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ABSTRACT 

 
Galactofuranose (Galf) is the five membered ring form of galactose.  It is found on the 

cell wall and surface of many pathogens including Mycobacterium tuberculosis, 

Aspergillus fumigatus, Leishmania major, and Trypanosoma cruzi.  Galf has been 

implicated in pathogenesis in these organisms; thus the biosynthetic pathway of Galf is a 

target for drug design.  Galf is synthesized by the enzyme UDP-galactopyranose mutase 

(UGM), which converts UDP-galactopyranose (UDP-Galp) to UDP-galactofuranose 

(UDP-Galf).  Solving the mechanism and structure of UGMs will aid in the development 

of specific inhibitors against these enzymes.  Herein we present the detailed functional 

analysis of UGMs from A. fumigatus, T. cruzi, and L. major.  The mechamism and 

structure these eukaryotic UGMs were examined by steady-state kinetics, rapid-reaction 

kinetics, trapping of reaction intermediates, fluorescence anisotropy, and X-ray 

crystallography.   The mechanism first involves reduction of the required flavin by 

NADPH, followed by UDP-Galp binding and subsequent SN2 attack by the flavin on 

galactose displacing UDP to form a flavin N5-C1 galactose adduct.  Next, the galactose 

ring opens forming an iminium ion allowing isomerization to occur.  Lastly, the product 

is released and UGM is available to bind another substrate or be reoxidized by molecular 

oxygen.  The three-dimensional structure of A. fumigatus UGM was solved using X-ray 

crystallography in four conformations: oxidized in complex with sulfate ions, reduced, 

reduced in complex with UDP, and reduced in complex with UDP-Galp, giving valuable 

information on the unique features of eukaryotic UGMs including features important for 
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oligomerization and for substrate binding.  The novel mechanism and structure provide 

valuable information for the development of specific inhibitors of eukaryotic UGMs.   
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CHAPTER 1 

 Introduction 

Flavoproteins are most commonly known for their redox, oxidase, and monooxygenase 

activites [1].  However, new classes of flavoproteins have been identified to catalyze acid/base 

reactions and novel non-redox reactions [2].  The enzyme UDP-galactopyranose mutase (UGM) 

is a flavoprotein responsible for the isomerization of UDP- -D-galactopyranose (UDP-Galp) to 

UDP- -D-galactofuranose (UDP-Galf) [3].   UDP-Galf serves as the precursor molecule for Galf 

found on the cell wall and cell surface of many pathogens.  UGM has been shown to be a good 

drug target for several pathogens including: Mycobacterium tuberculosis, Leishmania major, 

Trypanosoma cruzi, and Aspergillus fumigatus [4-7].  Prokaryotic UGMs have been studied in 

detail, however little has been known about eukaryotic UGMs.  Also until recently the 

mechanism of UGM was controversial as the proposed role of the flavin acting as a nucleophile 

in the reaction was unprecedented.  This thesis reviews the literature on Galf and Galf 

biosynthesis in A. fumigatus, L. major, and T. cruzi and presents our work on the UGMs from 

these species.  

Galf and proteins involved in Galf biosynthesis have been shown to be important for 

virulence, host-pathogen interactions, and normal cellular morphology [8-10].  Chapter 2 reviews 

the literature on the biosynthesis of Galf, structures of Galf containing oligosaccharides, and the 

importance of Galf and Galf biosynthesis for survival of the kinetoplastids, L. major and T. cruzi.   

Similarly, chapter 3 focuses on Galf and Galf biosynthesis in the fungi A. fumigatus and A. niger.   

The eukaryotic UGMs from A. fumigatus (AfUGM), L. major (LmUGM), and T. cruzi 

(TcUGM) have been recombinantly expressed, purified, and examined mechanistically and 

structurally.  There have been two proposed mechanisms for UGM, both of which show the 
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required reduced flavin acting as a scaffold for isomerization by forming a flavin N5-C1 

galactose adduct (Chapter 6, Scheme 2)  [11, 12].  In one mechanism, the adduct is formed by a 

nucleophilic attack and in the second mechanism the adduct is formed by single electron transfer 

[11-14].  A summary of the previous studies conducted to determine the mechanism is outlined 

in Chapter 6 where a complete mechanism for eukaryotic UGMs is proposed using TcUGM as a 

prototype.  The proposed mechanism shows the flavin attacking the C1 of galactose by an SN2 

reaction forming the flavin-galactose adduct which allows for ring opening and isomerization.  

AfUGM also is unique as it maintains a half-reduced state which allows it to remain active in 

oxidizing environments (Chapter 4).     

The three-dimensional structure of eukaryotic UGMs was also solved.  While the active 

site and core structure of UGMs are relatively conserved, there are several structural elements 

unique to eukaryotic UGMs which are important for activity and oligomerization as described in 

Chapter 7.  The quaternary structure is also shown to differ between species: prokaryotic UGMs 

are dimers, while the eukaryotes L. major and T. cruzi posses monomeric UGMs (Chapters 5 & 

6, respectively), A. fumigatus was found to be tetrameric (Chapters 4 & 7) [15].   

The work presented here is important for developing our understanding of the unique 

chemistry of this new class of flavoproteins.  This work will also aid in the development of 

specific inhibitors for eukaryotic UGMs, which will lead to treatments of the diseases 

aspergillosis, leishmaniasis, and Chagas’ disease.   
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Abstract

Cell surface proteins of parasites play a role in pathogenesis by modulating mammalian 

cell recognition and cell adhesion during infection. -Galactofuranose (Galf) is an important 

component of glycoproteins and glycolipids found on the cell surface of Leishmania spp. and 

Trypanosoma cruzi. -Galf-containing glycans have been shown to be important in parasite-cell 

interaction and protection against oxidative stress. Here, we discuss the role of -Galf in 

pathogenesis and recent studies on the Galf-biosynthetic enzymes: UDP-galactose 4’ epimerase 

(GalE), UDP-galactopyranose mutase (UGM), and UDP-galactofuranosyl transferase (GalfT). 

The central role in Galf formation, its unique chemical mechanism, and the absence of a 

homologous enzyme in humans identifies UGM as the most attractive drug target in the -Galf -

biosynthetic pathway in protozoan parasites.
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1. D-Galactofuranose 

D-Galactofuranose ( -Galf) is the five-member ring isomer of galactose (Figure 1). This 

rare sugar was initially found in several human bacterial pathogens including Mycobacterium 

tuberculosis, Escherichia coli, Salmonella typhimorium, and Klebsiella pneumoniae [1-4]. In M. 

tuberculosis, -Galf is found in the arabinogalactan layer where it links the pepitidoglycan and 

mycolic acid layers [1].  In E. coli and K. pneumoniae, it is present in the O antigen, while in S. 

typhimorium it is found in the T antigen [2-4]. In all of these organisms, the enzyme UDP-

galactopyranose mutase (UGM) serves as the sole biosynthetic source of -Galf as it is 

responsible for converting UDP-Galp to UDP-Galf (Figures 2 and 3) [5-10].  UDP-Galf serves as 

the precursor molecule of -Galf, which is attached to the various components of the cell surface 

by galactofuranosyl transferases (GalfTs) (Figure 2) [11, 12]. UGMs and GalfTs are not found in 

humans, therefore, they have been examined as potential drug targets.   

