitrogen using 35% PEG 400 with crystallization solution 

as a cryoprotectant. 

 

2.8.2 Crystallization trials of DrUGM: UDP-Galp: MS-208 complex 

Crystallization trials of wild type DrUGM with UDP-Galp substrate co-crystalized with 

MS-208 inhibitor were performed using the microbatch method under paraffin oil. From reported 

crystallization conditions a grid screen was designed by varying the concentration of lithium 

chloride salt, pH value of HEPES, and percentage of PEG 6000.83 Prior to crystallization, enzyme 

(10 mg mL-1) had been reduced with sodium dithionite (final concentration 20 mM). The substrate 

UDP-Galp (final concentration 20 mM) was added and the mixture was incubated for an additional 

2 minutes at room temperature and then MS-208 (final concentration 3 mM) was added. MS-208 

was dissolved in DMSO. To avoid protein inactivation, the concentration of DMSO did not exceed 

6%. Equal volumes of the protein mixture (1 µL), containing substrate and MS-208, and 

crystallization solution (1 µL) was mixed together and then pipetted into the well of the plate, and 

covered with paraffin oil. Plates were stored at room temperature. After a month, a few tiny yellow 

colored crystals appeared. PEG 400 was used as a cryoprotectant. Unfortunately, those crystals 

diffracted poorly, and further regrowth did not give reproducible crystals. 
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2.8.3 Crystallization of the R257A and E321A allosteric mutants of MtUGM 

Co-crystallization of R257A and E321A mutants of MtUGM in the presence of UDP-Galp 

were done by microbatch under oil method.16 The R257A and E321A mutants (final concentrations 

were 15 mg mL-1) were reduced with 20 mM (final concentration) of sodium dithionite prior to 

crystallization. Next the solutions were mixed with 10 mM (final concentration) of UDP-Galp 

substrate. Protein and crystallization solutions were mixed at 1,2: 1,2 ratio and paraffin oil was 

used to cover the wells. Crystallization set up was done at 4 °C. Conditions of the Classic II 

commercial screen kit (Qiagen), namely 0.1 M MES pH 6.5, 25% (w/v) PEG 8000 produced 

crystals of R257A mutant, and 0.25 M potassium chloride and 15% PEG 3350 produced crystals 

of E321A mutant. Yellow crystals grew within a month at 4 °C. MtUGM mutants co-crystals were 

harvested and cryoprotected using crystallization solutions mixed with 10% PEG 400 for both of 

the mutants. Crystals were stored under liquid nitrogen prior to data collection. 

 

2.8.4 Crystallization of MtUGM in the presence UDP-F2-Galf and UDP-F2-Galp analogues 

Co-crystallization of MtUGM in the presence of UDP-F2-Galf and UDP-F2-Galp substrate-

like analogues were also carried out in the same manner as described in the Section 2.8.1. 

Crystallization trials were performed using microbatch under oil method.16 Wild type enzyme was 

concentrated to 20 mg mL-1 to perform crystallization. The enzyme was reduced using 20 mM 

sodium dithionite, 20 seconds, analogues (final concentrations 15 mM) were added to the reaction 

mixture, which was incubated for 1 minute. Protein solution and crystallization solution were 

mixed at 1,2: 1,2 ratio and drops were covered with paraffin oil to prevent evaporation. The 

crystallization was performed at 4 °C and plates were stored in the cold room. Initial crystal hits 

were obtained from Classic II commercial screen kit (Qiagen). Yellow colored crystals grew within 

a month. The condition that produced crystals in the presence of UDP-F2-Galf analog was 0.2 M 

ammonium acetate, 0.1 M Bis-Tris pH 5.5, and 15% PEG (w/v) 3350 and for UDP-F2-Galp analog 

was 0.2 M ammonium acetate, 0.1 M Bis-Tris pH 5.5, and 10% PEG (w/v) 3350. To enhance 

crystal quality, further optimization was performed. The grid-screens that contained original 

condition with varying salt, PEG concentrations and pH were prepared manually. Hanging drop 

vapour diffusion method was used to set up optimization trials. Enzyme solution was mixed with 

reservoir solution in the ratio 1,25: 1,25 and pipetted on the well of a thin plastic cover, then the 

cover was screwed over the 500 L reservoir solution. Crystals grew within a month. Crystals were 
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plate-like and yellow in color. They were harvested, washed in cryoprotectants that were made of 

crystallization solution and 35% ethylene glycol for UDP-F2-Galf and 35% PEG 400 for UDP-F2-

Galp, then were flash frozen using liquid nitrogen and stored prior to diffraction experiments. 

 

2.8.5 Crystallization of the active site MtUGM mutant, W166A  

Crystallization for the W166A mutant was performed in the same way as described in the 

Sections 2.8.1 and 2.8.3. W166A mutant was concentrated to 15 mg mL-1 to set up crystallization 

trials. Crystallization trials were set up using mictobatch under oil technique and Classic II 

commercial screen kit (Qiagen).16 1,2: 1,2 ratio has been used to set up microbatch plates. Tiny 

plate-like crystals grew within a week. To optimize the enzyme crystals, hanging drop vapour 

diffusion method was applied. Yellow crystals were obtained within a month from 2 M magnesium 

chloride, 0.1 M Tris pH 7.0, and 10% PEG (w/v) 8000 crystallization condition. Cryoprotectant 

was made of crystallization solution and 30% PEG 400. 

 

2.9 Data collection and processing 

Diffraction of the crystals was done at the Canadian Light Source (CLS), Saskatoon, 

Canada. Data sets were collected at beamline 08ID-1, equipped with a Pilatus3 S 6M X-ray 

detector. The distance between the crystal and detector was set to 250 mm. A total of 700 images 

was collected (1 second exposure time) with an oscillation range of 0.25°. All datasets were 

processed and scaled using Autoprocess pipeline.84  

 

2.10 Structure determination and refinement 

Molecular replacement method using MOLREP within the CCP4 package was applied to 

solve all MtUGM crystal structures.85 The structure solution was determined by using the 

unliganded MtUGM structure (PDB code 1VOJ) or MtUGM: UDP-Galp (PDB code 4RPG) as the 

search model. The unliganded MtUGM structure was used as a starting model for W166A active 

site mutant structure, and MtUGM: UDP-Galp structure was used as the starting model for the 

MtUGM: UDP-F2-Galp, MtUGM: UDP- F2-Galf, R257A: UDP, and E321A: UDP structures.  

Refinement of the structures was performed using PHENIX.86 Initially, rigid-body 

refinement was applied to improve monomer positions. Simulated annealing using Cartesian 

dynamics at 5000 K was used to remove bias from the model. Within next refinements simulated 
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annealing using Cartesian dynamics was gradually decreased to 2500 K and 1000 K. NCS restraints 

were used throughout the refinement for all models. The refinement progress was monitored by 

following Rfree and inspecting the electron density maps in COOT. Model inspection and re-

building was done in COOT.87 Refinement steps were repeated until Rwork and Rfree were below 

30%. UDP-F2-Galf and UDP-F2-Galp structures were generated using ChemDraw. ELBOW 

program implemented within PHENIX, was applied to build the libraries for the UDP-Galp 

substrate, UDP-F2-Galf analog, UDP-F2-Galp analog, and FAD.88 LigandFit in PHENIX was used 

to fit ligands and cofactor into the structures. Refinement was re-run in the presence of the ligands 

and cofactor. The waters were added using “Update water” parameter in PHENIX. Structures were 

evaluated using the PDB evaluation server. All pictures of the structures were drawn using PyMOL 

(PyMOL version 1.7.4, DeLano Scientific LLC). 
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Chapter 3: Kinetic and computational analysis of the allosteric site mutants of 

MtUGM 

The purpose of this research was to verify the presence of the allosteric site in the MtUGM 

structure and to determine which amino acids are significant for the inhibition and binding of the 

MS-208 inhibitor.  

As was discussed earlier, MS-208 has been predicted to bind to the allosteric site in 

MtUGM. The initial docking of MS-208 into the allosteric site was performed in the Pinto 

laboratory.76 As shown in Figure 3-1 the allosteric site is made up of two loops: A320-P326 and 

P246-W260. The MS-208 binding groove contains P246, W260, A320, and P326 residues that 

interact hydrophobically with the inhibitor. Additionally, the A-site has five negatively charged 

amino acids (E321, D322, D323, D324, and E325), three positively charged arginines (R39, R249, 

and R257) and Y253 residue. The proposed binding model showed that the interaction between 

MS-208 and the enzyme is mostly hydrophobic in nature. To determine which residues are 

important for MS-208 binding and inhibition, residues within 6 Å of the previously proposed MS-

208 binding site were chosen to conduct mutagenesis, kinetic evaluation, computational, and 

crystallization studies. This chapter gives a description of the results that were obtained for the 

allosteric site mutants in the presence of MS-208 from these experiments. Mutants were assigned 

into groups based on the type of inhibition that was observed. 
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Figure 3-1: Two representations of MS-208 binding in the MtUGM in the complex (docking results), allosteric site 

residues are shown as a cartoon and as sticks. The A-loop residues, i.e. negatively charged residues E321, D322, D323, 

D324, and E325) are green, positively-charged arginines (R39, R249, and R257) are yellow, and remaining residues 

(P246, W260, Y253, and P326) are magenta. Pictures are generated by PyMOL version 1.8.6. 

 

3.1 Results of overexpression and purification of wild type MtUGM and its mutants 

The R249A, E321A, D322A, D324A, R257A, P246A, W260A, Y253A, and P326A 

allosteric site mutants and the R261A and W166A active site mutants were prepared by site-

directed mutagenesis. Further, as described in Section 2.3.1, wild type MtUGM, the allosteric site 

mutants and the active site mutants were successfully overproduced in E. coli BL21 gold cells.  

To solve the solubility problem, the MtUGM encoding gene was previously cloned into a 

pDest-His6-MBP vector. Next, the protein was expressed with a His6-MBP tag.16 The wild type 

His6-MBP-MtUGM and its mutants were successfully purified using Ni-affinity chromatography. 

The His6-MBP tag was cleaved using TEV protease. Next, Ni-Sepharose column was used to 

purify the soluble, untagged enzyme and then protein was collected in the flow through.16 After 

the first and second rounds of purification, sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) was used to confirm the purity of the fractions. The results of SDS-

PAGE are presented in Figure 3-2. In preparation for the kinetic experiments, the protein fractions 

containing untagged enzyme were combined, concentrated to 1 mg mL-1 and aliquoted into 100 

L fractions. 
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Figure 3-2: (A) Isolation of His6-MBP-MtUGM protein and analysis of its purity on a 10% SDS-page. (B) Purification 

of untagged MtUGM and analysis of its purity on a 10% SDS-page. Protein (10 µg) was loaded in each lane. 

 

3.1.1 Overexpression and purification of the MtUGM mutants for crystallization 

The MtUGM gene was originally cloned into the pDest-His6-MBP vector in order to 

express the protein with an N-terminal His6-MBP-tag.16, 80 The volume and concentration of the 

protein were insufficient to perform any crystallization trials and crystal optimization using the 

previous method of purification that was described in Sections 2.3.1 and 3.1. To enable the 

crystallization trials, MtUGM was cloned in a pET-29b (+)-His6 vector.56 Then wild type, allosteric 

(R249A, E321A, D322A, D324A, R257A, P246A, W260A, Y253A, P326A) and active site 

(R261A, W166A) mutants were overproduced in E. coli BL21 gold cells. 

Wild type MtUGM and its mutants were purified using a His GraviTrap column. To check 

the purity of the obtained proteins, SDS-PAGE was run, and the results are displayed in Figure 3-

3. Pure protein fractions were concentrated and aliquoted as required for crystallization studies. 
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Figure 3-3: Analysis of wild type MtUGM protein purity on a 10% SDS-page. Protein (10 µg) was loaded in each 

lane. 

 

3.2 Kinetic and inhibition studies of wild type MtUGM and the allosteric site mutants 

 

3.2.1 Kinetic evaluation of wild type MtUGM 

To study the steady-state kinetics of MtUGM, the enzyme was added to the substrate UDP-

Galf and the subsequent conversion to UDP-Galp was measured by HPLC. This allowed 

determination of the initial velocity, V0, of the enzyme reaction. The resulting Michaelis-Menten 

saturation curve is shown in Figure 3-4. The calculated KM and kcat values of the wild type UGM 

were 41 ± 4 μM and 1.7 ± 0.1 s-1, respectively. These values are similar to the values (KM = 45 ± 

3 μM and kcat = 7.8 ± 0.2 s-1) reported for the conversion from UDP- Galf to UDP-Galp of the wild 

type MtUGM.16 

 

Figure 3-4: Michaelis-Menten plot for wild type MtUGM. 
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3.2.2 Inhibition analysis of the allosteric site MtUGM mutants with MS-208 

 

3.2.2.1 Kinetic evaluation of Y253A, D322A, and P246A mutants  

In the allosteric site, Y253 and P246 residues are located at the binding groove of the A-

site (Figure 3-1). D322 residue is part of the A-loop. As described in Section 2.4.2, the inhibition 

assays in the presence of MS-208 were conducted to determine the kinetic parameters of Y253A, 

D322A, and P246A allosteric site mutants. The resulting Michaelis-Menten saturation curves are 

shown in Figure 3-5. 

 

  

 

Figure 3-5: Michaelis-Menten plots for inhibition of (A) Y253A and (B) D322A mutants by MS-208. MS-208 was 

tested at 120 μM (orange) and 200 μM (grey) concentrations. 

 

Non-linear regression analysis was used to calculate KM and kcat values. In the absence of 

MS-208, the KM and kcat of Y253A were 9 ± 2 μM and 1.0 ± 0.04 s-1, respectively. Further, the KM 

and kcat of D322A were 23 ± 4 μM and 1.1 ± 0.1 s-1, respectively. No significant changes in the KM 

and kcat values were observed for either mutant when the inhibitor was present. As shown in Figure 

3-5, the Michaelis-Menten curves for both mutants stayed constant. These results showed that MS-

208 did not inhibit these two mutants. 

No activity was detected in the case of the P246A mutant. Kinetic analysis showed that the 

P246A mutant was at least 20,000 times less active compared to the wild type enzyme at tested 

conditions. 
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3.2.2.2 Inhibition of R249A, R257A, and D324A mutants by MS-208 

The binding groove of the A-site contains arginines 249 and 257 (Figure 3-1). D324 residue 

is part of the moving A-loop in the allosteric site. The R249A, R257A and D324A mutants were 

analyzed in the same manner as described in Section 2.4.2. The resulting Michaelis-Menten curves 

are shown in Figure 3-6. Increases in KM and kcat values with increasing inhibitor concentrations 

were observed for these mutants and the results are shown in Table 3-1. 

 

 

 

 

Figure 3-6: Michaelis-Menten plots for inhibition of (A) R249A, (B) R257A and (C) D324A mutants by MS-208. 

MS-208 was tested at 120 μM (orange), 200 μM (grey), 250 μM (yellow), and 280 μM (blue) concentrations.  

Table 3-1: Representation of increase in the KM and kcat values of R249A, R257A, and D324A 

mutants with increase of MS-208 concentration 
 

KM (µM) kcat (s-1) 

Mutant 0 µM 200 µM 0 µM 200 µM 

R249A 39 ± 8 111 ± 7 2.5 ± 0.1 3.4 ± 0.1 

R257A 47 ± 4 183 ± 15 3.0 ± 0.1 4.4 ± 0.2 

D324A 21 ± 3 68 ± 10 4.1 ± 0.2 4.6 ± 0.3 
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To determine type of inhibition, global fitting of the data was performed. Based on the 

received information that involves R2, propagation of residuals and the Lineweaver-Burk plots, 

competitive type of inhibition was chosen for the R249A, R257A, and D324A mutants. The 

Lineweaver-Burk plots for each of the mutant are shown in Figure 3-7. The lines that represented 

different MS-208 concentrations crossed on the y-axis, indicating that MS-208 behaves as a 

competitive inhibitor.  

  

 

 

 

Figure 3-7: Lineweaver-Burk plots for inhibition of (A) R249A, (B) R257A and (C) D324A mutants by MS-208. MS-

208 was tested at 120 μM (orange), 200 μM (grey), 250 μM (yellow), and 280 μM (blue) concentrations. 
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To draw Lineweaver-Burk plots, the obtained kinetic data was globally fitted into equation 

(2) that represents linear competitive-type of inhibition, 

1

v
=

𝐾𝑀 

V𝑚𝑎𝑥
(1 +

[I]

𝐾𝑖
) (

1

[S]
) +

1

V𝑚𝑎𝑥
       (2) 

where, KM is the Michaelis-Menten constant, [S] is a substrate concentration, Vmax is the maximum 

velocity at various concentrations of inhibitor, [I] is an inhibitor concentration. The determined Ki 

values of R249A, R257A, and D324A mutants are reported in Table 3-2.  