Deletion of the genes coding for UGM or GalfTs have shown that these proteins are 

essential in M. tuberculosis, highlighting the importance for Galf in bacteria [13]. Studies have 

also been conducted to identify inhibitors for M. tuberculosis UGM [14-17].  These studies 

showed that specific inhibitors of M. tuberculosis UGM were able to prevent mycobacterium 

growth and, therefore, validated Galf biosynthesis as a drug target against mycobacteria [14].  

-Galf has also been shown to be present in fungi [18-21]. In the human pathogen Aspergillus 

fumigatus, it is found in four components of the cell wall: galactomannan, glycoprotein 

oligosacchrides, glycophosphoinositol (GPI) anchored lipophosphogalactomannan (LPGM), and 

sphingolipids [18, 22].  Deletion of the UGM and the Galf transporter genes in Aspergillus spp. 

resulted in attenuated virulence, increased temperature sensitivity, and thinner cell walls [23, 24].   

Galf is also present in protozoan parasites and is a virulence factor [25]. In Leishmania spp., it is 
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present in the lipophosphoglycan (LPG) and in glycoinositolphospholipids (GIPLs). In T. cruzi, 

Galf is found in the GIPLs and glycoprotein oligosaccharides [26, 27]. This review focuses on 

current knowledge on the biosynthetic pathway of -Galf and its role in the pathogenesis of T. 

cruzi and Leishmania spp. 

Figure 2.1  Structures of -D-Galactopyranose and -D-Galactofuranose. 

1.1 Overview of T. cruzi and Leishmania spp. T. cruzi is the causative agent of Chagas’ disease, 

which often develops severe cardiac complications in patients with the chronic form of the 

disease [28]. In the T. cruzi life cycle, the parasite undergoes three developmental stages as it is 

transmitted from the insect vector (triatomine bug) to mammals: trypomastigote (vector feces 

and mammalian bloodstream), epimastigote (vector midgut), and amastigote (mammalian 

smooth muscle) [29]. Leishmania spp. are the causative agents of leishmaniasis, which can 

manifest in three forms--visceral, cutaneous, or mucocutaneous--depending on the speices [30].  

In the Leishmania spp. lifecycle, there are two stages:  the amastigote (mammalian host 

macrophages) and the promastigote stage (vector (sand fly) midgut) [30].   

Current treatments are limited due to toxic side effects and cost, therefore new drugs are 

needed [31-33]. Lifecycle progression of both T. cruzi and Leishmania spp. is associated with 

changes in the carbohydrate composition on the cell surface.  These changes are important for 

mediating host-pathogen interactions.  Galf levels and Galf-containing glycans are shown to be 

modulated throughout the parasite life cycle and are important for pathogenesis [26, 34-36].  As 
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Galf biosynthesis has been shown to be an attractive drug target for other pathogens, enzymes 

involved in this pathway may also prove to be ideal drug targets for the treatment of Chagas’ 

disease and leishmaniasis.  

 

2. Biosynthesis of Galf in kinetoplastids

The biosynthesis of Galf begins with the uptake and metabolism of D-galactose (Gal). 

Gal is an epimer of glucose that differs only by the orientation of the hydroxyl group at the 

carbon 4 position. Gal is a component of lactose in milk, is present in grains and beets, and can 

be utilized for energy after conversion to D-glucose (Glc). Gal is also a major component of 

glycans, present in proteins and lipids in most organisms, ranging from bacteria to mammals. 

The metabolism of Gal occurs via the Isselbacher or Leloir pathways (Figure 2). In the Leloir 

pathway, Gal is converted to glucose-6-phosphate (Glc-6-P), an intermediate in glycolysis 

(Figure 2A). After Gal is transported into the cytoplasm by hexose transporters it is 

phosphorylated by galactokinase (GalK). Phosphorylation of Gal prevents its transport out of the 

cell. Gal-1-phosphate (Gal-1-P) is then coupled to uridyl diphosphate by galactose-1-phosphate 

uridyltransferase (GalPUT) yielding two products, UDP-Gal and Glc-1-phosphate (Glc-1-P). 

UDP-Gal, is converted to UDP-glucose (UDP-Glc) by UDP-glucose-4-epimerase (GalE). Glc-1-

P is isomerized to Glc-6-P by phosphoglucomutase (PGM) [37, 38]. In the Isselbacher pathway, 

Gal-1-P can be directly converted to UDP-Gal by the enzyme UDP-sugar-pyrophosphorylase 

(USP) (Figure 2B) [39].  These pathways contribute to the pool of UDP-Gal required for the 

biosynthesis of glycocalyx.   

In Leishmania spp., galactose has been shown to be obtained from the environment by 

hexose transporters through radioactive labeling assays and both the Leloir and Isselbacher 
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pathways function to maintain proper levels of UDP-Gal in the cell [40].  The Isselbacher 

pathway is present in L. major due to the wide substrate specificity of USP, which can convert 

many sugars to the corresponding UDP-sugar including glucose, galactose, galacturonic acid, 

and arabinose [41].  The wide range of substrate specificity has been explored by 

crystallographic studies and has been attributed to a larger active site that can alter conformations 

of residues involved with sugar binding and the flexibility of the sugar-binding loop [42].  

Deletion of the USP gene in L. major showed that the protein is nonessential and demonstrates 

that since the Leloir and Isselbacher pathways are redundant, proteins involved with the 

formation of UDP-Gal are not essential for Leishmania spp. survival [41, 43].   In T. cruzi and 

Trypanosoma brucei, galactose cannot be obtained from the environment because it is not 

recognized by the hexose transporters; therefore, these parasites rely on the action of GalE from 

the Leloir pathway for the direct conversion of UDP-Glc to UDP-Gal for galactose [37, 44, 45].  

In both T. cruzi and L. major, UDP-Gal is converted to UDP-Galf by UGM (Figure 2C and 3) 

[7]. UDP-Galf is the substrate for several UDP-galactofuranosyl transferases, which decorate 

many glycoproteins and glycolipids on the cell surface of T. cruzi and L. major.   
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Figure 2.2 Biosynthetic pathways of Galf.  A.  In the Leloir pathway, Gal is transported to the 
cytoplasm where it is converted to galactose-1-phosphate by galactokinase (GK). Galactose-1-
phosphate uridyl tranferase (GalPUT) and UDP-Glc-4’-epimerase (GalE) are involved in the 
synthesis of UDP-galactose.  B.  Alternatively, galactose can be directly converted to UDP-
galactose by the Isselbacher pathway by UDP-sugar pyrophosphorylase (USP). C.  UDP-
Galactose is then converted to UDP-Galf by UDP-Galactopyranose mutase (UGM) and UDP-
Galf is subsequently added to the glycocalyx by Galactofuranosyl transferases (GalfT).  
 

 
Figure 2.3 Reaction catalyzed by UDP-Galactopyranose mutase (UGM).