 

Table 3-2: Calculated Ki values of R249A, R257A, and D324A mutants 

Mutant Ki (µM) 

R249A 308 ± 97 

R257A 207 ± 34 

D324A 124 ± 24 

 

To confirm the inhibition type, two diagnostic plots (Dixon and Cornish-Bowden) have 

been used.89 The resulting diagnostic plots are presented in Figure 3-8. The Dixon plot showed 

intersection of the lines that represented different substrate concentrations in the second quadrant 

above the x-axis. The Cornish-Bowden plot showed that these lines resemble a parallel pattern. 

Consequently, these two plots when analyzed together suggest competitive type of inhibition for 

R249A, R257A, and D324A mutants.  

Note for the diagnostic plots that will be shown in this thesis, to give an unbiased 

representation of the data, the lines were fitted independently, rather than to fit the data into the 

single model.  



 

 

65 

  

  

-5

0

5

10

15

20

25

-300 -200 -100 0 100 200

1
/V

 (
se

c
 /

μ
M

)

[MS-208] (μM)

10 μM
20 μM
80 μM
100 μM
150 μM

-100

0

100

200

300

400

-300 -200 -100 0 100 200

[U
D

P
-G

a
lf

] 
/V

 (
se

c
)

[MS-208] (μM)

-5

0

5

10

15

20

-300 -200 -100 0 100 200

1
/V

 (
se

c
/μ

M
)

[MS-208] (μM)

10 μM
20 μM
40 μM
80 μM
100 μM
150 μM

-100

0

100

200

300

400

-300 -200 -100 0 100 200

[U
D

P
-G

a
lf

] 
/V

 (
se

c
)

[MS-208] (μM)

(A) R249A (B) R249A 

(C) R257A (D) R257A 



 

 

66 

  

 

Figure 3-8: (A, C, E) Dixon and (B, D, F) Cornish-Bowden plots for inhibition of R249A, R257A, and D324A mutants 

by MS-208. 

 

3.2.2.3 Inhibition of E321A mutant by MS-208 

The moving A-loop contains the negatively charged E321 residue (Figure 3-1). As reported 

in Section 2.4.2, the same inhibition assay was conducted for E321A mutant. The KM values did 

not change while kcat decreased with increasing inhibitor concentrations. This is indicative of non-

competitive inhibition. A Michaelis-Menten plot was drawn using non-linear regression analysis 

(Figure 3-9). The KM and kcat values for E321A in the absence of MS-208 were 32 ± 4 μM and 2.3 

± 0.1 s-1, respectively. When 200 μM of MS-208 was added to the reaction, the KM value did not 

change, and kcat value was 1.5 ± 0.1 s-1. 

 

Figure 3-9: Michaelis-Menten plot for inhibition of E321A mutant by MS-208. MS-208 was tested at 120 μM (orange) 

and 200 μM (grey) concentrations. 
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Data was globally fitted into the various equations that represented different types of 

inhibition. Regression analysis of the data favored the non-competitive model that showed better 

statistical characteristics (R2 close to one). Analysis of residual plots (not shown) indicated that in 

the case of the non-competitive model, residuals are distributed randomly. The conclusion is that 

MS-208 behaves as a non-competitive inhibitor. The Lineweaver-Burk plot confirmed non-

competitive inhibition as shown in Figure 3-10 where lines corresponding to different inhibitor 

concentrations crossed on the x-axis. 

 

Figure 3-10: Lineweaver-Burk plot for inhibition of E321A mutant by MS-208. MS-208 was tested at 120 μM 

(orange) and 200 μM (grey) concentrations. 

 

Obtained data was globally fitted into the equation (3) that represents non-competitive type 

of inhibition, 

1

v
=

𝐾𝑀 

V𝑚𝑎𝑥
(1 +

[I]

𝐾𝑖
) (

1

[S]
) +

1

V𝑚𝑎𝑥
 (1 +

[I]

𝐾𝑖
)   (3) 

where, KM is the Michaelis-Menten constant, Vmax is the maximum velocity determined for each 

curve, [I] is the inhibitor concentration, and [S] is substrate concentration. 

Figure 3-11 represents two diagnostic plots (Dixon and Cornish-Bowden) that have been 

drawn to confirm non-competitive type of inhibition.89 In these plots, lines that represent various 

substrate concentrations intersected on the x-axis. Therefore, MS-208 behaves as non-competitive 

inhibitor of the E321A mutant. Calculated Ki and Ki' values were 403 ± 33 μM and are equal to 

each other in the case of non-competitive inhibition. 
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Figure 3-11: (A) Dixon and (B) Cornish-Bowden plots for inhibition of E321A mutant by MS-208. 

 

3.2.2.4 Inhibition of W260A and P326A mutants by MS-208 

The bottom of the A-site binding grove contains W260 and P326 residues (Figure 3-1) and 

their alanine mutants were tested kinetically as explained in Section 2.4.2. Overall, the KM values 

of the mutants increased while kcat decreased with increasing inhibitor concentrations (Table 3-3). 

Michaelis-Menten plots of the mutants are shown in Figure 3-12. 

  

 

Figure 3-12: Michaelis-Menten plots for inhibition of (A) W260A and (B) P326A mutants by MS-208. MS-208 was 

tested at 120 μM (orange) and 200 μM (grey) concentrations. 
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Table 3-3: Representation of change in the KM and kcat values of W260A and P326A mutants 

with increase of MS-208 concentration 
 

KM (µM) kcat (s-1) 

Mutant 0 µM 200 µM 0 µM 200 µM 

W260A 56 ± 5 96 ± 17 4.8 ± 0.1 3.3 ± 0.3 

P326A 69 ± 9 87 ± 12 8.8 ± 0.5 5.4 ± 0.4 

 

Figure 3-13 shows the Lineweaver-Burk plots of the studied mutants where lines that 

represented different inhibitor concentrations crossed on the second quadrant of the x-axis. 

Therefore, the MS-208 behaves as mixed inhibitor for these two mutants.  

The Lineweaver-Burk graphs were drawn using equation (4) of the mixed-type inhibition, 

1

v
=

𝐾𝑀 

V𝑚𝑎𝑥
(1 +

[I]

𝐾𝑖
) (

1

[S]
) +

1

V𝑚𝑎𝑥
 (1 +

[I]

𝐾𝑖
′)    (4) 

where, KM is the Michaelis-Menten constant, Vmax is the maximum velocity determined for each 

curve, [I] is the inhibitor concentration, and [S] is substrate concentration.  

 
 

Figure 3-13: Lineweaver-Burk plots for inhibition of (A) W260A and (B) P326A mutants by MS-208. MS-208 was 

tested at 120 μM (orange) and 200 μM (grey) concentrations. 

 

Figure 3-14 represents Dixon and Cornish-Bowden plots that were drawn to confirm the 

mixed type of inhibition.89 In the Dixon plot, lines crossed in the second quadrant above the x-axis. 

In the Cornish-Bowden plot, lines crossed in the third quadrant below the x-axis. Combination of 
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the statistic characterization (R2) and two diagnostic plots gives evidence that MS-208 behaves as 

a mixed type of inhibitor of W260A and P326A mutants. The determined Ki and Ki' values for 

W260A and P326A mutants are reported in the Table 3-4. 

  

  
 

Figure 3-14: (A, C) Dixon and (B, D) Cornish-Bowden plots for inhibition of W260A and P326A mutants by MS-

208.  

Table 3-4: Calculated Ki and Ki' values of W260A and P326A mutants 

Mutant Ki (µM) Ki' (µM) 

W260A 144 ± 26 558 ± 49 

P326A 174 ± 39 347 ± 35 
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3.2.3 Circular dichroism experiments on MtUGM wild type and mutants  

Circular dichroism (CD) experiments were conducted to assure that secondary structure of 

the mutants did not change when mutations were introduced to the wild type sequence. The 

obtained results showed that the introduced mutations, except P246A, did not show much change 

to the percentage of the secondary structural elements. The secondary structure of the P246A 

mutant was different compared to the wild type enzyme. Consequently, introduced mutation 

disrupted the secondary structure of the enzyme and caused the loss of activity for the P246A 

mutant. Figure 3-15 graphically represents the secondary structures of the allosteric site mutants 

and wild type MtUGM. 

 

Figure 3-15: Circular dichroism spectra of wild type MtUGM and its allosteric site mutants. 

 

3.3 Computational studies: docking analyses of the MtUGM allosteric site mutants 

inhibited by MS-208 

To predict possible changes in the allosteric site and binding mode of the MS-208 inhibitor, 

MtUGM models with mutated residues were built using the program Rosetta-Backrub.81 Once the 

models were generated, MS-208 was docked into them. The docking results for the mutants with 

bound MS-208 were compared to the wild type enzyme: MS-208 model. Docking results are shown 

below (Table 3-5). After docking, hundreds of MS-208 poses were evaluated and the models with 

the most populated MS-208 pose and the highest ChemPLP score were chosen for comparison.70, 
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MS-208 was docked into the allosteric site of wild type MtUGM structure as described in 

Section 2.7.2. When docking of MS-208 was conducted, the model with ChemPLP score 59 was 

selected for further studies. A hydrogen bond was observed between the hydroxyl group of MS-

208 and hydroxyl group of the Y253 amino acid and the distance was 2.6 Å. Another hydrogen 

bond was observed between the same MS-208 hydroxyl moiety and the carbonyl group of the main 

chain of D322 with a distance of 2.9 Å. (Figure 3-16).  

 

Figure 3-16: Docking model of wild type MtUGM (green) with MS-208 bound in the allosteric site. Green sticks 

represent MS-208 docked into the wild type. Hydrogen bonds are depicted as yellow dots. Picture is generated by 

PyMOL version 1.8.6. 

 

3.3.1 Docking analyses of Y253A, D322A, and P246A  

Kinetic results suggested that Y253 and D322 residues might be involved in the direct 

binding of MS-208. Y253 amino acid is located in the binding groove of the A-site. Figure 3-17 A 

represents superimposition of the wild type pose and the most populated MS-208 pose in the 

Y253A mutant. In the mutant, MS-208 moved deeper into the allosteric site cavity and the 

orientation of the ligand was flipped compared to the wild type model. The highest ChemPLP score 

of Y253A decreased to 48 compared to the wild type score of 59. A hydrogen bond was observed 

between the hydroxyl group of MS-208 and the carbonyl group of the main chain of D322. The 

bond distance was calculated to be 2.7 Å.  
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D322 residue plays role as part of the A-loop of the allosteric site. After docking of MS-

208 into the allosteric site of D322, the ChemPLP score was 47, which was lower than the wild 

type score. Figure 3-17 B shows that MS-208 pose was flipped and slightly shifted in the allosteric 

site of D322A model. Additionally, the MS-208 conformer did not maintain any previous hydrogen 

bond interactions and did not show any new interactions with the mutant. 
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Figure 3-17: Docking models of (A) Y253A, (B) D322A, and (C) P246A mutants of MtUGM with MS-208 bound in 

the allosteric site. The MS-208 is colored green when docked into the wild type and cyan when docked into the mutants. 

Hydrogen bonds are depicted as yellow dots. Pictures are generated by PyMOL version 1.8.6. 

 

The back of the allosteric site binding grove is formed of four residues, one being P246. In 

the wild type enzyme, the chlorophenyl group of MS-208 makes hydrophobic interactions with 

P246. The ChemPLP score for the P246A mutant was 37, the lowest score among all mutants that 

were tested. Figure 3-17 C represents the MS-208 pose in the P246A mutant that was overlaid with 

the MS-208 pose in the wild type. The MS-208 binding pose was shifted in the mutant allosteric 

site. In the mutant, a hydrogen bond was observed between the guanidinium group of R249 residue 

side chain and the keto group of the inhibitor with a length of 2.8 Å.  

 

3.3.2 Docking analyses of R249A, R257A and D324A 

The A-site contains positively charged arginines and the A-loop consists of aspartic and 

glutamic acid residues. For all 3 mutants a drop in the ChemPLP scores was recorded. Scores were 

45 for R249A, 47 for R257A, and 54 for D324A mutants. 

When the R249A model was superimposed with the wild type, it was observed that MS-

208 moved deeper into the allosteric site. The modelled orientation of the MS-208 pose was not 

flipped in R249A mutant. Additionally, when arginine was mutated to alanine the allosteric pocket 

volume increased as shown on Figure 3-18 A. A hydrogen bond between the keto group of MS-
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208 and hydroxyl of Y243 was observed with a length of 2.9 Å. The latter interaction was not 

observed in case of MS-208 in the wild type.  
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Figure 3-18: Docking models of (A) R249A, (B) R257A, and (C) D324A mutants of MtUGM with MS-208 bound in 

the allosteric site. The MS-208 is colored green when docked into the wild type and cyan when docked into the mutants. 

Hydrogen bonds are depicted as yellow dots. Pictures are generated by PyMOL version 1.8.6. 

 

Figure 3-18 B shows a small shift in the orientation of the MS-208 pose in the A-site of 

R257A. Hydrogen bonds were detected between the hydroxyl group of MS-208 and the carbonyl 

group of the main chain of D322 and hydroxyl group of Y253 with lengths 2.5 Å for both. 

Additionally, these hydrogen bond distances are slightly decreased in comparison to the wild type.  

D324 is part of the moving A-loop in the allosteric site. When the D324A mutation was 

introduced, no change was recorded in the ligand orientation. The same interactions between the 

ligand hydroxyl and the carbonyl oxygen of D322 main chain (length 3.0 Å) and Y253 hydroxyl 

(length 2.6 Å) were observed as compared to the wild type (Figure 3-18 C).  

 

3.3.3 Docking analyses of E321A  

The allosteric site A-loop contains a group of negatively charged residues and one of them 

is E321. Docking results of E321A with MS-208 are shown in Figure 3-19. Superposition of the 

MS-208 binding mode with the E321A mutant model and the wild type model showed no change 

in the ligand orientation. The E321A mutant maintained the same bonding pattern with D322 and 
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Y253 amino acids having similar hydrogen bond lengths of 2.5 Å and 2.5 Å, respectively. There 

was a drop in the ChemPLP score from 59 (wild type) to 53 (E321A mutant). 

 

Figure 3-19: Docking model of E321A mutant of MtUGM with MS-208 bound in the allosteric site. The MS-208 is 

colored green when docked into the wild type and cyan when docked into the E321A mutant. Hydrogen bonds are 

depicted as yellow dots. Picture is generated by PyMOL version 1.8.6. 

 

3.3.4 Docking analyses of W260A and P326A  

W260 and P326 residues are involved in the formation of the binding groove in the 

allosteric site. When docking was performed with these mutants, the ChemPLP score did not 

change for W260A while a decrease was noted for P326A. The scores were 59 for W260A and 52 

for P326A. In the case of the W260A mutant, MS-208 was bound in the allosteric site in the same 

manner as in the wild type. Additionally, MS-208 in the mutant maintained the hydrogen bonding 

between the hydroxyl of the MS-208 ligand and the carbonyl group of D322 main chain (bond 

length 2.8 Å) and the hydroxyl group of Y253 (bond length 2.5 Å) as observed in the wild type 

(Figure 3-20 A).  

Orientation of the MS-208 pose in P326A was significantly shifted down in the A-site 

compared to the wild type pose. A new hydrogen bond was observed between the MS-208 

hydroxyl and the guanidinium group of R39 residue side chain with the bond length of 2.6 Å. The 

hydrogen bond was maintained between the MS-208 hydroxyl and the hydroxyl group of the Y253 
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residue with a bond length of 2.3 Å (Figure 3-20 B). However, the hydrogen bond was missing 

between MS-208 and D322 of the mutant. The modelled orientation of the ligand in this mutant 

rotated 180° compare to the MS-208 pose in the wild type. 

 

 

Figure 3-20: Docking models of (A) W260A and (B) P326A mutants of MtUGM with MS-208 bound in the allosteric 

site. The MS-208 is colored green when docked into the wild type and cyan when docked into the mutants. Hydrogen 

bonds are depicted as yellow dots. Pictures are generated by PyMOL version 1.8.6. 
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3.4 Discussion and Conclusions  

Previously, it was shown that MS-208 binds to an allosteric site in MtUGM. Various 

experiments were employed to help identify the residues of the allosteric site that are significant 

for MS-208 inhibition and that might participate in the binding of MS-208. To summarize, docking 

and kinetic studies of the wild type MtUGM with MS-208 showed that MS-208 interacts with 

Y253 and D322 in the A-site and it behaves as a mixed inhibitor. Docking studies of nine mutants 

revealed a decrease in the ChemPLP scores compared to wild type and comparisons of the obtained 

kinetic parameters suggested that MS-208 binds more weakly to the mutants than to the wild type 

enzyme. Also, different types of inhibition by MS-208 were observed for different mutants. Kinetic 

values and docking parameters are shown in Table 3-5.  

 

Table 3-5: Summary of calculated kinetic values and ChemPLP scores for docking of MS-

208 into the allosteric site mutants 

Enzyme Ki (µM) Ki' (µM) ChemPLP  KM (µM) kcat (s-1) kcat/KM (s-1 µM-1) 

Wild type 135 ± 23 403 ± 72 59 41 ± 4 1.7 ± 0.1 0.04 ± 0.01 

W260A 144 ± 26 558 ± 49 59 56 ± 4 4.8 ± 0.1 0.1 ± 0.01 

P326A 174 ± 39 347 ± 35 52 69 ± 9 8.8 ± 0.5 0.1 ± 0.01 

Y253A no inhibition no inhibition 48 9 ± 2 1.0 ± 0.1 0.1 ± 0.02 

D322A no inhibition no inhibition 47 23 ± 4 1.1 ± 0.1 0.1 ± 0.01 

D324A 124 ± 24 n/a 54 21 ± 3 4.1 ± 0.2 0.2 ± 0.02 

R249A 308 ± 97 n/a 45 39 ± 8 2.5 ± 0.1 0.1 ± 0.01 

R257A 207 ± 34 n/a 47 47 ± 4 3.0 ± 0.1 0.1 ± 0.01 

E321A 403 ± 33 403 ± 33 53 32 ± 4 2.3 ± 0.1 0.1 ± 0.01 

P246A no activity no activity 37 no activity no activity no activity 

 

Hydrogen bonds were observed between both D322 and Y253 and MS-208 in the wild type 

model. In the wild type, Y253 is located at the A-site binding groove and makes cation-π 

interaction with R257 and hydrophobic interactions with R249. When Y253 was mutated to an 

alanine, these interactions were removed. Docking of MS-208 into Y253A showed that the 

replacement of tyrosine with alanine increases the size of the A-site, and as a result the inhibitor is 

shifted deeper in the binding pocket of the model. The hydrogen bond between Y253 and MS-208 
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was removed but a hydrogen bond with D322 was still present in the Y253A: MS-208 model. In 

the D322A mutant, hydrogen bonds between MS-208 and the mutant were not present and MS-

208 was bound in a different mode compared to the wild type model. Kinetic evaluation showed 

that in the presence of MS-208, the saturation curves of Y253A and D322A showed no significant 

changes. Consequently, no inhibition was observed for these two mutants. In combination with the 

docking results, removal of the hydrogen bonds between Y253 and D322 and MS-208 brought 

changes in the binding mode of MS-208 and caused loss of inhibition. According to the kinetic 

and docking results, we can conclude that D322 and Y253 residues are essential amino acids for 

inhibition by MS-208 and might participate in binding of MS-208 in the allosteric site.  

Next, comparison of the KM and kcat values showed that in the presence of Y253A and 

D322A, UDP-Galp binds with a KM approximately two and a half-fold less than wild type which 

means that for both of the mutants, less substrate was required to achieve half-maximum activity. 

Also, the turnover number of the mutants is approximately seven-fold less (Table 3-5) than wild 

type. The specificity constant (kcat/KM) values are almost the same for Y253A mutant and the wild 

type and lower for the D322A mutant. As was described previously, the movement of the A-loop 

causes changes in the binding mode of the substrate in the active site.76 According to the obtained 

models of the mutants, the position of the A-loop and the volume of the A-site has been changed. 

A decrease in the kinetic parameters was observed for these two mutants. 

The binding groove of the A-site is made by W260 and P326 residues. Docking results of 

the P326A mutant showed that MS-208 binds to the essential amino acid, Y253, and to R39. When 

the mutant and the wild type were superimposed, a shift in MS-208 binding further into the 

allosteric site was observed. The shift in the MS-208 pose in the mutant structure might be related 

to the removal of the hydrophobic interaction between proline and the chlorophenyl group of the 

ligand. The docking study of the W260A mutant showed that the pose of MS-208 and the hydrogen 

bond network between mutant and the essential residues (Y253 and D322) matched the wild type 

docking results. Inhibition evaluation of these mutants showed mixed-type inhibition for P326A 

and W260A, as was observed for the wild type enzyme. Ki and Ki’ constants obtained for P326A 

and W260A were higher compared to the wild type. The presence of the mutations decreased MS-

208 potency against MtUGM. Moreover, a comparison of the Ki and Ki’ constants showed that 

MS-208 binds more tightly to unmutated MtUGM than to the mutated MtUGM: UDP-Galp 

complex as was recorded for the wild type. An increase in Ki and Ki’ can be explained by minor 
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changes in the binding mode and interactions of MS-208 in these mutants as shown in the docking 

results. However, these changes did not prevent MS-208 from behaving as a mixed type of inhibitor 

for these mutants. KM and kcat values without MS-208 for these mutants remained in the range of 

the wild type values. 

Allosteric site residues R257 and R249 are involved in the stabilization of the Y253 side 

chain in the A-site and the D324 residue, which is part of the A-loop. Competitive inhibition with 

an increase in Ki value was recorded for R249A, R257A, and D324A mutants. The alteration of 

MS-208 to competitive inhibition can indicate two possible situations. The first is that MS-208 

binds to the active site in the presence of these mutations. The second is that MS-208 binds to the 

allosteric site but prevents UDP-Galp from binding in a catalytically productive binding mode in 

the active site. Docking results for R257A and R249A showed that MS-208 was shifted in the A-

site. In the D324A mutant, docking suggested that MS-208 was bound similarly to the wild type. 

The introduced mutations increased the volume of the allosteric site, which gave extra space for 

the positioning of MS-208 that changed the inhibition type compared to the wild type. The critical 

hydrogen bonds between MS-208 and D322 and Y253 residues were still present in the R257A 

and D324A mutants.  

For R249A and R257A, the KM values remained the same as for the wild type. The D324A 

mutant showed a decrease in KM by half, which means that less substrate is required to reach half-

maximum activity (Table 3-5). This may be connected to the change in the active site volume 

brought by this mutation, because the D324 residue is also part of the A-loop. The kcat decreased 

approximately by half indicating that these three mutants convert substrate slower compared to the 

wild type. The kcat/KM constant of D324A was equal to the wild type and notably decreased for 

R257A and R249A. It can be concluded that UDP-Galp might not be bound in the most productive 

conformation in the case of R257A and R249A with the lower efficiency. 

The docking studies of the E321A mutant showed that MS-208 interacts with essential 

amino acids (D322 and Y253). The MS-208 binding pose was the same as in the wild type. 

However, the D322 residue was slightly shifted closer to MS-208 in the mutant model, which can 

be observed in Figure 3-19 A. Changes in the volume of the A-site provoked changes in the 

observed kinetic values of E321A. The Lineweaver-Burk and the diagnostic plots showed non-

competitive inhibition for E321A. Kinetic evaluation of the E321A mutant without MS-208 

showed that the KM remained the same while the kcat value decreased in half compared to wild 



 

 

82 

type. Additionally, the kcat/KM constant significantly decreased in comparison with the wild type. 

The E321 residue might contribute in stabilizing the position of the A-loop and therefore it is 

possible that the mutation has changed the position of the A-loop resulting in faster substrate 

conversion in the active site of E321A.  

After evaluation of docking, the MS-208 binding pose was different for the P246A mutant.  

The inhibitor did not maintain the same binding mode with the proposed essential amino acids, 

D322 and Y253. However, MS-208 showed an interaction with R249 in the A-site. No turnover of 

the substrate could be detected in kinetic assays of the P246A mutant, indicating that it was at least 

20,000 times less active compared to the wild type at tested conditions. As a result, inhibition 

assays could not be performed for this mutant (Table 3-6). CD experiments showed that the 

secondary structure of the P246A mutant is significantly different from the wild type. Presumably 

the introduced mutation disrupted the secondary structure of the enzyme and caused the loss of 

enzyme activity.  

To conclude, the allosteric site mutants were prepared and tested using kinetic, docking, 

and CD analysis to determine their role in the inhibition and binding of MS-208. Different types 

of inhibition were observed for the studied allosteric site mutants. Two of them, D322A and 

Y253A, were not inhibited by MS-208. As a result, they were assigned as essential amino acids 

for MS-208 inhibition and might be involved in the binding of MS-208. Docking was performed 

to determine potential binding modes of MS-208 in the mutant structures and compared to the wild 

type MtUGM. Results of CD analysis (Figure 3-15) showed that most of the mutants had similar 

secondary structure to the wild type. Additionally, two crystal structures of the mutants, R257A 

and E321A, were obtained for evaluation and will be discussed in the Chapter 7. 
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Chapter 4: Identification of the allosteric site in various prokaryotic UGM 

species 

In 2016 MS-208 helped to discover an allosteric site in MtUGM.76 Weak binding of MS-

208 prevented determination of the crystal structure of the MtUGM: MS-208 complex. After 

unsuccessful crystallographic attempts, the next step was identification of the potential allosteric 

sites within different species of UGM to enable crystallization. Based on shape of the A-site, 

position, and location of the constitutive amino acids, the potential allosteric sites of the 

prokaryotic species using the available crystal structures of KpUGM, DrUGM, and EcUGM,16, 21, 

23, 24b were compared to the discovered A-site of MtUGM. A comparison of the allosteric sites is 

shown in the Table 4-1. 

 

Table 4-1: Comparison of allosteric site amino acids from different UGMs 

MtUGM DrUGM KpUGM EcUGM 

R39 R60 Q34 K32 

P246 P260 P235 P232 

R249 A263 A238 Q235 

Y253 F267 Y242 Y239 

R257 K271 R246 A243 

W260 Y274 Y249 – 

E321 E330 E307 K304 

D322 – E308 V305 

D323 – N309 G306 

D324 G324 D310 D307 

E325 D325 I311 E308 

P326 P333 P312 P309 
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All four allosteric sites contained similar residues, namely hydrophobic, positively and 

negatively charged. The allosteric site contains the A-loop that moves when MS-208 binds to the 

allosteric site of MtUGM (Figure 1-34).76 As was discussed previously, the movement of the A-

loop changes the position of the conserved residues in the active site. In addition, the substrate 

binding mode was altered. When the potential allosteric site of DrUGM was superimposed with 

A-site of MtUGM most of the residues matched each other. However, the A-loop, consisting of 

negatively charged residues, was two amino acids shorter than in the MtUGM (Figure 4-1). The 

A-loop in MtUGM contains E321, D322, D323, D324, and E325 residues and in DrUGM–E330, 

E331, and D332. The binding groove of the A-site consists of P246, W260, and P326 and 

surrounded by positively charged arginines (R39, R249, and R257) and Y253 in MtUGM structure. 

In the case of DrUGM, the potential binding groove can be represented by P260, Y274, and P333, 

and is surrounded by R60, A263, K271, and F267. 

 

Figure 4-1: Stick representation of the allosteric site amino acids in MtUGM (green) and DrUGM (magenta) proteins. 

Picture is generated by PyMOL version 1.8.6. PDB accession code 4RPH (MtUGM) and 4HDY (DrUGM). 

 

The potential allosteric site of KpUGM did not contain multiple conserved amino acids that 

are similar to MtUGM allosteric site. Superposition of these enzymes is shown in the Figure 4-2. 

The A-loop in KpUGM consists of E307, E308, D309, D310, and I311 amino acids. The binding 
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groove of a potential allosteric site consists of P235, Y249, P312, Q34, A238, R246, and Y242 

residues.  

 

Figure 4-2: Stick representation of the allosteric sites amino acids in MtUGM (green) and KpUGM (cyan) proteins. 

Pictures are generated by PyMOL version 1.8.6. PDB accession code 4RPH (MtUGM) and 1WAM (KpUGM). 

 

Superposition of EcUGM and MtUGM did not show multiple conserved amino acids within 

these allosteric sites. The potential A-loop in the EcUGM enzyme consists of K304, V305, G306, 

D307, and E308 amino acids. The potential allosteric site consists of P232, P309, K32, Q235, 

A243, and Y239 residues. The analog of W260 residue that is present in the A-binding site in 

MtUGM structure is not present in EcUGM. Figure 4-3 shows alignment of the potential A-sites 

of EcUGM with MtUGM. 
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Figure 4-3: Stick representation of the allosteric sites amino acids in MtUGM (green) and EcUGM (yellow) proteins. 

Picture is generated by PyMOL version 1.8.6. PDB accession code 4RPH (MtUGM) and 1I8T (EcUGM). 

 

4.1 Modeling of MS-208 into the allosteric sites of chosen prokaryotic UGMs  

MS-208 was docked in the potential allosteric sites of the chosen species, namely EcUGM, 

KpUGM, and DrUGM, as described in Section 2.7.3. First, MS-208 was docked into the potential 

allosteric site in the EcUGM structure. The obtained model was superimposed with the MtUGM 

and the results are shown in the Figure 4-4. Hydrogen bonds were observed between the MS-208 

hydroxyl and E308 and K32 of EcUGM with lengths of 3.0 Å and 2.6 Å, respectively. The pose 

of the inhibitor did not match the original MS-208 pose from the MtUGM structure. The ChemPLP 

score was 49 which is lower than MtUGM score (ChemPLP score was 59). It should be noted that 

the MS-208 hydroxyl makes a hydrogen bond to the carbonyl group of the main chain aspartic acid 

in the MtUGM structure (Figure 3-16), while there is a similar interaction between the MS-208 

hydroxyl and the side chain carbonyl group of glutamic acid in the EcUGM was observed. The 

lengths of the hydrogen bonds between these two species are almost identical. 
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Figure 4-4: Docking models of EcUGM (yellow) and MtUGM (green) with MS-208 bound in the allosteric sites. The 

MS-208 is colored green when docked into MtUGM and yellow when docked into EcUGM. Hydrogen bonds are 

depicted as yellow dots. Picture is generated by PyMOL version 1.8.6. PDB accession code 1I8T (EcUGM). 

 

The structure of KpUGM was used for the docking of MS-208 into its potential allosteric 

site. Figure 4-5 shows a superposition of KpUGM and MtUGM. ChemPLP score for this 

arrangement was 44. It was the lowest score within all tested prokaryotic structures. The MS-208 

model was moved deeper into the potential allosteric site. A single hydrogen bond was recorded 

between the Y242 amino acid to the hydroxyl group of the MS-208 ligand with a bond distance of 

2.8 Å. Interestingly, this hydrogen bond is also found between the MS-208 hydroxyl and the 

tyrosine hydroxyl moiety in the MtUGM structure. The lengths are similar in both models.  
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Figure 4-5: Docking models of KpUGM (cyan) and MtUGM (green) with MS-208 bound in the allosteric sites. The 

MS-208 is colored green when docked into MtUGM and cyan when docked into KpUGM. Hydrogen bonds are 

depicted as yellow dots. Picture is generated by PyMOL version 1.8.6. PDB accession code 1WAM (KpUGM). 

 

Lastly, when MS-208 was docked into the potential allosteric site in the DrUGM structure, 

the ligand pose with the highest score was used for further analysis. The ChemPLP score was 56, 

which is in the range of the MtUGM docking score. Hydrogen bonds with a length of 3.0 Å and 

2.7 Å were observed between the hydroxyl of the ligand and the E330 residue of the enzyme, and 

between N2 of MS-208 pyrazole and the Y274 residue, respectively (Figure 4-6). Interestingly, 

docking results for the MtUGM showed hydrogen bonds to Y253 and D322, with almost identical 

bond lengths that were observed in MtUGM.  
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Figure 4-6: Docking models of DrUGM (magenta) and MtUGM (green) with MS-208 bound in the allosteric sites. 

The MS-208 is colored green when docked into MtUGM and magenta when docked into DrUGM. Hydrogen bonds 

are depicted as yellow dots. Picture is generated by PyMOL version 1.8.6. PDB accession code 4HDY (DrUGM). 

 

The docking results suggested that three of the discussed UGM species might have a 

potential allosteric site where MS-208 inhibitor could bind. The observed hydrogen bonds between 

enzymes and the ligand including the bond lengths can be correlated to the MtUGM results (Table 

4-2). The most promising result was obtained for DrUGM, which had a similar MS-208 binding 

mode, amino acids interactions and ChemPLP score to MtUGM. In our research we are interested 

in the MtUGM allosteric site through its recent discovery and promising pharmaceutical usage. So 

far, the crystal structure of MtUGM in the presence of MS-208 has not been solved. Study of the 

different UGM species might enable crystallization in the presence of MS-208 and the obtained 

models could be used to predict the binding of the MS-208 to MtUGM.  

Table 4-2: Docking results for the screening of the allosteric site within various UGM species 

Enzyme ChemPLP Score Interactions 

MtUGM 59 Y253, D322 

DrUGM 56 Y274, E330 

KpUGM 44 Y242 

EcUGM 49 K32, E308 
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4.2 Kinetic evaluation of the DrUGM enzyme inhibition by MS-208  

Modeling results showed that the binding mode and interactions of MS-208 in DrUGM 

was the most similar to MtUGM. Consequently, DrUGM has been chosen for inhibition studies. 

Inhibition assay was done using an HPLC-based assay similar to that described in Chapter 2.4.3 of 

this thesis.  

Non-linear regression analysis was performed to determine the kinetic parameters. In the 

absence of the inhibitor, the values were KM = 13  1 M and kcat = 11  0.2 s-1. It was observed 

that with increasing the inhibitor concentration, the KM value increased while kcat remained 

constant. The Michaelis-Menten plot is shown in Figure 4-7 A. 

 

 

Figure 4-7: (A) Michaelis-Menten saturation curve for inhibition of DrUGM by MS-208. (B) Lineweaver-Burk plot 

for inhibition of DrUGM by MS-208. MS-208 was tested at 120 μM (orange) and 200 μM (grey) concentrations. 