2.1 Galactofuranose-containing proteins and lipids. Galf is found in many major components of 

the glycocalyx of Leishmania spp. and T. cruzi.  In Leishmania spp., Galf is found in the 

lipophosphoglycan (LPG) and in glycoinositolphospholipids (GIPLs), while in T. cruzi, Galf is 

found in the GIPLs and glycoprotein oligosaccharides (Figure 4) [26, 27].  In this section, we 

will describe the structure and role in pathogenesis of known Galf-containing glycoconjugates.   
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2.1.1 Lipophosphoglycan (LPG) from Leishmania spp. LPG from Leishmania spp. has four 

components: a phosphoinositol lipid, a core oligosaccharide, phosphoglycan (PG) repeat units, 

and a cap (Figure 4A).   -Galf is found in the core structure where it plays a role in connecting 

the PG repeat units to the phospholipid [35, 46]. LPG has been found to be important for 

adhesion to the sandfly midgut, resistance to the human complement C3b, protection from 

oxidative stress, and prevention from phagosomal transient fusion [47-50].  
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Figure 2.4  Structures of Galf containing glycans of Leishmania spp. and T. cruzi.  A.  Structure 
of LPG from Leishmania spp.  B. Structures of GIPLs from T. cruzi, including the previously 
annotated LPPG and GIPL-A C.  Structures of GIPL-1-3, A from L. major and L. mexicana.  D. 
Selected subset of structures of O-linked glycans found in both T. cruzi strains G and Tuhulan.   
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2.1.2 Glycoinositolphospholipids (GIPLs). GIPLs are free glycosylated phospholipids found in 

many kinetoplastids. Those found in Leishmania spp. and T. cruzi are considered unique due to 

the presence of -Galf (Figure 4B and C) [26, 51-54].  GIPL structure is species and strain 

dependent and varies in expression levels throughout the life stages of the parasite [55-58].  

GIPLs from Leishmania spp. are thought to be precursor molecules for the synthesis of the LPG 

core structure [59].  L. major GIPL-1 has been shown to be involved in parasite-host interactions 

and is thought to play an important role in establishing infection [57, 60].   

GIPLs from T. cruzi include a class of phospholipids previously identified as 

lipopeptidophosphoglycans (LPPGs) [61-63].  The LPPGs were originally considered a separate 

class from the GIPLs due to the presence of contaminating amino acids during their purification; 

these amino acids have since been identified as part of the NETNES (a glycoprotien composed 

of 13 amino acids with up to 5 post-translational modifications found on the cell surface of T. 

cruzi) [27, 64].  The importance of GIPLs in T. cruzi is revealed by studies that show it plays a 

role in antigenicity, both with rabbit and human sera [36, 53].  The antigenicity is thought to be 

primarily due to the terminal -Galf residues either from the GIPLs or the O-linked mucins, as 

removal of -Galf results in decreased levels of antigencity [36, 53, 65].  It has also been shown 

that GIPLs play a role in attachment of the parasite to the luminal midgut of the vector Rhodnius 

prolixus [55].  T. cruzi modulates this interaction by altering GIPL expression levels during its 

life cycle, as epimastigotes have much higher expression of GIPLs than trypomastigotes [55, 65, 

66]. 

 

2.1.3 N- linked glycans. -Galf is found in mannose N-linked oligosaccharides in several species 

of trypanosomatid flagellates including T. cruzi, Leptomanas samueli, Herpetomnas 
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samuelpessoai, Crithidia fasciculate, and Crithidia harmosa [36, 67-70].  In T. cruzi, Galf has 

been identified in the 80-90 kDa glycoproteins found in the trypomastigote [36].  The glycan 

structures have been solved for L. samueli, C. fasciculate, and C. harmosa and are shown to be 

species dependent [67, 69].  - Galf units are found as terminal sugars linked to mannose 

residues in high mannose type N-linked glycans [67, 69].  The role of N-linked glycans has 

currently not been largely explored for T. cruzi.   

 

2.1.4 T. cruzi O- linked glycans and mucins. T. cruzi mucins are a family of GPI-linked 

glycoproteins with high levels of O-linked glycosylation [71].   Several studies have been 

conducted to determine the composition of the oligosaccharides bound to Thr and Ser residues in 

these glycoproteins [72-76].   In T. cruzi, the O-glycans are not linked to N-acetylgalactosamine 

as in mammals and other organisms; instead, they are linked to N-acetylglucosamine [77].  It has 

been demonstrated that these glycans vary highly among T. cruzi strains and -Galf is a 

component of the glycan structures of T. cruzi strains G, Tulahuen, and Dm28c; however, -Galf 

is not found in T. cruzi strains CL-Brener  and Y (Figure 4E) [72-74, 78, 79]. These mucins play 

an important role in parasite-host interaction by both protecting against host defense mechanisms 

and ensuring targeting of specific cells and tissues [71, 77].   

 

3. Galactofuranose is a virulence factor in kinetoplastids   

It has been shown that incubation of L. major or T. cruzi with Galf-specific antibodies 

block parasite binding to macrophages or mammalian cells, resulting in a 50-80% decrease in 

infection rates [60, 66, 80, 81]. It was further shown that the antibody specifically bound to the 

-Galf present in GIPLs of T. cruzi and GIPL-1 of L. major [60, 66].  This suggests that -Galf 
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and the GIPLs of T. cruzi and GIPL-1 of L. major play a role in cell adhesion and infection.  

Furthermore, it was shown that macrophages incubated with p-nitrophenol- -Galf were infected 

80% less by L. major, while macrophages incubated with p-nitrophenol- -Galp saw no decrease 

in infectivity [60].   Together, these results confirm that -Galf plays an important role in 

parasite-host interaction and suggest that -Galf biosynthetic enzymes are potential drug targets.  

 

3.1 UDP-glucose 4’-epimerase (GalE). In T. cruzi, GalE is the first protein required for Galf 

biosynthesis [82].  GalE is classified as a short-chain dehydrogenase/reductase (SDR) with a 

conserved Tyr-X-X-X-Lys motif and a characteristic Rossmann fold structure for NAD+ binding 

[38, 83].  GalE is a homodimer that consists of two domains, an N-terminal domain with the 

Rossmann fold, and a C-terminal domain that binds the substrate, UDP-Glc [84, 85].  The 

catalytic site is located in the cleft between the two domains [84, 85].  The mechanism is shown 

to be conserved across species and involves the deprotonation of the Glc O4’ hydroxyl and 

hydride transfer from the C4 carbon of Gal to NAD+ [84, 85].  The intermediate 4-keto sugar 

rotates in the active site and NADH transfers back the hydride to the opposite face forming UDP-

Gal [84, 85].  

Mutant strains of T. brucei and T. cruzi with  deletion of the galE gene have not been 

obtained suggesting that Gal metabolism is essential for parasite survival [45, 82, 86, 87].  

Conditional null mutants were created in T. brucei using tetracycline-regulated expression [45, 

86].  Studies with this strain showed that removal of tetracycline from the trypomastigote 

parasite led to cell death and decreased Gal surface-expression levels by 30% [45, 86].  These 

studies showed that upon Gal starvation, Gal was eliminated from T. brucei variant surface 
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glycoprotein (VSG) and from poly-N-acetyllactosamine-containing glycoproteins causing cell 

growth to cease and differentiation to a stumpy-like form, ultimately leading to cell death [87].  

Single galE knockout mutants of T. cruzi epimastigotes were also constructed [82].  These cell 

strains showed several phenotypic differences including shortened flagella and agglutination, 

which is thought to be the result of a lack of surface mucins [82].  Interestingly, these cell strains 

show a preference for expressing high levels of Galf containing GIPLs over Galp mucins, whose 

expression levels were reduced 6-9 fold, suggesting that levels of Galf is preferentially 

maintained in the glycocalyx over Galp [82]. In Leishmania spp., Gal can be obtained from 

extracellular sources, presumably by a family of hexose transporters [40, 88]. Thus, GalE is not 

essential in these parasites. 

Studies have been undertaken to identify novel inhibitors that specifically target the GalE 

of T. brucei [89, 90].  Using high-throughput screens and computer modeling experiments, 

inhibitors that showed preference to T. brucei GalE over human GalE were identified [89, 90].  

However, when these compounds were tested in vitro with T. brucei and either mammalian CHO 

cells or liver (MRC5) cells, these compounds either were cytotoxic to both the parasite and 

mammalian cells or that the compound was ineffective against T. brucei [89, 90].  These studies 

suggest that, while GalE remains a potential drug target, there will be many difficulties in 

designing specific inhibitors for the treatment of these diseases without unwanted side effects.   

 

3.2 UDP-galactopyranose mutase (UGM). UGM is a flavo-dependent enzyme that catalyzes the 

conversion of UDP-Galp to UDP-Galf.  UGM was first identified in Escherichia coli K-12 in 

1996, and since then it has been identified in several other pathogenic microorganisms including 

M. tuberculosis, L. major, T. cruzi, and A. fumigatus [5-8].  Interestingly, while T. cruzi produces 
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UGM the related T. brucei does not and as a result, T. brucei does not produce Galf [70].  UGM 

has been found to be the sole biosynthetic source of Galf and, since it is not found in mammals it 

is considered an ideal drug target. 

Deletion of the UGM gene in L. major shows that this enzyme plays an important role in 

pathogenesis [25].  In the absence of UGM, L. major mutants were completely depleted of Galf, 

lacked LPG PG repeats, and contained truncated forms of GIPLs [25]. Furthermore, mice 

infection by L. major lacking Galf was significantly attenuated [25]. As previously mentioned, 

deletion of UGM also showed that Galf is a virulence factor in A. fumigatus and Aspergillus 

nidulans [23, 91].  These studies show the importance of UGM and validate this enzyme as a 

drug target in protozoan and other eukaryotic human pathogens.   

Although the reaction catalyzed by UGM does not involve a net redox change for the 

conversion of UDP-Galp to UDP-Galf, the reaction requires the flavin cofactor to be in the 

reduced form [92, 93]. Structural and mechanistic studies of the prokaryotic UGM have led to 

two proposals for the ring contraction mechanism (Figure 5). One mechanism depicts the 

reduced flavin acting as a nucleophile, attacking the anomeric carbon (C1) of Gal to form a 

flavin N5-C1 Gal adduct [94].  This adduct has been isolated and characterized in the prokaryotic 

UGM from K. pneumoniae [94, 95].  The other proposed mechanism involves a single electron 

transfer from the reduced flavin to Gal, which then forms the sugar-flavin adduct [96].   

Several structures have been solved for prokaryotic UGMs, in both oxidized and reduced 

states with and without substrate bound, providing excellent groundwork for the development of 

specific inhibitors [95, 97, 98]. The structure of prokaryotic UGMs show that it is a homodimer 

and a mixed /  class protein with 3 domains: an FAD-binding domain with a typical Rossmann 

fold, a 5-helix bundle, and a 6-stranded anti-parallel -sheet [98, 99].  The structures of the 
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reduced protein with substrate bound show that Gal is properly positioned for interaction with 

the flavin [95, 98]. 

Much less is known about the mechanism and structure of eukaryotic UGMs. These 

enzymes share low sequence identity and the presence of inserts in the primary structure predicts 

significant structural differences (Figure 6). In fact, comparison of the oligomeric states between 

prokaryotic and eukaryotic UGMs indicates that quaternary structures vary among species (Table 

1) [100]. Furthermore, our group, as well as others, have demonstrated that known inhibitors of 

prokaryotic UGMs are not effective or have decreased potency against L. major, A. fumigatus, 

and T. cruzi UGMs [7, Appendix B]. Therefore, mechanistic and structural work is urgently 

needed on the eukaryotic enzymes.  

Table 2.1  UDP-galactopyranose mutases 
Species Amino acids % identitya Oilgomeric state Reference 
E. coli 367 100 Dimer [99] 
M. tuberculosis 399 44 Dimer [97] 
L. major 491 15 Monomer Chapter 5 
T. cruzi 480 15 Monomer Chapter 6 
A. fumigatus 510 14 Tetramer [100] 

aIdentity to the E. coli enzyme 

 
Figure 2.5 Proposed chemical mechanism for UGMs [92-96]. Nucleophilic attack by the 
reduced flavin (1) leads to a flavin-galactose adduct (2). This step can either occur via an SN1 or 
SN2 reaction. Alternatively, the flavin can transfer one electron to a galactose oxocarbenium ion, 
forming a sugar and flavin radical that can also form the flavin-galactose adduct. Formation of a 
flavin iminium ion leads to sugar ring opening (4).  Sugar ring contraction occurs by attack of the 
C4 hydroxyl to the C1-carbon (5). The final step is the bond formation to UDP (6).  
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Figure 2.6 Multiple sequence alignment of UDP-galactopyranose mutases. Conserved amino 
acids found in the active site of bacterial UGM are marked with a star and those involved in 
flavin binding are marked with arrowheads. Abbreviations: Mt, M. tuberculosis, Ec, E. coli; Kp, 
K. pneumoniae; Tc, T. cruzi; Lm, L. major; Af, A. fumigatus; The program Clustal W was used 
to generate the alignment and Espript 2.2 to create the figure [109]. 

3.3 UDP-galactofuranose transferases. UDP-Galf is synthesized in the cytosol by UGM and is 

transported into the Golgi where it is attached to the LPG and GIPLs by galactofuranosyl 
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transferases (GalfT) [101].  Currently, all known linkages of Galf in T. cruzi and Leishmania spp. 

are in the  anomer configuration.  The most extensively studied GalfT is LPG-1 from L. major 

and L. donovani. Studies on LPG-1 have revealed that it is localized to the Golgi apparatus, 

where it adds the -Galf to the core LPG structure [101, 102].  LPG-1 is a metal 

glycosyltranferase with typical conserved motifs including a cytoplasmic tail, a transmembrane 

domain, and a DXD metal-binding motif [103].  Mutants with the deletion of lpg-1 gene in both 

L. major and L. donovani show LPG-1 to be important for LPG formation.  These deletion 

studies show LPG-1 is responsible for the addition of Galf to LPG and does not play a role in the 

addition of Galf in the GIPLs [102, 104]. Due to the lack of LPG, this lpg-1 deletion strain 

displayed attenuated virulence in L. major [102, 104]. These studies showed that LPG-1 could 

serve as a drug target in L. major.  