 

Figure 4-7 B represents the Lineweaver-Burk plot, where lines crossed on the y-axis. It 

showed that MS-208 behaves as a competitive inhibitor of DrUGM. The chosen inhibition type 

was supported by statistical parameters and by residuals that were randomly distributed. Data was 

globally fitted using equation (2) from Chapter 3.3.2.2, and MS-208 behaved as a competitive 

inhibitor of DrUGM with a dissociation constant Ki of 29 ± 7 μM. 

To confirm competitive inhibition for DrUGM two diagnostic plots were drawn.89 A Dixon 

plot showed that various substrate concentrations crossed in the second quadrant above the x-axis 

indicating competitive inhibition. A Cornish-Bowden plot showed that tested substrate 

concentrations resemble a parallel pattern which also supports a competitive type of inhibition 

(Figure 4-8). 
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Figure 4-8: (A) Dixon and (B) Cornish-Bowden plots for inhibition of DrUGM by MS-208.  

 

4.3 Discussion and Conclusion 

MS-208 helped with the discovery of the allosteric site in MtUGM. It was shown that MS-

208 binds tighter to the enzyme alone than the enzyme: substrate complex. However, 

crystallization of MS-208 with MtUGM failed. To continue this research and enable crystallization 

trials, different UGM species (Kp, Ec, and Dr) were examined, and based on the obtained results 

DrUGM has been chosen for study.  

A comparison of the putative DrUGM allosteric site to the MtUGM allosteric site showed 

similarities between the amino acids involved in the formation of the site. The MtUGM allosteric 

site contains the A-loop made up of five negatively charged residues. In the potential allosteric site 

of DrUGM the A-loop contains only three negatively charged residues. When MS-208 was docked 

into the potential A-site of DrUGM, the ChemPLP score was similar to MtUGM score. 

Additionally, two hydrogen bonds were observed between DrUGM and MS-208. The residues 

E330 and Y274 of the DrUGM allosteric site matched closely the MtUGM residues, D322 and 

Y253, that are crucial for MS-208 inhibition. Next, the obtained kinetic parameters and the 

diagnostic plots showed that MS-208 behaves as a competitive inhibitor of DrUGM and the Ki was 

29 ± 7 μM. Table 4-3 represents kinetic values of DrUGM and MtUGM. Using DrUGM, it was 

shown that MS-208 could inhibit different prokaryotic UGM species. The Ki value of DrUGM was 

four times lower than for MtUGM, meaning that MS-208 binds tighter to DrUGM than to MtUGM.  
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Table 4-3: Calculated kinetic parameters for DrUGM and MtUGM 

Enzyme KM (µM) Ki (µM) Ki' (µM) 

DrUGM 13  1 29 ± 7 n/a 

MtUGM 41 ± 4 135 ± 23 403 ± 72 

 

Docking results of DrUGM were similar to the MtUGM results but MS-208 inhibited 

DrUGM differently. It should be noted that the observed type of inhibition does not provide any 

information on the binding site of MS-208 in the DrUGM structure. Further a crystal structure of 

the complex will help to determine the MS-208 binding site. 
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Chapter 5: Fluorescence-based binding assay  

To calculate a binding constant for MS-208, various binding assays (ITC and SPR) have 

been performed with little success, thus fluorescence assay was employed. 

 

5.1 Application of the fluorescence-based binding assay for MtUGM 

A series of in silico, biological and biochemical studies using MS-208 have been conducted 

that resulted in the identification of the allosteric site in MtUGM.76 So far, a crystal structure of 

MtUGM with bound MS-208 is unavailable. In order to confirm binding of MS-208 in the A-site, 

a fluorescence-based assay was designed in the Sanders laboratory. The commonly used 

fluorescence probe, ANS (Figure 5-1 E), was chosen for the assay. As mentioned in the literature, 

ANS binds selectively to hydrophobic pockets of proteins.78 Upon binding to a hydrophobic 

region, the anilinonaphthalene group fluoresces. Binding to the protein takes place because of the 

sulfonate group of the compound. The binding leads to a fluorescence intensity increase and a blue 

shift in emission maxima of the ANS probe.78b, 79 Often this compound is used to probe the 

hydrophobicity of enzyme pockets. The allosteric site of MtUGM contains hydrophobic and 

charged residues that make MtUGM a good candidate for the ANS-based fluorescence titration 

assay.  

Determination of MS-208 binding constant to MtUGM would serve as another piece of 

evidence of the presence of allosteric site. In my project a series of the A-site mutants were 

generated to determine which of them were significant for MS-208 binding and inhibition. 

Determination of MS-208 binding constants to the MtUGM mutants will help to select the mutant 

where MS-208 binds tighter and proceed with crystallization trials. Additionally, the D322A and 

Y253A mutants were not inhibited by MS-208. The lack of inhibition can be explained by 

introduced mutations that are preventing MS-208 from binding to the allosteric site. Alternatively, 

the presence of the mutants might have adversely affected the communication between the active 
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and allosteric sites. Determination of the mutants’ binding constants will help to find out why these 

mutants were not inhibited by MS-208. 

 

5.1.1 Determination of the binding constants of ANS to MtUGM in the presence and absence 

of UDP-Galp 

The first experiment was conducted to determine binding of ANS to MtUGM. A 

fluorescence scan showed increase in the intensity and a blue shift from 510 nm to 480 nm in the 

fluorescence. The measurement indicated that the probe was bound to the enzyme. 

Next, the fluorescence binding assay was performed in the presence and absence of the 

substrate to determine if the presence of UDP-Galp in the active site affects the binding of ANS 

(Figure 5-1 A and C). The assay was conducted in the same manner as described in Section 2.6 

except that UDP-Galp was added to the reduced protein, then the complex was incubated for one 

minute before ANS addition. To calculate the binding constants, a range of ANS concentrations 

were prepared and used for the assay. In the graph net change in the relative fluorescence unit 

(RFU) was plotted as a function of ANS concentration (Figure 5-1 B and D). The data was plotted 

using the one site specific binding model (equation 5), 

y =
𝐵𝑚𝑎𝑥 ∗ X

(𝐾𝑑+X)
         (5) 

where, X is concentration of ligand, y is specific binding, Bmax is maximum binding in the same 

units as y, Kd is the binding constant in the same units as X. The binding constants (Kd) with and 

without substrate were equal 86 ± 17 μM and 67 ± 16 μM, respectively.  
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Figure 5-1: The graphs represent increase in fluorescence after binding of ANS at different concentrations (10–1000 

M) to (A) MtUGM alone and to (C) the MtUGM: UDP-Galp complex. The graphs represent the one site specific 

binding model when ANS binds to (B) MtUGM alone and to (D) the MtUGM: UDP-Galp complex. (E) Structure of 

ANS. 

 

5.1.2 Determination of the binding constants of MS-208 to MtUGM in the presence and 

absence of UDP-Galp  

The binding of ANS into the hydrophobic pocket of MtUGM was recorded and the next 

step was to determine MS-208 binding constant. A ligand that competes with ANS for the same 

binding site will lead to a decrease in the fluorescence intensity upon binding to the pocket.78c, 79 

In the assay, ANS was added to the reduced protein, then MS-208 was added to the MtUGM: ANS 

complex and the mixture was incubated for 30 seconds. A fluorescence scan was performed, and 

the obtained spectrum showed a decrease in the fluorescence intensity. A range of the MS-208 

concentrations were tested with MtUGM alone and with the MtUGM: UDP-Galp complex. Results 

are shown on the Figures 5-2 A and C. When measurements were done, data was corrected 

(Chapter 5.3) to eliminate any inner filter effects and the real net change in relative fluorescence 
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was calculated. After a correction was introduced, the decrease in the fluorescence intensity of 

MS-208 at various concentrations was no longer observed indicating that the displacement of ANS 

by MS-208 did not occur. We have attempted to determine the binding constants for the MS-208 

by plotting the net change in the relative fluorescence unit (RFU) as a function of MS-208 

concentration. Unfortunately, the plots did not fit to any known binding models and a binding 

constant could not be determined (Figures 5-2 B and D).  

 

 

 

Figure 5-2: The graphs represent decrease in fluorescence after addition of MS-208 at different concentrations (40–

2000 M) to (A) MtUGM alone and to (C) the MtUGM: UDP-Galp complex. The graphs represent the one site specific 

binding model when MS-208 binds to (B) MtUGM alone and to (D) the MtUGM: UDP-Galp complex. 

 

5.2 Study of D322A and Y253A mutants in the presence of ANS 

So far, we know that two amino acids, Y253 and D322 are crucial for MS-208 inhibition 

and might participate in the binding with MS-208. However, it is not clear why mutations of these 

two residues resulted in no inhibition. Two situations can be considered. First, that MS-208 was 

not able to bind to the allosteric site anymore. Second, that transmission of the allosteric site signal 
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was lost. The binding constants of MS-208 for the wild type, Y253A, and D322A were not 

calculated due to unsuccessful fitting of the data into the available models. As we were not able to 

use MS-208 to find out why inhibition failed, we decided to test our mutants with a different ligand 

that might bind to the allosteric pocket of MtUGM. 

 

5.2.1 Kinetic evaluation of ANS inhibition of the D322A and Y253A mutants 

The Sanders laboratory hypothesized that ANS might inhibit the enzymatic activity of 

MtUGM. To determine the type of the inhibition, D. Ahmed from the Sanders laboratory performed 

an inhibition assay. The results showed that ANS behaves as competitive inhibitor of the MtUGM 

protein with a Ki value of 67 ± 12 μM. Next ANS was used to investigate why D322A and Y253A 

mutants were not inhibited by MS-208. Inhibition assays were conducted in the same manner as 

was described in the Section 2.4.4 to observe the effect of the ANS addition to the reaction mixture 

on kcat and KM.  

Two Michaelis-Menten saturation curves were plotted through non-linear regression 

analysis in the presence and absence of ANS (Figure 5-3). Analysis of the results showed that with 

increasing ANS concentration there is an increase in the KM values while kcat remained constant 

(Table 5-1).  

 

  

Figure 5-3: Michaelis-Menten saturation curves for inhibition of (A) D322A and (B) Y253A mutants by ANS. ANS 

was tested at 120 μM (orange) and 200 μM for D322A (grey) and 250 μM for Y253A (grey) concentrations. 
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Table 5-1: Increases in the KM and kcat values of D322A and Y253A mutants with increase of 

ANS concentration 
 

KM (µM) kcat (s-1) 

Mutant 0 µM 200 µM 0 µM 200 µM 

D322A 4 ± 1 32 ± 5 10 ± 0.3 10 ± 0.5 

 0 µM 250 µM 0 µM 250 µM 

Y253A 48 ± 4 100 ± 12 0.03 ± 0.05 0.02 ± 0.05 

 

The best fit of the data was obtained after fitting to the equation (2) that represents 

competitive type of inhibition. In the Lineweaver-Burk plots (Figure 5-4), lines that represented 

various ANS concentrations intersected on the y-axis. 

 
 

Figure 5-4: Lineweaver-Burk plots for inhibition of (A) D322A and (B) Y253A mutants by ANS. ANS was tested at 

120 μM (orange) and 200 μM for D322A (grey) and 250 μM for Y253A (grey) concentrations.  

 

Two diagnostic plots (Figure 5-5) were built to validate the chosen inhibition type.89 In the 

Dixon plot, lines that represented different substrate concentrations intersected in the second 

quadrant while these lines remained parallel in the Cornish-Bowden plot. The combination of these 

features on the two plots with statistical parameters (R2) suggests competitive type of inhibition. 

The calculated Ki values are reported in the Table 5-2.  
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Figure 5-5: (A, C) Dixon and (B, D) Cornish-Bowden plots for inhibition of D322A and Y253A mutants by ANS.  

 

Table 5-2: Calculated Ki constants of D322A and Y253A mutants 

Mutant Ki (µM) 

D322A 28 ± 10 

Y253A 77 ± 16 
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5.2.2 Determination of the binding constants of ANS for D322A and Y253A  

To determine the binding constants of ANS to the allosteric site mutants, a fluorescence 

titration assay was applied in the presence and absence of UDP-Galp. The experiments were carried 

out as described in Section 2.6. Fluorescence spectra are shown on the Figure 5-6 A and C for 

D322A and Figure 5-6 E and G for Y253A. The final graphs were built using the one site specific 

binding model. The net change in the RFU was plotted as a function of ANS concentration (Figure 

5-6 B, D, F, and H). The binding constants in the presence and absence of UDP-Galp were 

calculated to be 117 ± 24 μM and 37 ± 5 μM for D322A and 291 ± 35 μM and 191 ± 23 μM for 

Y253A, respectively.  
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Figure 5-6: The graphs represent increase in fluorescence after binding of ANS at different concentrations (50–1000 

M) to (A) D322A and (E) Y253A alone and to the (C) D322A: UDP-Galp and (G) Y253A: UDP-Galp complexes. 

The graphs represent the one site specific binding when ANS binding to (B) D322A and (F) Y253A alone and to the 

(D) D322A: UDP-Galp and (H) Y253A: UDP-Galp complexes. 

 

5.2.3 Docking of the ANS into the allosteric site of wild type MtUGM, D322A, and Y253A 

mutants 

ANS was successfully docked into the allosteric site of wild type MtUGM, Y253A and 

D322A mutants. As was the case for MS-208 inhibitor, the pose with the highest ChemPLP score 

was identified at the edge of the wild type structure. The score was 52. A hydrogen bond between 

the sulfonic moiety of ANS and R39 of the enzyme was observed with a length of 2.4 Å as shown 

in the Figure 5-7. 
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Figure 5-7: Docking model of wild type MtUGM (green) with ANS bound in the allosteric site. Hydrogen bond is 

depicted as yellow dots. Picture is generated by PyMOL version 1.8.6. 

 

When ANS was docked into the proposed A-site of the D322A mutant, a shift in the pose 

of ANS was observed in comparison to the wild type (Figure 5-8). The hydrogen bond was present 

between the sulfonic moiety of the inhibitor and R39 amino acid, the distance was 2.6 Å. Finally, 

the ChemPLP score was 53 that is almost the same as wild type score. 

 

Figure 5-8: Docking models of D322A (magenta) and wild type MtUGM (green) with ANS bound in the allosteric 

site. The ANS is colored green when docked into the wild type and magenta when docked into the D322A mutant. 

Hydrogen bonds are depicted as yellow dots. Picture is generated by PyMOL version 1.8.6. 
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Docking of ANS into the allosteric site of Y253A showed shifts in the ANS pose in 

comparison to the wild type. A drop in the ChemPLP score was recorded, down to 47. New 

hydrogen bonds were identified between the R249 amino acid and the sulfonic moiety of ANS. 

The hydrogen bond distances were 2.8 Å and 2.9 Å as shown on the Figure 5-9.  

 

Figure 5-9: Docking models of Y253A (magenta) and wild type MtUGM (green) with ANS bound into the allosteric 

site. The ANS is colored green when docked into the wild type and magenta when docked into the Y253A mutant. 

Hydrogen bonds are depicted as yellow dots. Picture is generated by PyMOL version 1.8.6. 

 

5.3 Discussion and Conclusion  

ANS is often used as a probe to detect hydrophobic pockets of the proteins.78-79 When the 

binding of ANS was observed in the presence of the MtUGM protein, we decided to design a 

method using ANS as a fluorophore, allowing for the calculation of the MS-208 binding constant. 

An ANS-based fluorescence titration assay has been developed in the Sanders laboratory. In the 

future, this assay can be used to calculate the binding constants of ligands that might have 

inhibitory properties against MtUGM. It was shown that ANS binds to MtUGM in the presence 

and absence of UDP-Galp with similar Kd values (Table 5-3). MS-208 did not have fluorescent 

properties by itself and ANS was used as a probe to calculate the MS-208 binding constant. The 

experimental curves showed a decrease in the fluorescence intensity with increasing MS-208 

concentration upon binding to the A-site in the presence of ANS.  

Corrections to the experimental data were introduced to eliminate any non-linear behavior 

that might be caused by inner filter effects. The inner filter effect is due to the absorption of the 
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light by the sample before it interacts with the fluorescent probe (primary inner filter effect) and 

by re-absorption of the emitted fluorescence of the probe before it reaches the detector (secondary 

inner filter effect).90 Absorption by MS-208 was recorded at the excitation wavelength (354 nm) 

and at the emission wavelength (510 nm) of the ANS probe. According to the measurements, the 

primary inner filter effect is present in the case of MS-208 and the secondary inner filter effect is 

negligible. To calculate the corrected fluorescence intensity (Fcorr) equation (6) was applied, 

𝐹𝑐𝑜𝑟𝑟 = 𝐹𝑜𝑏𝑠 ∗ 10 ^ ((𝐴𝑒𝑥 + 𝐴𝑒𝑚)/2)    (6) 

where, Fcorr is corrected fluorescence intensity, Fobs is observed fluorescence intensity, Aex is the 

absorbance of the ligand at the excitation wavelength (354 nm), Aem is the absorbance of the light 

at the emission wavelength (510 nm). Introduced corrections to the experimental values showed 

that there is no real decrease in the fluorescence intensity. Consequently, the decrease in the 

fluorescence intensity that was observed was induced by the inner filter effect and not due 

increasing MS-208 concentrations. The inner filter effect is likely the reason that the data did not 

fit to any known binding models. Consequently, the calculation of the binding constant was not 

possible. 