There are no published studies on the GalfT from T. cruzi.  In order to identify GalfTs in 

T. cruzi, a BLAST search was conducted using LPG-1 from L. major as a template, and more 

than 30 putative proteins annotated as -GalfTs in the T. cruzi genome were identified [105, 

106].  The top 10 putative GalfT sequences from the T. cruzi BLAST search were aligned with 

the L. major and L. donovani LPG-1 showing high sequence identity between these proteins 

(Figure 7).  These sequences all contain the proposed catalytic site and demonstrate redundancy 

of the genes [103].  While only 10 sequences were analyzed here, the other sequences also 

showed high sequence identity and conservation of the proposed catalytic site.   Redundancy of 

GalfTs are common in many different species, as often different transferases are used for each 

linkage type based on anomericity, bond linkage, and the substrate acceptors for Galf  [107].  

Due to the high number of GalfTs in T. cruzi, targeting GalfTs for drug design most likely would 

not be effective.   
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Figure 2.7  Alignment of L. major LPG-1 (XP001683753), L. donovani LPG-1 (ADG26596), L. 
mexicana LPG-1 (CAB6682), and ten putative T. cruzi GalfTs.  Putative T. cruzi GalfTs were 
identified by BLAST search using L. major LPG-1 as the probe. The active site residues are 
shown in brackets and the metal binding motif is represented with asterisks. The alignment was 
created as indicated in Figure 6. 
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4. Concluding Remarks

 To cause infection, protozoan parasites must recognize the mammalian host environment, 

bind and infect the target cells, and evade the immune system. Undoubtedly, the cell surface of 

these pathogens plays important roles in these processes. Current drugs are able to kill most of 

the parasites during treatment; however, these treatments do not eliminate all the parasites, 

presumably because they can “hide” in the intracellular forms. Modification of the cell surface 

sugar composition will alter the mechanism of infection. Enzymes involved in the biosynthesis 

of Galf have been shown to play a role in parasite growth and pathogenesis. GalE is essential for 

growth in T. cruzi and T. brucei, while UGM and LPG-1 are important virulence factors in L. 

major [25, 82, 102].  Due to the presence of a GalE homolog in humans, compounds that inhibit 

this enzyme have toxic side effects. Furthermore, this enzyme is not important for virulence in 

Leishmania spp. UGM plays a central role in Galf biosynthesis and is the only source of UDP-

Galf, which is the substrate for all the GalfT that attach Galf to the final sugar-acceptor 

molecules. Consequently, UGM emerges as an attractive drug candidate, as no homolog is found 

in humans [108]. The unique chemical structure of UGM suggests that specific inhibitors can be 

identified. Targeting UGM in T. cruzi and L. major will affect their virulence in humans and 

perhaps allow the immune system to effectively clear the parasite. Alternatively, inhibition of 

UGM will enhance the activity of other anti-parasitic drugs. Such combination therapy might be 

necessary to combat these complex eukaryotic human pathogens.  
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CHAPTER 3 

D-Galactofuranose in Aspergillus spp. 

Abstract

Aspergillosis is caused by the fungus Aspergillus fumigatus and includes both allergic 

bronchopulmonnary aspergillosis (ABPA) and invasive pulmonary aspergillosis (IPA) [1].  

These diseases affect immuno-compromised patients including those with organ transplants, 

AIDS, and cystic fibrosis [2, 3].  These infections require early detection and treatment as they 

are associated with a high mortality rate [4].  New drugs are currently needed as treatments are 

limited and often ineffective [1].  D-galactofuranose (Galf) biosynthesis has become an attractive 

drug target for A. fumigatus as Galf has been shown to be important for virulence, normal 

conidiation, and normal cellular morphology [5-7].  The role of Galf and the identification of 

Galf in the cell wall of A. fumigatus and the closely related Aspergillus niger has become an area 

of interest for drug discovery to help develop new drugs for the treatment of aspergillosis.  This 

chapter will explore the biosynthesis of Galf and the localization and physiological role of Galf 

in fungi.   

 

1. Galf Biosynthesis in Aspergillus spp.

Galf biosynthesis in Aspergillus spp. is initiated by the uptake of galactose by hexose 

transporters (Figure 1).  Galactose is then converted to UDP-galactopyranose (UDP-Galp) by 

galactokinase (GK) and galactose-1-phosphate uridyl transferase (GalPUT) [8].  UDP-Galp can 

also be obtained by directly converting UDP-glucose (UDP-Glc) to UDP-Galp by the enzyme 

UDP-glucose-4’-epimerase (GalE) [8, 9].   UDP-Galp is then converted to UDP-Galf by UDP-

galactopyranose mutase (UGM) [10-12].  As UDP-Galf is made in the cytosol by UGM, it must 
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be transported to the Golgi by the UDP-Galf transporter (UGT) where it then is transferred to 

different oligosaccharides found on the cell surface by Galf transferases (GalfTs) [7, 13]. Lastly, 

the Galf containing oliogosacchrides are transported to the cell surface by vesicle transport.   

 

 
Figure 3.1  Overview of Galf biosynthesis in Aspergillus spp.  Galactose is uptaken from the 
environment by hexose transporters and converted to UDP-Galp by galactokinase (GK) and 
galactose 1- phosphate uridyl transferase (GalPUT).  UDP-Galp can also be obtained by 
converting UDP-Glc to UDP-Galp by UDP-glucose-4’-epimerase (GalE).  The pool of UDP-
Galp is then isomerized to UDP-Galf by UDP-galactopyranose mutase (UGM).  UDP-Galf is 
transported into the Golgi by UDP-Galf transporter (UGT), where it is then transferred to various 
oligosaccharides (shown as dashed line) by galactofuranosyltransferases (GalfTs).  The Galf-
oligosaccharides are then transported to the cell surface by vesicle transport.   
 
 
2.  Galf in A. fumigatus and A. niger 

 In A. fumigatus and A. niger Galf is found in the galactomannan, N-linked and O-linked 

glycoprotein oligosaccharides, and glycosylinositolphosphoceramides (GIPCs) [14-16].  This 

section presents the structure of Galf-containing oligosaccharides and the role of Galf in these 

olgiosaccharides (Figure 2).   
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2.1 Galactomannan.  Galactomannan is a polysaccharide produced by Aspergillus spp. which is 

widely present on the cell wall as a structural support [17, 18].  It is found soluble in media, 

glycosylphosphatidylinositol (GPI) anchored, or covalently linked to the cell wall 1-3 glucan 

network [17, 19].  Galactomannan is composed an -(1 2)-linked mannopyranose dimer with 

branches at the 6 position containing 4-5 -Galf residues linked (1 5), although differences in 

branching patterns of the mannose and Galf  have been reported (Figure 2A) [20].  These 

variations are commonly attributed to differences in strains and growth media of the Aspergillus 

[14, 18, 20, 21].  Galactomannan is found to be immunogenic due to the presence of the -Galf 

residues.  Several monocolonial antibodies from sera have been identified to recognize the Galf 

residues suggesting the importance for Galf in host-pathogen interactions [19, 20].  These 

monocolonial antibodies have been shown to be specific for Galf and are used as the primary 

means of detection of A. fumigatus infections in patients [19, 20, 22, 23]. 