D322 and Y253 residues are important for MS-208 inhibition in the allosteric site.76 The 

absence of inhibition for these mutants might be caused by disruption of MS-208 binding to the 

allosteric site or by disrupting communication between the active and allosteric sites. We proposed 

that ANS binds to the allosteric site as was shown by the fluorescence titration assay. When kinetic 

assays were conducted, ANS behaved as a competitive inhibitor of MtUGM. The D322A and 

Y253A allosteric site mutants were tested kinetically to study our research system with different 

ligands as well as find out the correlation between the proposed MS-208 binding model and the 

binding model of newly discovered ANS inhibitor. ANS behaved as competitive inhibitor for these 

two mutants. The Ki value in the case of D322A mutant was lower than the Ki for the wild type 

indicating better inhibition of this mutant. The Ki value for ANS with the Y253A mutant was 

similar to the corresponding value in the case of the wild type (Table 5-3). However, inhibition 

studies do not indicate the binding site of the ANS inhibitor. It can be concluded that ANS could 

be bound to either the allosteric or active site. In the case of MS-208, mixed type of inhibition was 

recorded, and these two mutants were not inhibited by MS-208. The presence of these mutations 

did not alter inhibition of ANS. Consequently, the Y253 and D322 amino acids are not as important 

for ANS inhibition as for MS-208.  
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The Kd values of the D322A and Y253A mutants were compared with the wild type value 

with and without the substrate in the active site and are shown in Table 5-3. The presence of the 

negatively charged D322 in the allosteric site of the wild type might cause repulsion between ANS 

and the protein and creates an unfavorable interaction. Mutation of D322 residue to alanine would 

remove this unfavorable interaction and would make the allosteric pocket more hydrophobic, 

improving ANS binding. The binding constant of ANS with D322A in the absence of the substrate 

was in the same range as for the wild type. However, in the presence of the substrate, the Kd 

decreased almost two-fold compared to the wild type. As mentioned previously, when UDP-Galp 

binds first to the active site, the volume of the allosteric pocket decreased. Consequently, a 

reduction in the volume of the allosteric pocket by UDP-Galp binding and mutation of the 

negatively charged aspartate to the hydrophobic alanine caused better binding and orientation of 

ANS in the A-site. This hypothesis explains the lower Kd value observed for D322A (Table 5-3). 

When binding constants for the Y253A mutant were compared to the wild type, there was an 

increase in the Kd values in the presence and absence of UDP-Galp. Mutation to alanine would 

increase hydrophobicity and the volume of the allosteric pocket.91 As a result, we observed an 

increase in Kd for Y253A without UDP-Galp. When the substrate was added to the system, the Kd 

value was still higher than for the wild type but decreased in comparison with the mutated enzyme 

without the substrate (Table 5-3). This may be connected to the increase in the volume of the 

allosteric pocket. This suggests that Y253 might have interactions with the ANS ligand in the 

allosteric site. If ANS is making a hydrogen bond with Y253, a different, less drastic mutation can 

be introduced to the A-site, for example phenylalanine, to check for the presence of this interaction. 

 

Table 5-3: Calculated Kd values of ANS for the wild type MtUGM, D322A, and Y253A 

mutants 

 without UDP-Galp with UDP-Galp  

Enzyme Kd (µM) Kd (µM) Ki (µM) 

Wild type 86 ± 17 67 ± 16 67 ± 12 

D322A 117 ± 24 37 ± 5 28 ± 10 

Y253A 291 ± 35 191 ± 23 77 ± 16 
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The docking results of ANS into the allosteric site of wild type, D322A and Y253A mutants 

in the absence of UDP-Galp can be used to propose possible ANS binding modes in these proteins. 

The obtained docking models did not show potential hydrogen bond interactions with the same 

amino acids as for MS-208. ANS had a lower ChemPLP score of 52, compared to the MS-208 

score of 59, when docked into the wild type MtUGM.  

The pose of ANS in D322A was almost the same as in the wild type and the hydrogen bond 

to R39 was also present. However, a small increase in the ChemPLP score to 53 was noted. This 

increase might be connected to an increase in the hydrophobicity of the allosteric site by the 

mutation of aspartate to alanine removing the unfavorable interaction between aspartate and ANS 

(Figure 5-8). The binding constant of D322A was slightly higher when compared to wild type. 

The mutant Y253A showed a shift in the ANS pose to the edge of the protein (Figure 5-9) 

and it had the ChemPLP score of 47. A decrease in the score and new hydrogen bonds to R249 

were observed. This result might be connected to increase in the volume of the A-site. Additionally, 

the Kd value increased three times compared to wild type. If ANS binds to the allosteric site, the 

presence of this mutation might alter the ANS binding.  

The results of the fluorescence, kinetic and docking studies showed that ANS binds and 

inhibits the wild type and the allosteric site mutants of MtUGM. Kinetic and binding assays showed 

a competitive type of inhibition with a lower Ki value in comparison with MS-208. The Kd value 

was in micro-molar range. However, after studying ANS with the mutants that played significant 

roles in the binding of MS-208 in the A-site and after looking at the possible binding modes it is 

still unclear where ANS binds in MtUGM. To show where ANS binds, the crystal structure of 

MtUGM in the presence of ANS needs to be solved. 
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Chapter 6: MtUGM active site studies 

 

6.1 The role of the W166 and R261 residues in the active site of MtUGM 

Apart from the active site loop 2 movement, the presence of the substrate induces changes 

in the orientation of the nearby residues. W166 and R261 amino acids are located at the edge of 

the active site and they are conserved within prokaryotic UGMs (Figure 1-7). W166 is located at 

the beginning of the mobile loop 2 and R261 residue is a part of the domain 1 that binds FAD. It 

was hypothesized that these two residues induce the closure of the active site domain by making a 

cation-π interaction between each other. When the substrate binds, W166 rotates 45 and interacts 

with the ribose hydroxyls, causing the disruption of the cation-π interactions between W166 and 

R261. At the same time the R261 site chain rotates 180 away from the substrate binding site 

(Figure 1-7). This results in the closure of the active site. To test the proposed hypothesis and 

understand the importance of these residues for the substrate binding, these residues were mutated 

to alanine and studied using HPLC-based kinetic assays, GOLD docking analysis, and 

crystallization.16 

 

6.1.1 Circular dichroism experiments on MtUGM wild type and the active site mutants  

CD experiments were performed to determine the secondary structure of the active site 

mutants (W166A and R261A) to ensure that introduced mutations did not induce noticeable change 

to the structure. The results had similar percentage of secondary structural elements for both active 

site mutants. The graphical representation of the results is displayed on the Figure 6-1. 
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Figure 6-1: Circular dichroism spectra of wild type MtUGM and its active site mutants. 

 

To look at potential changes that were caused by mutation of the active site residues (W166 

and R261) and understand if these mutations altered the substrate binding mode, mutant models 

were created using the Rosetta-Backrub modeling program. The models were prepared in the same 

manner as was described previously in Section 2.7.1. In addition, ensemble docking was performed 

to compare the crystal structure of the wild type enzyme and models of the mutants. Docking 

analysis was performed as described in the Section 2.7.2.  

 

6.1.2 The docking results of the R261A active site mutant  

The R261 residue is not directly involved in the binding of FAD and UDP-Galp in the 

active site. However, it has been proposed that the residue triggers the closure of the active site 

domain.16 When the active sites of the mutant and wild type were superimposed, the orientation of 

the sugar part of the substrate was shifted closer to FAD. The distances and the orientations of the 

active site residues were similar to the wild type. The observed differences in the binding distances 

between enzyme and UDP-Galp helped to explain how the presence of the mutation changed the 

productive binding mode of UDP-Galp for the catalysis. The average distance between the C4 

hydroxyl of the galactose ring and O4 of FAD was 3.1 Å. This distance was 4.2 Å in the wild type. 

The distance between C6 and H89 in the mutant structure was shorter in comparison with the wild 

type, 3.0 Å and 2.5 Å, respectively. Additionally, the orientation of Y328 was different from that 

of the wild type with a slight increase in the hydrogen bond distance, from 2.8 Å to 2.9 Å. The 
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W166 amino acid interacts with the C2’ ribose hydroxyl in the wild type with the distance 2.8 Å, 

however, in the mutant this interaction was not present (Figure 6-2).  

 

Figure 6-2: Docking results of the UDP-Galp substrate modeled into the active site of the R261A mutant (cyan) and 

the wild type MtUGM (green). The UDP-Galp is colored green when docked into the wild type and cyan when docked 

into the R261A mutant. Hydrogen bonds are depicted as yellow dots. Picture is generated by PyMOL version 1.8.6. 

 

The substrate was docked into the active site of the R261A mutant and the wild type 

enzyme using ‘Ensemble docking module’ in the GOLD program.70b, 75 This docking helped to 

generate poses of the docked UDP-Galp for straight comparison of the superimposed mutant and 

wild type. The results generated from the runs represented binding of the substrate in the active 

site of the mutant and gave information about the effect of the mutation. Two hundred poses were 

generated in each run. Four different parameters were used to evaluate docking results. Scores 

represented which enzyme from the assembly docked UDP-Galp better. The poses with the highest 

scores showed better UDP-Galp binding into the active site of the assembly. The number of poses 

produced by docking for each enzyme in the assembly was important for the evaluation as well. 

The enzyme model from the assembly which gave more favorable binding for docking of UDP-
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Galp produced the highest number of docked poses. The RMSD values for the poses represented 

information about the movement of the atoms of the docked substrate compared to the structure of 

UDP-Galp in the wild type MtUGM. The average distance between N5 of FAD and anomeric 

carbon (C1) of UDP-Galp were compared, to analyze how different the docked pose from the 

crystal structure of MtUGM: UDP-Galp complex. Additionally, these values showed how a single 

mutation can change the productive mode of the substrate binding. 

According to the obtained results, most of the docked poses in the R261A mutant structure 

showed flexibility in the ribose hydroxyl regions. When the binding mode of the substrate in the 

wild type was compared to the substrate mode in R261A, interactions between W166 and R261 

residues were disrupted which caused this region’s flexibility. The ensemble analysis score and 

percent of the poses for the mutant and wild type structures are presented in the Table 6-1. The 

wild type enzyme represented 70% of the docked poses and had the highest score in the assembly. 

This percentage displayed the highest number of UDP-Galp docked poses and it showed that UDP-

Galp was bound in the most productive conformation in the wild type structure. R261A mutant 

only had 30% of docked poses with a lower ChemPLP score. This percentage suggested the R261A 

mutation disrupted binding of the substrate. The RMSD value of the substrate docked into R261A 

was 1.2 Å, compared to 1.0 Å for the substrate docked into the wild type. This showed a greater 

movement of the atoms of UDP-Galp in the docked poses in R261A compared to wild type. 

Though the average distance between N5 and anomeric carbon was lower for the mutant, the rest 

of the obtained parameters showed that UDP-Galp binds in the most productive conformation in 

the wild type in a greater proportion compared to R261A.  

 

Table 6-1: Ensemble docking results for the R261A mutant 

 

6.1.3 The docking results of the W166A active site mutant  

The W166 active site residue is involved in the coordination of the C2’ ribose hydroxyl. 

Additionally, W166 along with R261 might be involved in the control of the closure of the active 

Enzyme ChemPLP score % Poses 
Average distance (Å) between N5 (FAD) 

and C1 (UDP-Galp) 

Wild type 115 70 4.2 

R261A 103 30 3.1 
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site. According to the docking results, the superimposition of the active site of the W166A mutant 

and wild type enzyme showed a slight shift in the substrate orientation. The main difference after 

mutation to alanine was the disruption of the hydrogen bond between the hydroxyl of the ribose 

and W166. Other than that, the orientation of the active site residues and hydrogen bond 

interactions were similar to the wild type structure. The average distance between the C4 hydroxyl 

of the galactose ring and O4 of FAD was 4.6 Å in the W166A model. The distance in the wild type 

structure was 4.2 Å. No hydrogen bonds were observed between Y191, Y328 and Y366 in the 

mutant structure. These residues are involved in the stabilization of the α-phosphate and β-

phosphate in the wild type. A new hydrogen bond was observed between Y161 and the α-phosphate 

of the substrate with a distance of 2.9 Å. The C2’ ribose hydroxyl and α-phosphate were stabilized 

by the Q165 residue in the W166A mutant (Figure 6-3) and the distances were 2.6 Å for both 

interactions. The docked poses of UDP-Galp in the mutant had different positions for the 

diphosphate portion of the substrate in the active site.  

 

Figure 6-3: Docking results of the UDP-Galp substrate modeled into the active site of the W166A mutant (cyan) and 

the wild type MtUGM (green). The UDP-Galp is colored green when docked into the wild type and cyan when docked 

into the W166AA mutant. Hydrogen bonds are depicted as yellow dots. Picture is generated by PyMOL version 1.8.6. 
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The evaluation of the results from the ensemble docking are presented in the Chapter 1.6.2. 

Table 6-2 shows that the ensemble docking scores for the W166A were lower than for the wild 

type. The percent of the docked poses of UDP-Galp in W166A was 47% which is a little lower 

that for the wild type (53%). The RMSD value of the substrate docked into W166A was 1.0 Å, 

compared to 0.8 Å for the substrate docked into the wild type. Increase in the average distance 

between N5 and anomeric carbon for W166A was observed as well. The analyzed docking 

parameters are higher for W166A, however, the number of docked poses of UDP-Galp are close 

between mutant and the wild type that can be indication that the substrate is still able to bind to the 

active site in the presence of the W166A mutation.  

 

Table 6-2: Ensemble docking results for the W166A mutant  

 

6.1.4 Kinetic analysis of the R261A and W166A active site mutants  

Introduced mutations had a significant effect on the KM values for these two mutants. A 

two-fold increase in the KM values was observed for the mutants compared to the wild type enzyme. 

This increase means that the protein needs to use more substrate in order to reach half-maximum 

activity compared to the wild type. The Michaelis-Menten curves were built using non-linear 

regression analysis and are displayed on the Figure 6-4. Interestingly, the turnover number 

decreased four hundred-fold for the W166A and twenty-fold for the R261A. Table 6-3 contains 

obtained kinetic constants of the active site mutants.  

Enzyme ChemPLP score % Poses 
Average distance (Å) between N5 (FAD) 

and C1 (UDP-Galp) 

Wild type 113 53 4.2 

W166A 107 47 4.6 
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Figure 6-4: Michaelis-Menten plots for the (A) R261A and (B) W166A active site mutants of MtUGM. 

 

Table 6-3: Kinetic constants of R261A and W166A active site mutants  

Enzyme KM (µM) kcat (s-1) kcat/KM (s-1 µM-1) 

Wild type 45 ± 3 8 ± 2 0.2 ± 0.01 

R261A 93 ± 10 0.47 ± 0.03 (0.5 ± 0.1) × 10-2 

W166A 83 ± 20 0.021 ± 0.003 (0.3 ± 0.1) × 10-3 

 

6.2 Discussion and Conclusion 

The Sanders laboratory had hypothesized that the W166 and R261 residues trigger the 

closure of the active site upon UDP-Galp binding. R261 is not directly involved in the substrate 

orientation and W166 stabilizes the ribose hydroxyl through hydrogen bonding. In the open form 

of enzyme, these two residues show a cation-π interaction between each other. The interaction is 

disrupted when UDP-Galp binds to the active site of the protein. To test the hypothesis, these two 

residues were mutated to alanine. Further kinetic assays, modeling and GOLD docking were 

applied to study the mutants.  

According to the modeling results, the substrate bound to the W166A mutant did not 

maintain the same interactions that were observed in the wild type. Also, obtained docking score 

of the substrate was lower for most of the mutant poses. The orientation of the UDP-Galp poses 

were shifted towards FAD for the mutant structure (Figures 6-2 and 6-3). Calculated RMSD values 

for the poses were around 1 Å or higher. This increase in the RMSD values indicated that the 

substrate binding mode changed upon introduction of these mutations. Moreover, as a correlation 
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to the kinetic analysis, the W166A mutant showed a significant decrease in the catalytic efficiency 

compared to the wild type. Both kinetic and docking results showed that the W166A enzyme has 

a decreased ability to bind the substrate in the most productive conformation. The R261A mutant 

showed a decrease in the ability to orient UDP-Galp as well according to the calculated kinetic 

constants. Modeling showed that R261A did not maintain the same hydrogen bond network as 

were presented in the wild type structure. For instance, the hydrogen bonds were not present 

between the ribose hydroxyl and the enzyme. Docking showed that most of the poses were shifted 

towards the FAD cofactor and the diphosphate part of the substrate was flexible. According to the 

obtained results, a change in the substrate binding mode was recorded in the presence of R261A.  

To conclude, the efficiency of the wild type enzyme was higher than that of either mutated 

enzyme. These results showed that when cation-π interaction between W166 and R261 did not 

exist in the open form of the enzyme, the substrate was not bound in the most productive 

conformation for the enzyme to perform its catalysis. 
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Chapter 7: Crystallographic studies on MtUGM  

To understand what is happening inside the active and allosteric sites, crystallographic 

studies have been conducted in this research.  

In this chapter, active site studies were continued and the crystal structures of MtUGM in 

the presence of UDP-F2-Galf and UDP-F2-Galp analogues will be discussed. The structure with 

UDP-F2-Galf is the second known structure with a substrate-like analog of the original substrate, 

UDP-Galf. This structural information will provide insight into changes in the active site upon 

analog binding. Additionally, comparison of the UDP-F4-Galf and UDP-F2-Galf structures will 

help to distinguish binding modes of the analogues and determined possible positions of the 

original substrate inside the active site.  

The crystal structure of the MtUGM enzyme in the presence and absence of UDP-Galp has 

been solved. However, the nature of the enzyme: substrate interactions still needs to be studied and 

described in more detail. To understand the role of W166 in triggering the closure of the active site 

upon UDP-Galp binding, the crystal structure of W166A active site mutant was solved and will be 

discussed in this chapter. 

The MS-208 ligand was used in the determination of the allosteric site in MtUGM. To find 

out which amino acids are important for the inhibition and binding of MS-208, a series of allosteric 

site mutations have been designed. So far, the crystal structure of MtUGM in the presence of MS-

208 has not been determined. I decided to perform crystallization trials using the allosteric site 

mutants in the presence of the MS-208 inhibitor and results obtained from the crystallization trials 

will be introduced in this chapter.  

 

7.1 Deoxy-tetrafluorinated analogues of UDP-Galp and UDP-Galf  

The crystal structures in the presence of fluorinated analogues, UDP-F4-Galp and UDP-F4-

Galf were solved in 2014.16 As previously discussed, fluorosugar nucleotides have a higher affinity 

to MtUGM. As a result, these compounds can be used for detailed structural studies. To continue 

structural studies of the active site, fluorosugar nucleotides, namely UDP-F2-Galp and UDP-F2-
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Galf, have been synthesized in the Vincent laboratory and sent to the Sanders laboratory for 

crystallization. Results of the crystallization, determination and analysis of the structures in the 

presence of these analogues will be discussed.  

 

7.1.1 Crystallization and diffraction of UDP-F2-Galp and UDP-F2-Galf 

Crystals in the presence of UDP-F2-Galp and UDP-F2-Galf analogues were obtained from 

solutions that contained 0.2 M ammonium acetate, 0.1 M Bis-Tris pH 5.5, and 10% PEG (w/v) 

3350 and 0.2 M ammonium acetate, 0.1 M Bis-Tris pH 5.5, and 15% PEG (w/v) 3350 (Figure 7-

1), respectively. The obtained crystals were yellow in color indicating that FAD was bound in the 

oxidized form. Crystals were diffracted to 3.4 Å for UDP-F2-Galf and 2.59 Å for UDP-F2-Galp, 

respectively. Parameters and specifics regarding data collection and refinement statistics are shown 

in the Table 7-1. 

 

Figure 7-1: Crystals of wild type MtUGM in the presence of (A) UDP-F2-Galf and (B) UDP-F2-Galp analogues. 

7.1.2 Overall description of the MtUGM: UDP-F2-Galf and MtUGM: UDP-F2-Galp complex 

structures 

The structures were solved in the I121 space group for UDP-F2-Galf and the C121 space 

group for UDP-F2-Galp. To solve the structures, molecular replacement was applied and the 

MtUGM: UDP-Galp (PDB code 4RPG) structure was used as a search model. The structures with 

bound analogues have three monomers in the asymmetric unit (ASU), including one non-

crystallographic two-fold dimer and a second crystallographic two-fold dimer. In general, each 

UGM monomer is made of three domains and the overall structure of these domains are the same 

as was observed previously within various MtUGM structures.16 After solving the structures, it 
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was discovered that UDP-F2-Galf was present in the active site of MtUGM. However, in the case 

of UDP-F2-Galp, only the UDP portion was observed within the MtUGM monomers.  

 

Table 7-1: Data collection and refinement statistics of MtUGM with UDP-F2-Galf and UDP-

F2-Galp 

 MtUGMox: UDP-F2-Galf MtUGMox: UDP-F2-Galp 

Data collection    

Beamline 08ID-1                                        08ID-1 

Space group I1 2 1 C1 2 1              

Cell dimensions a, b, c (Å) 103.439, 101.645, 161.796 167.45, 97.61, 100.03 

, ,  (deg) 90, 98.2828, 90 90, 109.438, 90 

Resolution range (Å) 19.94-3.4 (3.521-3.4) 48.16-2.59 (2.683-2.59) 

All reflections 156180 314363 

Unique reflections 22864 (1666) 47881 (4695) 

Redundancy 6.0 (6.6) 6.7 (7.0) 

Rsym (%) 77  10 (100) 

I / σI                                                       8.2 (2.4) 11.9 (1.48) 

Completeness (%) 99.1 (99.7)       98.9 (98.4) 

No. molecules in ASU 3 3 

Data refinement   

Resolution range (Å) 19.94-3.4 49.37-2.93 

R work / R free (%) 18.8/24.4  19.8/25.7 

No. amino acid residues  3×391  3×392 

Ligand 3×FAD 3×FAD 

 2×UDP-F2-Galf and 1×UDP 3×UDP 

r.m.s deviations   

Bond lengths (Å) 0.014 0.01 

Bond angles (°) 0.85 1.25 

Ramachandran (%)    

Most favored 96 95 

Additionally allowed  4.1 3.4 
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7.1.3 Special features of the binding of UDP-F2-Galf into the active site of MtUGM 

For MtUGM, in the presence of UDP-F2-Galf, two monomers (A and B) had bound UDP-

F2-Galf inside the active site, while monomer C showed only bound UDP. In addition, all three 

monomers had bound oxidized FAD. For the three monomers, the active sites were in the closed 

conformation. The RMSD value for the three monomers was 0.3 Å indicating that they are almost 

identical. The UDP moiety maintained the same interactions to the enzyme as were described 

previously. Briefly, the Y161 residue rotated 45° to create cation-π interactions with uracil. Upon 

binding, shifts in I178 and L181 were observed to provide better positioning of the uridine-

diphosphate group; W166 is involved in the proper orientation of the ribose hydroxyl residues. 

Residues S317-F319 and the loop (A320-P326) moved closer to the FAD binding site. Figure 7-2 

shows well defined electron densities for the UDP-F2-Galf analog and the active site loop that 

contains H65. The H65 residue is usually involved in stabilization of the isoalloxazine ring of FAD 

and is part of the H60-F67 flexible loop. This loop is located above the si-face of isoalloxazine 

ring of FAD. H65 from the loop is in a position above the N5 of the isoalloxazine ring and is in 

the same position as previously recorded for prokaryotic UGMs.16, 21, 23, 24b 

 

Figure 7-2: Representation of the complex structure of MtUGM in the presence of UDP-F2-Galf and the loop that 

contains H65. UDP-F2-Galf and the loop residues are shown as green sticks. Feature enhanced maps (FEM), with 

2mFo-DFm-sigmaA weighted electron density maps for the ligands (contoured at 2σ) are shown as a blue wireframe. 

Picture is generated by PyMOL version 1.8.6. 
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7.1.4 Conformational changes upon UDP-F2-Galp and UDP-F2-Galf analogues binding to 

MtUGM  

As discussed previously, when substrate binds to the active site of MtUGM, the active site 

mobile loops 1 (A131-N140) and 2 (Q167-R184) adopt closed conformations. The DynDom 

software has been used to analyze conformational changes due to the domain movement upon 

analog binding.92 

Analysis of the structure with UDP-F2-Galf and UDP-F2-Galp showed that the active site 

loop 1 and 2 rotated ∼32 and translated 0.2 toward the ligand. As a result, the active site closed 

approximately on ∼68% of the volume of the open structure. A few flexible hinges were identified 

as helix 4 (E128-Q129), helices 6 and 7 (L153-W166) and residues A176-T186. The S317-

D324 segment was also found to be functioning as part of the flexible hinge. This includes the C-

terminus of β14 (S317-F319) and part of the A-loop (A320-D326). These results were compared 

to previously obtained results for the complexes with substrate and tetrafluoro-analogues (UDP-

F4-Galp and UDP-F4-Galf). The rotation and translation of the loops were similar, and in the case 

of previous structures the active site closure was ∼67%.16 

 

7.1.5 FAD binding domain in MtUGM: UDP-F2-Galf complex structure 

Some changes were observed within the FAD binding domain in the MtUGM: UDP-F2-

Galf complex structure. The distance between the N5 of FAD and the C1 anomeric carbon of the 

analog was found to be 5 Å. This distance in the presence of another fluoro analog, UDP-F4-Galf, 

has been previously reported as 4.6 Å (Figure 7-4).16 These distances are considered too large for 

the FAD N5 to perform catalysis. When multiple oxidized prokaryotic UGM structures were 

compared,16, 24b, 32 it was shown that the distance between the N5 of FAD and the C1 anomeric 

carbon was longer under oxidized conditions, and this structure is consistent with these 

observations. Moreover, it been shown that upon FAD reduction the distance decreases within 

prokaryotic UGM structures.16, 24b Figure 7-3 shows well defined electron density for FAD in the 

active site of the complex. 
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Figure 7-3: Representation of FAD bound to the complex structure of MtUGM. FAD is shown as green sticks. Feature 

enhanced maps (FEM), with 2mFo-DFm-sigmaA weighted electron density maps for the ligand (contoured at 2σ) are 

shown as a blue wireframe. Picture is generated by PyMOL version 1.8.6. 

 

7.1.6 Comparison between binding of UDP-F2-Galf and previously solved UDP-F4-Galf into 

the active site of MtUGM 

In the previously solved MtUGM: UDP-F4-Galf structure, the distance between the β-

fluorine F2β of C2 and the N5 of FAD was 2.7 Å and it was 3.1 Å from the O4 of FAD. In the new 

UDP-F2-Galf analog structure, these interactions were not present because the F2β group was 

removed. The calculated distances of interactions between UDP-F2-Galf and MtUGM are shown 

in Figure 7-4. 
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Figure 7-4: Superposition of the MtUGM structures in the presence UDP-F2-Galf (green) and UDP-F4-Galf (cyan). 

FAD and the analogues are drawn as sticks. Picture is generated by PyMOL version 1.8.6. PDB accession code 4RPK. 

 

Superposition of UDP-F2-Galf and UDP-F4-Galf showed a small decrease in the distances 

between FAD and the α-fluorine F2α of C2 in the presence of UDP-F2-Galf (Figure 7-4). Otherwise 

the position of F2α between the two ligands is similar. The position of the β-fluorine F3β of C3 is 

similar to what was observed in the structure with the UDP-F4-Galf analog. The F3β fluorine 

interacts with the A64 carbonyl oxygen and with the O4 carbonyl of FAD. The distances of the 

interactions are shown in Figure 7-5 A and B. The α-fluorine F3α of C3 makes hydrogen bonds to 

L66 and H89 in the UDP-F4-Galf structure. Upon removal of F3α, these interactions were absent 

in the structure with UDP-F2-Galf. As was reported previously, the Galf ring was tilted in the 

MtUGM: UDP-F4-Galf complex. In the structure with UDP-F2-Galf, the same tilt was present in 

the Galf ring. This tilt can be explained by various interactions that appeared from the replacement 

of the hydrogens at C2 and C3. 
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Figure 7-5: Superposition of the MtUGM structures in the presence UDP-F2-Galf (green) and UDP-F4-Galf (cyan) to 

show binding between (A) F3β and (B) F2α of the UDP-F2-Galf and enzyme. FAD, the analogues, and residues are 

drawn as sticks. Pictures are generated by PyMOL version 1.8.6. PDB accession code 4RPK. 

 

(A) 

(B) 
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Hydrogen bonding was observed between the C5-OH of the Galf analog and the H89 

residue. Interestingly, the C5-OH is in the same position as C6-OH of Galp. The same trend was 

observed for the previously solved complex structure with UDP-F4-Galf. The C6-OH of Galf is 

stabilized by R292, Y161, and N282. Additionally, hydrophobic interactions were observed 

between R292, V91, Y191, and V280 and carbons 5 and 6 of Galf analog.  

 

7.1.7 Complex structure of MtUGM: UDP-F2-Galp  

Crystals of MtUGM in the presence of UDP-F2-Galp diffracted to 2.59 Å. When the crystal 

structure with UDP-F2-Galp analog was solved, only the UDP portion of the analog was present 

within the active site of the three monomers. According to previously solved crystal structures, the 

sugar moiety is flexible and therefore not visible in the presence of oxidized FAD. The RMSD 

value within the three monomers was 0.3 Å, indicating that they are almost identical. The UDP 

moiety was bound in the same manner as was described previously (Section 1.5.2, Figure 1-8). 

Each monomer had an oxidized FAD bound and was in the closed conformation. FAD was bound 

in the same manner as the complex with UDP-F2-Galf. When a comparison of the complexes 

MtUGM: UDP-F4-Galp and MtUGM: UDP-F2-Galp was performed, it was noted that the histidine 

loop (H60-F67) that contains the H65 residue was shifted and residues A64 and H65 have rotated 

approximately 180, repositioning H65 into the active site in the MtUGM: UDP-F2-Galp crystal 

structure (Figure 7-6 A). Figure 7-6 B shows well defined electron densities for the complex of 

MtUGM: UDP, FAD, and the loop that contains H65. 
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Figure 7-6: (A) Superposition of the MtUGM: UDP-F4-Galp (green) and MtUGM: UDP-F2-Galp (cyan) structures to 

show change in FAD and H65. (B) Representation of the complex structure of MtUGM in the presence of UDP, FAD, 

and the loop that contains H65 residue. UDP, FAD, the analogues, and the loop residues are shown as green sticks. 

Feature enhanced maps (FEM), with 2mFo-DFm-sigmaA weighted electron density maps for the ligands (contoured 

at 2σ) are shown as a blue wireframe. Pictures are generated by PyMOL version 1.8.6. PDB accession code 4RPK. 

 

(A) 

(B) 
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7.1.8 Discussion and Conclusion  

To date, the crystal structures of the UDP-F4-Galf and UDP-F2-Galf are the most accurate 

representation of the binding mode of the original substrate, UDP-Galf. In the previously solved 

structures with fluorine analogues UDP-F4-Galf and UDP-F4-Galp, the F2β fluorines were located 

close to the FAD and the F3α fluorine is located further away. In the case of UDP-F2-Galf, only 

the F2α fluorine interacts with FAD. Additionally, F3β interacts with the C=O carbonyls of FAD 

and A64 and H89 residues.  

The introduction of the fluorine atoms instead of the hydroxyl sugar moieties did not have 

an adverse effect on the binding mode in the active site compared to the available structure with 

UDP-F4-Galp. A tilt in the sugar moiety was noted that might be caused by the new interactions 

between the introduced fluorine groups and the protein. The previously reported structure of 

MtUGM with the UDP-F4-Galp analog had interactions with most of the residues that were 

involved in the binding with UDP-Galp substrate.16 

The solved structure of MtUGM in the presence UDP-F2-Galf was compared to the 

previously solved structures with fluorinated analogues and the original substrate. Interestingly, 

the C5-OH hydrogen bonded with H89 in the structures with UDP-Galp and UDP-F4-Galf. The 

position of H89 suggests that this residue might be involved in the catalytic mechanism. It is worth 

noting that this interaction was still present in the structure with UDP-F2-Galf. Interestingly, the 

position of the F3β of UDP-F2-Galf is in the same position as C4-OH of UDP-Galp. In addition, 

the C3 carbon of the furanose is shifted 1.3 Å compared to the C4-OH of pyranose (Figure 7-7).  
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Figure 7-7: Superposition of the MtUGM structures in the presence UDP-F2-Galf (green) and UDP-Galp (magenta) 

to show lean of the C3 carbon of the furanose compared to C4-OH of pyranose. FAD, the analogues, and residues are 

drawn as sticks and lines. Picture is generated by PyMOL version 1.8.6. PDB accession code 4RPG. 

 

7.2 Structural studies of the W166A active site mutant of MtUGM 

It has been proposed that two active site residues, W166 and R261, induce the closure of 

the active site upon UDP-Galp binding.16 The role of these residues and their behavior upon 

substrate binding was discussed in Section 1.5.2. These residues were mutated to alanine. To fully 

understand the role of the residues in the MtUGM structure, various attempts have been made to 

crystallize these active site mutants. After purification and crystallization, the crystal structure of 

the W166A mutant was obtained successfully. Further crystallization and structure determination 

of W166A will be introduced in this chapter. 

 

7.2.1. Crystallization studies of W166A  

Multiple crystallization trials using different crystallization screens have been performed 

to grow crystals of the W166A mutant. Crystals of W166A were obtained using microbatch under 

oils, from conditions containing 0.1 M Tris pH 7.0, 10% (w/v) PEG 8000, 0.2 M magnesium 

chloride. Figure 7-8 shows the shape and color of grown mutant crystals. Crystals of the mutant 
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were yellow in color and diffracted to 3.3 Å. Data collection and refinement statistics are shown 

on the Table 7-2.  

 

Figure 7-8: Representation of the crystals of W166A mutant. 