 
Figure 3.2  Structures of oligosaccharides containing Galf in A. fumigatus and A. niger.  A) 
Galactomannan of A. fumigatus. B) N-linked glycans found in either A. niger (left) or A. 
fumigatus (right).  C) O-linked glycans from A. fumigatus.  D) Selected GIPCs containing Galf 
from A. fumigatus.   
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2.2 N-linked glycans.  N-linked glycans are present on many glycoproteins secreted by both A. 

fumigatus and A. niger [6, 21].  The structures of N-linked glycans have been solved for two 

proteins (phospholipase C and phytase) in A. fumigatus and for a common N-linked glycan in A. 

niger (Figure 2B) [6, 21].  In all of these structures, Galf is found linked at the terminal non-

reducing end of a mannose and N-acetylglucosamine core [6, 21].  The Galf of the N-linked 

glycans is found to be important for recognition of A. fumigatus by human sera and is shown to 

be antigenic [21].     

 

2.3 O-linked glycans.  The structures of the O-linked glycans found in A. fumigatus include -

(1 6) manosyl chains that can be capped with various lengths of Galf residues (Figure 2C) [24].  

These glycans are found to be antigenic, with the strongest affect attributed to the Galf 

component [24].  It was found that de-O-glycosylation of A. fumigatus decreased human sera 

reactivity by 50% [24].   It was also shown that incubating free oligosaccharides of the same 

structure of the O-glycans with human sera and A. fumigatus resulted in 65% decrease in 

recognition of phosphoglycomannan by human sera.  Both of these results show O-glycans are 

important for host-pathogen interactions [24].   

 

2.4 Glycosylinositolphosphoceramides.  Glycosylinositolphosphoceramides (GIPCs) are acidic 

glycosphingolipids with an inositol phosphoceramide core [25].  GIPCs are known to play roles 

in cell regulation, polarity, trafficking, stress response, and cell wall integrity [26].  GIPC chains 

are rich in mannose residues and can have short branches [25].  There have been several GIPCs 

identified that contain terminal Galf units (Figure 2D) [25, 27].  The terminal Galf residues are 

recognized by antibodies, however the role of GIPCs in immunity is currently unknown [25].   
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3.  Importance Galf Biosynthesis in A. fumigatus and A. niger

Galf is expressed primarily in swollen mature conidia, germ tubes, and phialides in both A. 

fumigatus and A. niger [28, 29].  The importance of Galf in virulence, cell morphology, and in 

temperature and fungicide sensitivities has been explored by the deleting either the UGM or 

UGT gene in both A. fumigatus and A. niger.   

The importance of UGM has been examined in detail.  UGM localization and expression 

studies showed UGM is cytosolic and highly expressed during germ tube formation by Q-

RTPCR [5, 13].  UGM was also shown to be activated during the cell wall stress response 

pathway by complementation studies [12].  Deletion of UGM in both A. niger and A. fumigatus 

show the importance for Galf as lack of UGM activity resulted in compact colony growth and 

wide highly branched hyphae [5, 6, 28, 30].  The cell walls were shown to have abnormal 

architecture; in A. niger there was an increased cell wall thickness, while in A. fumigatus the cell 

walls were reported to be thinner [6, 28, 30].  In all studies with the UGM deletion strains in A. 

fumigatus and A. niger, the colonies also showed decreased and delayed conidiation (slowed 

reproduction and growth cycle) [5, 6, 28, 30].  These studies also showed an increased sensitivity 

to temperature [6, 12].  One study with the A. fumigatus deletion strain showed attenuated 

virulence and increased sensitivities to the fungal drugs, voriconazole and nikkomycin Z [6].      

UGT transports UDP-Galf from the cytosol to the Golgi in exchange for UDP [7].  

Deletion strains of UGT were made for both A. niger and A. fumigatus.  The studies of the UGT 

deletion strains reported similar results to the studies done on the UGM deletion strains [7, 13].  

It was found that the deletion strains had compact colonies, wide highly branched hyphae, 

reduced conidiation, and increased sensitivity to temperature stress [7, 13].  The A. niger UGT 



36 
 

deletion strain also had increased cell wall thickness, attenuated virulence, and increased 

sensitivity to the fungal drug, caspofugin [13].    

These studies show both of the proteins UGM and UGT are important for normal fungal 

morphology and growth verifying the importance for Galf biosynthesis in A. fumigatus and A. 

niger and verifying these proteins are potential drug targets.   

 

4. Summary  

 Galf has been found to be incorporated into several oligosaccharides located on the cell 

wall of A. fumigatus and A. niger.  Galf is shown to interact with specific antibodies isolated 

from sera demonstrating Galf plays a role in infection.  The protein UGM is central to Galf 

biosynthesis and has been shown to be a virulence factor in A. fumigatus and A. niger proving 

UGM is an ideal drug target for fungi.  Developing an understanding of the structure and 

mechanism of UGM from Aspergillus will lead to design of new inhibitors for the treatment of 

aspergillosis.  The UGM from A. fumigatus is examined in detail in Chapters 4 and 7.   
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CHAPTER 4 

 Characterization of recombinant UDP-galactopyranose mutase from 

Aspergillus fumigatus 

Reprinted from Archives of Biochemistry and Biophysics, Vol 502 (1) Oppenheimer, M., 
Poulin, M.B., Lowary, T.L., Helm, R.F., and Sobrado, P. “Characterization of recombinant UDP-
galactopyranose mutase from Aspergillus fumigatus,” pp. 31-38, Copyright (2010), with 
permission from Elsevier. 
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Abstract

UDP-Galactopyranose mutase (UGM) is a flavin-containing enzyme that catalyzes the 

conversion of UDP-galactopyranose to UDP-galactofuranose, the precursor of galactofuranose, 

which is an important cell wall component in Aspergillus fumigatus and other pathogenic 

microbes. A. fumigatus UGM (AfUGM) was expressed in Escherichia coli and purified to 

homogeneity. The enzyme was shown to function as a homotetramer by size exclusion 

chromatography and to contain ~50% of the flavin in the active reduced form. A kcat value of 72 

± 4 s-1 and a KM value of 110 ± 15 μM were determined with UDP-galactofuranose as substrate. 

In the oxidized state, AfUGM does not bind UDP-galactopyranose, while UDP and UDP-glucose 

bind with Kd values of 33 ± 9 μM and 90 ± 30 μM, respectively. Functional and structural 

differences between the bacterial and eukaryotic UGMs are discussed.  
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1. Introduction  

Human pathogenic fungi of the genus Aspergillus are responsible for severe human 

diseases ranging from allergic reactions and lung infections to sepsis and death [1]. There are 

hundreds of members of the Aspergillus genus, but only a few have been identified as pathogenic 

to humans, with A. fumigatus and A. niger being the most common [1, 2]. Among the diseases 

related to Aspergillus infection, allergic bronchopulmonary aspergillosis (ABPA) and invasive 

pulmonary aspergillosis (IPA) represent significant health threats to immunocompetent and 

immunocompromised persons [3, 4]. IPA infections are commonly observed in patients 

receiving chemotherapy, organ transplants, and in late-stage AIDS [4]. A 0.3% to 5.8% increase 

in IPA infections in patients admitted to intensive care units (ICUs) has been reported in recent 

years and IPA infections are accompanied by a high mortality rate (50-70%) [5].  