 

The structure of the W166A active site mutant was crystallized in the P1211 space group. 

Previously, the wild type MtUGM was crystallized in P21212 space group. To solve the structure, 

molecular replacement has been used with the holo MtUGM structure (PDB code 1V0J) as a search 

model. The crystals of the mutant have two non-crystallographic dimers in the ASU. Each 

monomer contains three domains, referred to as domains 1 (FAD binding domain), 2 and 3. The 

crystals were yellow in color and when the W166A structure was solved, it was determined that 

the FAD was present in the oxidized form. In the structure, the FAD isoalloxazine ring was planar 

as was previously observed in the oxidized UGM structures.16, 21, 23, 24b Monomers were 

superimposed with each other and the RMSD value was found to be 0.2 Å for all overlapping C 

atoms. W166A was superimposed with the holo MtUGM structure and had a RMSD of 0.5 Å. 

Additionally, W166A was superimposed with the complex structure of MtUGM: UDP-Galp (PDB 

code 4RPG) and had a RMSD of 2.2 Å. This difference can be explained by the domain 2/loop 2 

closure upon UDP-Galp binding to the active site. Figure 7-9 shows well defined electron densities 

for the W166A mutation, FAD, R261 residue, and the loop that contains H65.  
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Table 7-2: Data collection and refinement statistics of W166A mutant 

 W166Aox 

Data collection 

Beamline 

Space group 

08ID-1 

P1 21 1 

Cell dimensions a, b, c (Å) 138.47, 153.33, 139.5 

, ,  (deg) 90, 90.473, 90 

Resolution range (Å) 49.33-3.3 (3.418- 3.3) 

All reflections 559197 

Unique reflections 87504 (8689) 

Redundancy 6.4 (6.2) 

Rsym (%) 27 (102) 

I / σI 7.1 (2.3) 

Completeness (%) 99.2 (99.7) 

No. molecules in ASU 4 

Data refinement  

Resolution range (Å) 49.33-3.3 

R work / R free (%) 22/27 

No. amino acid residues 4×395 

Ligand 4×FAD 

r.m.s deviations  

Bond lengths (Å) 0.011 

Bond angles (°) 1.32 

Ramachandran (%)  

Most favored 96 

Additionally allowed 3.5 
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Figure 7-9: Representation of the active site mutant W166A of MtUGM in the presence of FAD, the loop that contains 

H65 residue, and R261 residue. FAD, R261, and the loop residues are shown as green sticks. Feature enhanced maps 

(FEM), with 2mFo-DFm-sigmaA weighted electron density maps for the ligands (contoured at 2σ) are shown as a blue 

wireframe. Picture is generated by PyMOL version 1.8.6. 

 

7.2.2. Effect of W166A mutation in the active site  

When the mutant structure was evaluated, a few important changes were observed. In the 

open holo MtUGM structure, W166 and R261 residues form cation-π interactions. When the UDP-

Galp substrate binds to the active site, these interactions are removed. According to the W166A 

mutant structure, the R261 residue is already more flexible and shows multiple orientations of the 

side chain (Figure 7-10). In the first position it would form cation- interactions with W166 and 

in the second position it points to loop 2 L173 close to the W166 side chain Cε3 atom. This position 

is between the open holo MtUGM and closed complex MtUGM. In the second position R261 would 

clash with domain 2/loop 2 closure (Figure 7-10 B). Q165 and W166 are located at the C-terminus 

of helix α7 and the beginning of mobile loop 2. R261 is located above the C-terminus of helix α7 

and is part of the FAD binding domain. The Cδ of R261 would be too close to the main chain 

oxygen of Q165. To prevent a clash, the W166A mutant is in a more open conformation, resulting 
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in a 1.8 Å shift with respect to W166 and A166 Cα position. Also, a different position of the A-

loop and F319 were observed in the W166A mutant. 

 

 

Figure 7-10: Superposition of (A) the holo MtUGM (cyan) with W166A mutant (magenta) and (B) the MtUGM: 

UDP-Galp complex (green) with W166A mutant (magenta) to show the change in R261 and other residues around 

W166A mutant. Picture is generated by PyMOL version 1.8.6. PDB accession code 1V0J. 

 

Next, the holo MtUGM structure was superimposed with the W166A mutant based on FAD 

and alpha helical domains and W166A was in a more open conformation within all monomers. It 

was identified that the loop (A167- P184) from domain 2/loop 2 and the A-loop (R318-P326) are 

in different positions in the W166A structure (Figure 7-11 A). However, the A-site (P246-W260) 

and helix (E333-K347) did not show any changes between the holo MtUGM and W166A mutant 

(Figure 7-11 B). We can conclude that the effect of the disruption of the cation- interactions 

between W166 and R261 residues, and the R261 flexibility affected the position of the A-loop in 

the W166A mutant structure.  

(A) (B) 
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Figure 7-11: Superposition of (A) the holo MtUGM (cyan) with W166A mutant (magenta) based on alpha helical 

domain, and (B) the holo MtUGM (cyan) with W166A mutant (magenta) based on FAD domain to show the flexible 

regions within these two structures. Pictures are generated by PyMOL version 1.8.6. PDB accession code 1V0J. 

 

7.3. Structural studies of the allosteric site mutants 

One of the research objectives in this project was a determination of the crystal structures 

of allosteric site mutants in the presence of MS-208. I successfully designed, produced and 

kinetically tested the allosteric site mutants. As a next step, attempts to co-crystallize these mutants 

in the presence of MS-208 were performed. Further in this chapter crystallization and structure 

determination will be discussed.  

 

7.3.1. Crystallization studies of the R257A and E321A allosteric site mutants 

Multiple co-crystallization trials were performed to obtain crystal structures of the 

allosteric site mutants in the presence of MS-208. MS-208 was added to the solution of the protein 

and precipitant. Prior to crystallization, the protein was reduced using sodium dithionite and the 

protein mixed with the UDP-Galp substrate. Crystals of R257A and E321A were obtained using 

microbatch under oils from two different solutions containing, 0.1 M Bis-Tris pH 5.5, 20% (w/v) 

PEG 3350, 2.5 mM MS-208 (Figure 7-12 A), and 0.1 M Bis-Tris pH 5.5, 0.2 M ammonium acetate, 

20% (w/v) PEG 3350, 4 mM MS-208 (Figure 7-12 B), respectively. Crystals of the mutants 

diffracted to 3.3 Å for R257A and 2.9 Å for E321A. Data collection and refinement statistics are 

shown in Table 7-3.  
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Figure 7-12: Crystals of (A) R257A and (B) E321A. 

 

Structures of the allosteric site mutants, R257A and E321A, crystallized in space groups 

C121 and I121, respectively. Molecular replacement has been used to obtain the structural solution 

with MtUGM: UDP-Galp (PDB code 4RPG) as the search model. The crystals of the mutants 

contain three monomers in the ASU, involving one non-crystallographic two-fold dimer and a 

second crystallographic two-fold dimer. Each monomer in the mutant structure is made of three 

UGM featured domains, the FAD binding domain 1, the α-helical domain 2 and the six β-strands 

which comprise domain 3. After the mutant crystal structures were solved, it was discovered that 

the allosteric sites were not occupied by MS-208. In addition, the active site of the mutants 

contained oxidized FAD cofactor, and only the UDP portion of the substrate was visible in the 

structure. It was assumed that the sugar moiety is flexible and therefore not visible in the presence 

of oxidized FAD. A similar trend was observed for the previously solved oxidized MtUGM and 

DrUGM structures.16, 24b Crystal structures of the R257A and E321A mutants were compared to 

the crystal structures of the reduced and oxidized MtUGM: UDP-Galp (PDB codes 4RPH and 

4RPG) and oxidized MtUGM: UDP (PDB code 4RPJ). It was determined that they are very similar 

to each other with RMSD less than 0.5 Å for all overlaid C. Figure 7-13 A and B shows the well 

defined electron densities for the allosteric site mutants (R257A and E321A), the residues nearby, 

FAD and the UDP moiety, as well as the loop that contains H65. 
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Table 7-3: Data collection and refinement statistic of R257A and E321A mutants 

 R257Aox: UDP E321Aox: UDP 

Data collection    

Beamline 

Space group 

08ID-1 

C1 2 1 

08ID-1 

I1 2 1              

Cell dimensions a, b, c (Å) 175.66, 101.43, 101.76 101.92, 101.602, 171.715 

, ,  (deg) 90, 109.43, 90 90, 104.365, 90 

Resolution range (Å) 49.09-3.3 (3.418- 3.3) 49.37-2.93 (3.035-2.93) 

All reflections 172592 224492 

Unique reflections 25496 (2512) 36413 (2609) 

Redundancy 6.8 (6.7) 5.8 (5.9) 

Rsym (%) 20 (150) 23  

I / σI                                                       8.3 (1.3) 8.8 (2.6) 

Completeness (%) 99.8 (100)       99.1 (99) 

No. molecules in ASU 3 3 

Data refinement   

Resolution range (Å) 49.09-3.3     49.37-2.93 

R work / R free (%) 17.5/23.5  21.1/27.7 

No. amino acid residues  3×391  3×392 

Ligands 3×UDP 3×UDP 

 3×FAD 3×FAD 

r.m.s deviations   

Bond lengths (Å) 0.011 0.009 

Bond angles (°) 1.24 1.10 

Ramachandran (%) 

Most favored 

Additionally allowed 

 

94 

5.7 

 

94 

5.1 
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Figure 7-13: Representation of the mutants (A) R257A and (B) E321A with the allosteric site residues in the presence 

of FAD and the loop that contains H65 residue. FAD, R257A, E321A, the loop, and the rest of the allosteric site 

residues are shown as green sticks. Feature enhanced maps (FEM), with 2mFo-DFm-sigmaA weighted electron density 

maps for the ligands (contoured at 2σ) are shown as a blue wireframe. Pictures are generated by PyMOL version 1.8.6. 
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7.3.2. Uridine binding pocket in the allosteric site mutants 

Co-crystallization of the R257A and E321A mutants in the presence of the UDP-Galp 

substrate was carried out as part of this thesis. When the structures were solved, the Galp portion 

was absent in the active site and only UDP was present. A possible explanation is that the Galp 

group is flexible which would result in no detectable electron density in the crystal structure. Upon 

ligand binding to the active site, domain 2 experiences a large change. Mobile loops 1 (A131-

N140) and 2 (Q167-R184) adopt the closed conformation when the ligand occupies the active site 

of MtUGM (Figure 7-14 A). Mobile loops from the two mutant structures were in a closed 

conformation as was observed for these loops in the MtUGM: UDP-Galp complex. Additionally, 

when the mutants and the MtUGM: UDP-Galp complex structure were compared, it was found 

that the UDP part in the active site of R257A and E321A made the same interactions as the UDP 

part of the substrate in the MtUGM: UDP-Galp complex structure (Section 1.5.2, Figure 1-8).16 

This is depicted in Figure 7-14 B.  
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Figure 7-14: (A) Superposition of the structures of the allosteric site mutants of R257A (magenta), E321A (cyan), 

and the complex structure of MtUGM: UDP-Galp (green). Closed conformation of domain 2 with mobile loops 1 and 

2 colored according to the colors assigned above within mutants and complex structures. (B) The uridine-binding 

region within R257A, E321A, and the complex structure MtUGM: UDP-Galp. Pictures are generated by PyMOL 

version 1.8.6. PDB accession code 4RPG. 

 

7.3.3. Effect of the R257A mutation in the allosteric site  

R257 is located in the binding groove of the A-site and makes cation-π interactions with 

Y253 (Figure 7-15). When the mutation was introduced, this interaction was removed from the 

allosteric site. Additionally, R257A is located 9.5 Å from E321 and 12 Å from D322 which are 

involved in the formation of the A-loop. In the wild type structure, the distances from R257 to 

E321 was 6.7 Å and to D322 was 6.4 Å. Positions of most of the allosteric site residues did not 

change when the R257A mutant was introduced. A shift in the position of the A-loop was recorded. 

The observed shift may be caused by removal of the side chain of the R257 amino acid which leads 

to increased flexibility of the A-loop. The A-loop may be stabilized by salt bridges with R257.  

The A-loop of the R257A structure was overlaid with the solved complex structures 

(MtUGM: UDP-Galp (oxidized) and MtUGM: UDP) and the A-loop in R257A has moved 1 Å 

toward the active site.  
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Figure 7-15: Superposition of the structures of the allosteric site mutant R257A (magenta) and the complex structure 

of MtUGM: UDP-Galp (green) to represent changes in the allosteric site. Picture is generated by PyMOL version 

1.8.6. PDB accession code 4RPG. 

 

7.3.4. Effect of the E321A mutant in the allosteric site  

The allosteric site A-loop is made up of negatively charged residues including E321. As 

was discussed previously, upon MS-208 binding, the A-loop moves and causes changes to 

substrate binding in the active site. When the alanine mutation was introduced at E321, the size of 

the loop changed and a shift in the position of residues of the allosteric site was observed (Figure 

7-16).  This included a repositioning of the D322 side chain as well as the side chain of R257. 

However, the salt bridge between R257 and D322 was still present. This change was observed 

within all three monomers of the mutant. The rest of the allosteric site residues maintained almost 

the same position in the mutant structure relative to the MtUGM: UDP-Galp structure.  

The position of the A-loop of the E321A mutant was overlaid to the position of the A-loops 

for the MtUGM: UDP-Galp (oxidized) and MtUGM: UDP complexes and this loop has moved 1.2 

Å toward the active site in E321A.  
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Figure 7-16: Superposition of the structures of the allosteric site mutant of E321A (cyan) and the complex structure 

MtUGM: UDP-Galp (green) to represent changes in the allosteric site. Picture is generated by PyMOL version 1.8.6. 

PDB accession code 4RPG. 

 

7.3.5. Changes within the active sites of E321A and R257A 

The binding of FAD was compared between mutants, the MtUGM: UDP-Galp complex 

(Figure 7-17 A) and the holo MtUGM (Figure 7-17 B) structure. In general, FAD binds in a similar 

way as described in Section 1.5.2. However, some changes in the position of the residues, namely 

R39 and F226, were observed. These residues form a binding pocket for the adenine part of FAD. 

Further evaluation showed that the position of H65 that is a part of the active site loop (H60-F67) 

helps to stabilize the FAD isoalloxazine ring in the complex and holo structure. The loop has 

shifted and residues A64 and H65 have rotated 180, repositioning H65 into the substrate binding 

site as shown on Figure 7-17 A and B. Additionally, the position of L66 was slightly shifted. 

Flipping of the histidine loop, i.e. H60-F67, was not observed in other prokaryotic structures.16, 21, 

23, 24b This flip was only recorded for eukaryotic UGMs and the recently solved A-site mutants and 

UDP-F2-Galp complex structures.93 



 

 

139 

 

 

Figure 7-17: Superposition of the structures of the allosteric site mutants of R257A (magenta), E321A (cyan), and 

(A) MtUGM: UDP-Galp complex (green) and with (B) holo MtUGM (grey) to show change in the active site loop that 

contains H65. Picture is generated by PyMOL version 1.8.6. PDB accession codes 4RPG and 1V0J.  

 

MS-208 was not present in the allosteric or active sites of the R257A and E321A mutants. 

The presence of the mutations caused some shifts in the residues that make up the allosteric site. 

In the active site, A64 and H65 within these structures were repositioned compared to other 
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prokaryotic structures and MtUGM with UDP-Galp, UDP-F4-Galp, UDP-F4-Galf, and UDP-F2-

Galf complex structures. The flip of these residues might be related to the redox state of the 

cofactor. When the mutant structures were compared to the eukaryotic AfUGM, a flip of the 

histidine residue was observed upon reduction of the cofactor in the AfUGM structure.93b It is 

possible that if the mutant structures would be determined in the presence of reduced FAD, 

histidine might be flipped back into the active site.  

 

7.4 Absence of the arginine mutation at position 306 within the solved crystal 

structures 

MtUGM complex crystal structures in the presence of P306R mutation have been solved 

previously.16 R306 makes a salt bridge with the D308 side chain and a hydrogen bond with the 

Q54 main chain oxygen. The MtUGM: UDP-F2-Galf complex, two allosteric site mutants (R257A 

and E321A), and an active site mutant, W166A structures did not have an arginine mutation at 306 

position. Next these structures obtained in my research were superimposed with the MtUGM: 

UDP-Galp complex with P306R mutation (Figure 7-18). The P306 amino acid is part of the solvent 

exposed F299-D308 loop that connects to the β-sheet domain. Within the structures solved in this 

thesis, P306 is located 3.7 Å from the T55 main chain oxygen. The T55 residue is part of a turn 

that connects β3 and β4 and is part of the E52-E58 loop. The superposition showed that the F299-

D308 and the E52-E58 loops have shifted between the MtUGM: UDP-Galp complex and the 

structures solved in this thesis. We can hypothesize that the P306R mutant stabilizes the E52-E58 

and F299-D308 loops through series of salt bridges and makes them more rigid compared to the 

structures without this mutation. In addition, the F299 aromatic ring rotated up 90° in the complex 

structure with UDP-Galp compared to the structures solved in this thesis.  
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Figure 7-18: Superposition of the structures of the allosteric site mutants of R257A (yellow), E321A (magenta), 

MtUGM: UDP-F2-Galf (cyan) and the complex MtUGM: UDP-Galp (green) to show shift in the loops and residues 

that caused by presence of P306R mutation. Pictures are generated by PyMOL version 1.8.6. PDB accession code 

4RPG. 