 Chemotherapeutic treatments against Aspergillus spp. include compounds that inhibit the 

biosynthesis of cell wall components such as -1, 3-glucan. Inhibition of cell wall biosynthesis 

renders the fungi more susceptible to osmotic stress, leading to cell lysis [6]. Cell wall 

biosynthesis in Aspergillus spp. is an attractive target for chemical intervention since enzymes in 

this biosynthetic pathway are absent in humans [7]. A major component of the cell wall of A. 

fumigatus is galactofuranose (Galf), the 5-membered ring form of galactose [8]. The presence of 

Galf in A. fumigatus has been known for many years and was first identified as a component of 

galactomannan by immunodetection in patients suffering from IPA [9].  Galf has also been 

shown to be a major component of saccharide structures in secreted molecules, membrane lipids, 

and glycosyl phosphoinositol (GPI)-anchored lipophosphogalactomannan in Aspergillus spp. [9]. 

In bacteria, the biosynthesis of Galf has been well characterized and involves the action of UDP-

galactopyranose mutase (UGM), a flavin-dependent enzyme that catalyzes the conversion of 
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UDP-galactopyranose (UDP-Galp) to UDP-galactofuranose (UDP-Galf) (Scheme 1) [10]. UGM 

homologues have been identified in eukaryotic organisms such as A. fumigatus, A. niger, 

Leishmania major, and Trypanosoma cruzi [11-13]. A. fumigatus UGM (AfUGM) has been 

shown to be an important virulence factor. Screening for genes involved in cell wall biosynthesis 

in A. niger identified UGM activity as important in cell wall biogenesis [14]. Deletion of the 

AfUGM gene leads to attenuated virulence, diminished cell wall thickness, and increased 

sensitivity to antifungal agents [13]. These results clearly indicate that AfUGM is an attractive 

target for the identification of new antifungal drugs. Here, we report the functional expression 

and characterization of the recombinant AfUGM enzyme.  

 

 

Scheme 4.1  Reaction catalyzed by AfUGM 

2. Materials and Methods 

2.1 Materials. UDP and UDP-galactopyranose were purchased from Sigma (St Louis, MO). 

Accuprime polymerase, TOP-10, and BL21TIR chemical competent cells were obtained from 

Invitrogen (Carlsbad, CA). The restriction endonucleases SgfI and PmeI were obtained from 

Promega (Madison, WI) and plasmid miniprep and PCR purification kits were from Qiagen 

(Valencia, CA). All other buffers and chemicals were purchased from Fisher Scientific 

(Pittsburgh, PA). Expression plasmids, pVP55A and pVP56K, were obtained from the Center for 

Eukaryotic Structural Genomics, University of Wisconsin, Madison [15].  
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2.2 Subcloning. The gene coding for A. fumigatus UGM cloned into pET21 was obtained from 

Dr. Françoise H. Routier (Hannover Medical School, Hannover, Germany). The gene was 

amplified by PCR using 5’-ggttgcgatcgccatgacccaccccgatatctccg-3’(SgfI site is underlined) as the 

forward primer and 5’-aaaagtttaaacttactgggccttgctcttggc-3’ (PmeI site is underlined) as the 

reverse primer. After electrophoreses in a 0.8% agarose gel, the PCR product was excised and 

purified using a Qiagen PCR clean-up kit. The purified product was digested with the restriction 

enzymes SgfI and PmeI for 40 min at 37 °C. The product of this reaction was ligated into the 

plasmids pVP55A and pVP56K, which were previously treated with SgfI and PmeI. The AfUGM 

gene cloned in pVP55A was expressed as a fusion protein to an 8x-His tag. In pVP56K, the gene 

was cloned for expression as a fusion protein to an 8x-His-maltose binding protein (8x-His-

MBP) [16]. In both plasmids, the gene was under control of the T5 promoter and could be 

induced by addition of isopropyl- -thiogalactopyranoside (IPTG). pVP55A provides resistance 

to ampicillin and pVP56K provides resistance to kanamycin [15].  

2.3 Protein Expression.  Cell growth was performed in media containing either 25 g/ml 

kanamycin or 100 g/mL ampicillin, depending on whether the cells were transformed with 

pVP56K or pVP55A, respectively. Plasmids containing the AfUGM gene were transformed into 

chemically competent BL21T1R cells and plated onto Luria-Bertani (LB) agar plates 

supplemented with the appropriate antibiotic and incubated overnight at 37 C. A 60 ml 

LB/antibiotic culture was inoculated with a single colony and incubated at 37 C with agitation 

(250 rpm) overnight. The next day, 6 flasks each containing 1.5 L of LB/antibiotic were 

inoculated with 10 mL of overnight culture and incubated at 37 C with agitation (250 rpm). Cell 

growth was monitored by measuring the optical density at 600 nm (OD600) until a value of 0.6 
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was reached, at which point IPTG was added to a final concentration of 0.200 mM to induce the 

expression of the recombinant AfUGM enzyme. Cells were harvested by centrifugation at 5000g 

for 20 min after 4 h induction at 20 C. The final cell pellet was stored at -80 C. This procedure 

typically yielded ~ 30 g of cell paste. Expression of AfUGM cloned in pVP56K was also done 

using auto-induction medium following previously published protocols [17]. Using auto-

induction, the final yield of cell paste was ~60 g from 6 L of auto-induction medium.   

 

2.4 Protein purification. Cell pellets (~30 g) were resuspended in 150 ml of 25 mM HEPES, 300 

mM NaCl, and 20 mM imidazole at pH 7.5 containing 25 μg/mL each of lysozyme, DNase, and 

RNase, and 1 mM phenylmethylsulfonyl fluoride (PMSF) and stirred for 30 min at 4 C. 

Resuspended cells were disrupted by sonication with pulse-rest cycles, 5s on-10 s off, for a total 

of 3 min. During sonication the solution was kept on ice. Unlysed cells and insoluble proteins 

were precipitated by centrifugation at 30,000g for 45 min at 4 C. The resulting supernatant was 

loaded onto a nickel immobilized affinity chromatography (IMAC) column previously 

equilibrated in 20 mM HEPES, 300 mM NaCl, and 20 mM imidazole at pH 7.5. Three column 

volumes of the same buffer were used as a wash step. Bound proteins were eluted with an 

imidazole gradient from 20 to 300 mM in the same buffer. Fractions that contained AfUGM 

were easily identified due to the bright yellow color characteristic of flavoproteins and by SDS-

PAGE analysis. To remove the fusion tags, 8x-His-MBP-AfUGM or 8x-His-AfUGM were 

treated with 6x-His-tobacco etch virus (6x-His-Tev) protease (1:20 ratio) overnight at 4 C with 

slow stirring. The resulting sample was centrifuged at 30,000g for 20 min to pellet denatured 

proteins. The supernatant was diluted 4-fold and loaded back onto the IMAC, and the flow-

through containing AfUGM was collected. This sample was concentrated and diluted by addition 
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of 25 mM HEPES, pH 7.5, to decrease the NaCl concentration to less than 30 mM, and loaded 

onto an diethyl amino ethyl (DEAE) ion exchange chromatography column equilibrated with 25 

mM HEPES, pH 7.5. A gradient from 0 to 400 mM NaCl was used to elute the bound proteins; 

AfUGM eluted early in the gradient (~80 mM). Fractions containing AfUGM were pooled, 

concentrated, and stored at -80 C.  