 

A comparison between the W166A structure and holo MtUGM showed that the location of 

P306 within the loops is identical. Moreover, the P306 residue interacts with the T55 residue and 

the position of the loop where T55 is located, E52-E58, is also almost identical. The only difference 

was observed in the aromatic ring of the F299 amino acid that had rotated in the W166A structure 

(Figure 7-19).  
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Figure 7-19: Superposition of the structures of the W166A (cyan) mutant and the holo MtUGM (green) to show 

position of P306, T55, and F299 residues and position of the loops where these amino acids is located. Picture is 

generated by PyMOL version 1.8.6. PDB accession code V0J1. 

 

Unlike in previously solved MtUGM complex structures, in the MtUGM: UDP-F2-Galf 

complex structure, the P306R mutation was not present. When the MtUGM: UDP-F4-Galf and 

MtUGM: UDP-Galp complex structures, where P309R mutation is present, were compared to the 

MtUGM: UDP-F2-Galf complex structure, the solvent exposed loop H300-K309 was shifted in the 

structure with bound UDP-F2-Galf inside (Figure 7-20). The change in the loop can be explained 

by absence of the arginine mutation that makes this loop more flexible. In conclusion, a comparison 

of the various structures showed that presence of the P306R mutant stabilizes two loops, making 

them more rigid while the presence of the original proline residue makes these regions more 

flexible.  
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Figure 7-20: Superposition of the MtUGM structures in the presence UDP-F2-Galf (magenta), UDP-F4-Galf (cyan), 

and UDP-Galp (green) to show shift in the solvent exposed loop H300-K309. Pictures are generated by PyMOL 

version 1.8.6. PDB accession codes 4RPG and 4RPK. 
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Chapter 8: Conclusions and Future Directions  

 

8.1 Conclusions 

Structural, inhibition, computational docking, and binding studies provided important 

information on MtUGM. In my thesis, I was able to fill the knowledge gap in the two main research 

questions that were addressed to study the allosteric and active sites of MtUGM. The first question 

addressed the role of the allosteric site residues in MS-208 inhibition, binding, and in transmission 

of the allosteric site signal to the active site and UDP-Galp binding. The second question addressed 

the role of W166 and R261 residues in the closure of domain 2 upon UDP-Galp binding. 

To answer the first question, I was able to determine the catalytic activity and structure-

function relationships between nine allosteric site mutants (R249A, E321A, D322A, D324A, 

R257A, P246A, W260A, Y253A, and P326A) of MtUGM and the MS-208 inhibitor by performing 

computational docking, inhibition assays, and CD analysis. Computational docking showed a 

decrease in the ChemPLP scores of the allosteric site mutants compared to the wild type MtUGM. 

Next, comparisons of the obtained kinetic parameters revealed that binding of MS-208 in this site 

was less favorable in these mutants. D322A and Y253A mutants were not inhibited by MS-208, 

and as a result they were assigned as essential residues for MS-208 inhibition. CD analysis revealed 

that the content of the secondary structural elements of the eight mutants were similar to the wild 

type. The introduced mutations presumably did not disrupt the secondary structure of the enzyme 

and enzyme activity was not lost. Only P246A had different secondary structure and did not show 

any activity in the kinetic assay. I performed crystallization trials for the nine allosteric site mutants 

to evaluate the difference in the active and allosteric sites of these mutants compared to the wild 

type. Performed research will lead to the development of inhibitors that can bind to the allosteric 

site of MtUGM. The crystal structure of MtUGM in the presence of MS-208 was not determined. 

To continue research and enable crystallization, I conducted kinetic analyses and computational 

docking to test various UGM species (DrUGM, 
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KpUGM, and EcUGM) for the presence of an allosteric site. This site might be present in the 

DrUGM protein. Inhibition studies showed that MS-208 acts as competitive inhibitor of DrUGM. 

The logical next step would be the determination of the crystal structure of DrUGM with MS-208 

which could lead to the discovery of the first approximation of the MS-208 allosteric binding to a 

UGM species. In the Sanders laboratory, we had optimized a fluorescence-based binding assay 

using ANS as a fluorophore. This assay was used to understand why the D322A and Y253A 

mutants were not inhibited by MS-208 by determination of the Kd values for MS-208 bound to 

MtUGM enzyme and these mutants. Earlier, we were not able to tell the difference between lack 

of binding and lack of allosteric site signal to the active site for these mutants using a kinetic assay. 

In addition, the rest of the allosteric site mutants (R249A, E321A, D324A, R257A, P246A, 

W260A, and P326A) were tested to determine which of them would bind MS-208 the strongest. 

The collected data did not fit any known binding models and Kd values for MS-208 were not 

calculated. However, the optimized binding assay can be used for screening potential inhibitors of 

MtUGM instead of performing time consuming inhibitory assays.  

To answer the second question, I continued to study the active site of MtUGM to understand 

the regulation of the domain 2 closure by W166 and R261 upon UDP-Galp binding. The docking 

score and kinetic values showed that when the side chains of these residues were truncated, UDP-

Galp was not able to bind in the most productive conformation for catalytic conversion. 

Furthermore, to look at the mutant, I was able to determine the holo W166A crystal structure. This 

structure helped to understand changes in the active site of MtUGM as a result of the removal of 

the cation- interactions between W166 and R261. In brief, the active site of the W166A mutant 

was in a more open conformation compared to holo MtUGM. Also, comparison to the holo 

MtUGM structure showed that some regions in the mutant structure were more flexible. A notable 

shift was recorded in the A-loop and A167-P170 region. When the cation- interactions were 

removed, a different position of the R261 side chain was also noted for the holo W166A structure. 

Consequently, the clash between R261 and domain 2/loop 2 was removed in the W166A mutant. 

A comparison to the MtUGM: UDP-Galp complex showed a different position for the H65 active 

site residue. This was explained by the redox state of FAD, as was previously observed for 

eukaryotic UGMs. Lastly, I crystalized MtUGM in the presence of the UDP-F2-Galf analog. This 

is the second available structure of the substrate with Galf. This structure in the presence of a 
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fluorosugar nucleotide will help to test the effect of fluorination position/motif on binding to 

MtUGM and aid in designing better inhibitors.  

 

8.1.1 Allosteric site  

Chapter 3 of this thesis contains the results of research that was conducted on the allosteric 

site of MtUGM using MS-208 inhibitor. To probe the allosteric site, I mutated nine residues using 

site-directed mutagenesis. Next, I designed and conducted experiments to fully understand the role 

of these amino acids for MS-208 binding, inhibition and transmission of the allosteric site signal 

to the active site, and binding of the UDP-Galp substrate. Multiple modes of MS-208 binding into 

the allosteric site mutants were determined. Also, I discovered that MS-208 inhibits the nine 

mutants differently. All of these residues contributed to the inhibition and binding of MS-208 to 

MtUGM. Importantly, the Y253 and D322 residues have been identified as significant in providing 

MS-208 inhibition in the allosteric site. The KM value of Y253A mutant was five times lower than 

the wild type. Computational docking showed that Y253 might make a hydrogen bond with MS-

208. The introduced mutation prevented the inhibitor from binding to the allosteric site and 

improved binding of the substrate in the active site. The KM values for most of the mutants were in 

the range of the wild type except for D324A, D322A, and E321A were the KM values two-fold 

lower. This can be explained by considering that any mutation to the allosteric site A-loop 

improved the binding of UDP-Galp in the active site and weakened the allosteric site signal.  

Next, I performed co-crystallization of the allosteric site mutants in the presence of UDP-

Galp and MS-208. However, I was able to crystallize only two allosteric site mutants, R257A and 

E321A. When the crystal structures were solved, only the FAD and the UDP portion of the 

substrate were present in the active sites and the allosteric sites were unoccupied. Solved crystal 

structures helped to look inside of the allosteric and active sites of the mutants. From the obtained 

crystal structures of the mutants, it can be said that the presence of the substrate and the mutation 

in the allosteric site might be preventing the binding of MS-208 into the allosteric site. In addition, 

MS-208 behaved as competitive inhibitor for these two mutants. Competitive type of inhibition 

can be presented by two situations. Firstly, MS-208 can be bound in the active site when these 

mutations are present in the allosteric site. Secondly, MS-208 binds to the allosteric site and 

prevents UDP-Galp from binding in the catalytically productive mode in the active site. It is 
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possible that MS-208 competes with the substrate for the active site and this is the reason why MS-

208 was not bound to MtUGM.  

In Chapter 4, Kp, Ec, and Dr species of UGM were tested with MS-208 inhibitor to 

determine the presence of the allosteric site within these species. The allosteric site and A-loop 

were most conserved to MtUGM for DrUGM and least conserved for EcUGM. To support the 

presence of the allosteric site in DrUGM, I performed inhibition assays of DrUGM with MS-208 

and determined competitive type inhibition. Multiple attempts to solve the crystal structure of wild 

type MtUGM in the presence of MS-208 were performed. If in the future, the crystal structure of 

MtUGM in the presence of MS-208 could not be solved, then attempts to crystalize DrUGM with 

MS-208 can be performed and the first structure for UGM enzyme with an occupied allosteric site 

can be determined.  

Chapter 5 presented the results and discussion for optimization of the fluorescence-based 

binding assay using ANS as a competitive binding probe to calculate the MS-208 binding constant. 

This assay was used to determine why inhibition was not observed in the presence of Y253A and 

D322A mutants. We were not able to determine the binding constants for the MS-208 inhibitor in 

the wild type MtUGM and the mutants because of the inner filter effect, ANS was instead used as 

direct probe for binding to MtUGM protein. Results from the fluorescence, kinetic, and docking 

studies showed that ANS binds and inhibits the wild type enzyme. Next the allosteric site mutants, 

Y253A and D322A, were tested to understand their role in ANS inhibition and determine whether 

ANS inhibits MtUGM in the same way as MS-208. Kinetic assays showed that ANS behaves as a 

competitive inhibitor for these mutants. Consequently, ANS does not inhibit MtUGM in the same 

way as MS-208.  

 

8.1.2 Active site  

In Chapter 6 and 7, studies on the active site of MtUGM were conducted. I was able to 

determine the role of the active site residues, W166 and R261, in the loop 2 closure upon UDP-

Galp binding. The introduction of the mutations, W166A and R261A, revealed that the efficiency 

of the wild type enzyme is higher than of the mutated enzymes. These results showed that when 

the cation-π interaction between W166 and R261 did not exist in the open form of the enzyme, the 

substrate was still able to bind to the active site. However, the obtained kinetic values were higher 

in KM and lower in kcat compared to the wild type, which indicated slower catalysis and low affinity 
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binding of UDP-Galp. This might be the reason why I was only able to obtain the holo W166A 

structure even though co-crystallization with UDP-Galp was performed. This could be considered 

evidence that the substrate binds weakly to the active site of W166A. The solved holo W166A 

structure helped to understand the role of the W166 residue in the active site and show the new 

position of H65 and R261 residues in this site.  

At the moment, the crystal structure of the MtUGM in the presence of UDP-Galf is 

unavailable. However, I was able to solve the MtUGM: UDP-F2-Galf complex structure, which is 

the second known structure of Galf analog that can be used to predict binding mode of the substrate, 

UDP-Galf.   

The results reported in this thesis on MtUGM active and allosteric sites have opened up 

new research directions and questions for future work. 

 

8.2 Future Work Directions 

 

8.2.1 Crystallization of the wild type and allosteric site mutants of MtUGM in the presence 

of MS-208 inhibitor and modification of MS-208 to improve its solubility 

Two future work directions that are discussed in this subsection are related to the 

completion of the study on the allosteric site of MtUGM. Until now, trials to determine the crystal 

structure of MtUGM in the presence of MS-208 have been unsuccessful. This structure would 

confirm the presence of the allosteric site and show any changes that may happen to the active site 

upon inhibitor binding. Additionally, the crystal structures of Y253A and D322A mutants with 

MS-208 would also help to explain why inhibition by MS-208 was not observed for these allosteric 

site mutants.  

As was mentioned previously, poor solubility and weak binding to the allosteric site of the 

MS-208 inhibitor could have prevented co-crystallization of MS-208 with MtUGM. A more 

soluble version of MS-208 may need to be designed to enable structural studies and make it 

possible to solve the crystal structures of MtUGM with modified structures of MS-208. To improve 

solubility of MS-208, we can add charged groups such as carboxyl, hydroxyl and amine groups to 

the N1-phenyl ring. These modifications were not investigated previously in the published 

papers.52, 58 When crystallization trials will be performed, improved solubility will allow for higher 

concentrations of the compounds in the crystallization drops. As a result, we will achieve desired 
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concentration of the compounds that eventually will saturate the protein and will lead to binding 

of these compounds into the allosteric site.  

 

8.2.2 Determination of the allosteric site in the Kp and EcUGMs 

During my research, I have compared Ec, Kp, and DrUGMs with MtUGM to identify the 

potential allosteric sites within different prokaryotic species. Docking results showed that the 

potential allosteric sites might be present within these species. Next, I have performed an inhibition 

assay of DrUGM in the presence of MS-208 and discovered that MS-208 inhibits this enzyme. We 

can hypothesize that MS-208 can inhibit Ec and KpUGMs. To test the hypothesis, we can perform 

an inhibition assay to find out if MS-208 inhibits these enzymes. Subsequently, we can continue 

structural studies and perform crystallization with the species. If crystallization would be 

successful, we can determine how MS-208 binds in the allosteric site of these species and what 

amino acids are participating in the binding and orientation of the inhibitor. Based on the obtained 

structural information we would be able to build a more accurate model of the binding of MS-208 

in the MtUGM enzyme.  

 

8.2.3 Determination of the binding site of the newly discovered ANS inhibitor and implication 

of ANS in further research 

In the Sanders laboratory, we were able to adapt a fluorescence binding assay that can be 

used to calculate the binding constant for potential inhibitors that can be bound to the allosteric site 

of MtUGM. It was then discovered that ANS inhibits MtUGM. However, the binding site of ANS 

has not yet been determined. So far, I tested the Y253 and D322 allosteric site mutants in the 

presence of ANS. The results showed that residues Y253 and D322, that are important for 

inhibition and probably binding of MS-208, are not participating in ANS inhibition in the allosteric 

site. Additionally, the observed competitive type of inhibition suggests that ANS might be bound 

to the active site of MtUGM. The crystal structure of MtUGM in the presence of ANS needs to be 

solved to determine the binding site of ANS.  

Based on the obtained results, it is not clear where ANS binds in the MtUGM structure. 

While crystallization trials will be performed to solve the MtUGM: ANS complex, we can continue 

to study other UGM prokaryotic species. We can perform docking studies, inhibition assays, and 

crystallization with Kp, Ec, and DrUGMs to determine if ANS binds and inhibits the other 



 

 

150 

prokaryotic species. Based on the obtained results, we can predict how ANS binds in the UGMs 

enzymes, and further it would help to design a binding model of the MtUGM: ANS complex.  

One more future work direction that can involve ANS ligand is to continue the search for 

the potential inhibitors of the MtUGM. The designed ANS assay can be used to screen the 

commercial libraries of the compounds. Successful identification of the ligands that potential can 

behave as inhibitors would help us to discover new allosteric or active site inhibitors of MtUGM.  

 

8.2.4 Determination of the W166A: UDP-Galp, R261A: UDP-Galp complex structures and 

holo R261A structure  

I was able to solve the holo W166A crystal structure. However, to fully draw conclusions 

about how W166 and R261 amino acids are involved in the regulation of loop 2 closure upon UDP-

Galp binding to the active site, the W166A: UDP-Galp, R261A: UDP-Galp complexes and the 

holo R261A structure need to be determined. In addition, we will need to understand what causes 

the hinge-bending closure that takes place in the active site and how it is related to the A-loop 

movement from the allosteric site.  

 

8.2.5 Role of His-loop flipping in prokaryotic MtUGM 

Newly solved MtUGM crystal structures had some important differences that were not 

recorded previously. The active site loop (H60-F67) has shifted and residues A64 and H65 have 

rotated 180, repositioning H65 into the substrate binding site. This had not been recorded 

previously in prokaryotic UGMs. However, this His-loop flipping has been observed for eukaryotic 

UGMs. It is suggested that this is related to the redox state of the cofactor.93 To understand why 

this His-loop flipping takes place in prokaryotic MtUGM crystal structures, W166A: UDP-Galp, 

R261A: UDP-Galp, allosteric site mutants and MtUGM complex structures in the presence of 

fluorinated analogues need to be determined at higher resolutions with oxidized and reduced states 

of the cofactor. Additionally, the P306R mutation was absent in newly solved crystal structures. 

We can hypothesize that the presence of P306R mutation prevented the His-loop flipping. Further 

determination of crystal structures that I mentioned above, will make it possible to evaluate this 

hypothesis.  
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