 

2.5 UV-visible spectrophotometry. The spectrum of recombinant AfUGM was recorded using an 

Agilent 8453 UV-visible spectrophotometer. The spectrum shows peaks at 278 nm, 373 nm, and 

450 nm with a shoulder at 470 nm (Figure 1). 

 

2.6 Flavin oxidation/reduction studies.  AfUGM (10-15 μM) was reduced by addition of excess 

dithionite and spectra were monitored until all excess dithionite was consumed.  The cuvette was 

exposed to air to allow the reduced enzyme to react with molecular oxygen. The spectra were 

recorded for at least 30 min. After no further flavin oxidation was observed, 0.5 mM UDP or 

UDP-Galp was added to the reaction and monitored for 15 min until no further changes in the 

flavin spectrum were observed. To determine the extinction coefficient, protein was heat 

denatured at 95 oC for 10 min and centrifuged in a table top centrifuge for 10 min to pellet the 

precipitated protein.  A spectrum of the resulting solution was recorded.   

 

2.7 Activity Assay. The activity of recombinant AfUGM was tested by monitoring the formation 

of UDP-Galf from UDP-Galp by HPLC. The assay was performed in 0.1 mL of 25 mM HEPES, 

125 mM NaCl, 20 mM dithionite, 0.5 mM UDP-Galp at pH 7.5, and the reaction was initiated by 

addition of 50 nM AfUGM. Concentration of AfUGM was determined using the flavin 
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extinction coefficient at 450 nm, 450= 10.6 mM-1cm-1. The reaction was incubated at 37 C for 

10 min and terminated by heat denaturation, 95 oC for 5 min, in a DNA engine thermo cycler 

(BioRad, Hercules, CA) . The resulting mixture was injected on a PA-100 (Dionex) HPLC 

column on a Shimadzu Prominence UFLC with a flow rate of 0.8 mL/min. The sample was 

eluted isocratically with 75 mM KH2PO4, pH 4.5. Absorbance at 262 nm was monitored to 

identify fractions containing substrate and product. Under these conditions, UDP-Galp eluted at 

24.8 min and UDP-Galf at 31.5 min. The extent of conversion was determined by comparing the 

integration of the substrate and product peaks (as the extinction coefficients for both the product 

and substrate are the same at 262 nm). Activity of AfUGM was also monitored in the reverse 

direction, monitoring UDP-Galf isomerization to UDP-Galp.  UDP-Galf was synthesized using 

published protocols [18, 19].  Increasing amounts of UDP-Galf (20- 800 μM) were incubated 

with 50 nM AfUGM for 1 min at 37 oC, then the reaction was stopped by heat denaturation at 95 

oC for 5 min. The formation of UDP-Galp was determined by HPLC as indicated above.  

 

2.8 Determination of active redox state. To determine if AfUGM was active in the oxidized or 

reduced state, the enzyme was assayed with 0.5 mM UDP-Galp in the presence or absence of 20 

mM dithionite as described above. To ensure that AfUGM was completely oxidized, the enzyme 

was reacted with 0.5 mM of cytochrome c, ferricyanide, or dichloroindophenol (DCIP) before 

the activity was measured.  

 

2. 9 Molecular weight determination. The molecular mass of the recombinant AfUGM in 

solution was determined using size-exclusion chromatography. The purified AfUGM was loaded 

onto a Superdex 200 column (GE Healthcare) equilibrated with 25 mM HEPES at pH 7.5 
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containing 125mM NaCl. Using a set of protein standards (aproprotein (6.5 kDa), ribonuclease 

(13 kDa), carbonic anhydrase (29 kDa), ovalbumin (43 kDa), canolbumin (75 kDa), aldolase 

(158 kDa), and ferritin (440 kDa)), a standard curve was obtained by plotting the log of 

molecular weight versus Kav for the standards [20]. The molecular weight of AfUGM was 

determined to be 275,000  20,000 Da, suggesting that in solution AfUGM functions as a 

tetramer (57,152 Da per monomer).   

 

2.10 Fluorescence Assay. Fluorescence of AfUGM (20 M) was measured with a SpectraMax 

M5e plate reader (Molecular Devices) using 450 nm as the excitation wavelength and the 

fluorescence spectrum was obtained from 500 nm to 700 nm. Ligand binding was monitored by 

measuring the changes in fluorescence at 520 nm upon addition of UDP, UDP-Galp, or UDP-

Glucose (UDP-Glc). The data were analyzed by subtracting the fluorescence value at 520 nm in 

the absence of ligand (S), and dividing this value by the maximum fluorescence value (Smax). The 

data were fit to S= (Smax*[Ligand])/(Kd + [Ligand]) where Kd is the dissociation constant.  

 

2.11 Circular Dichroism Spectroscopy. Circular dichroism (CD) spectra were recorded on a 

Jasco J-815 spectropolarimeter. For acquisition of far-UV CD spectra, AfUGM (1.1 M) was 

placed in a buffer consisting of 10 mM potassium phosphate, pH 7.5, and 50 mM KF. 

Experiments were performed in a 1-mm path length quartz cell at room temperature. The CD 

spectra was obtained from the average of five scans from 190 to 250 nm using a bandwidth of 1-

nm and a response time of 1 s at a scan speed of 20 nm/min.  Buffer backgrounds were 

subtracted from the protein spectra. Spectra were deconvoluted to estimate secondary structure 

content with the online server DichroWeb [21].   
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2.12 Mass spectrum analysis. Purified AfUGM was precipitated by addition of equal volumes of 

methanol and precipitated by centrifugation at 10,000g. The denatured protein was washed with 

methanol to remove excess buffer and salt.  The sample was analyzed using a liquid 

chromatography electrospray ionization-mass spectrometer (LC-MS). To determine the type of 

flavin bound to AfUGM, the cofactor was removed by heating the protein at 95 C for 5 min and 

precipitating the denatured protein by centrifugation for 10 min at 10,000g. The supernatant was 

analyzed by matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass 

spectrometry. 

 

3. Results  

3.1 Expression and purification of recombinant AfUGM.  The gene coding for AfUGM was 

cloned into two plasmids, pVP55A and pVP56K, for the expression of the recombinant protein 

with two fusion tags, an 8x-His and an 8x-His-MBP, respectively. Expression was done either 

using LB or auto-induction media [17]. When AfUGM was expressed as a fusion to 8x-His, the 

protein was soluble. However, the solubility was enhanced by expression of the protein as a 

fusion to 8x-His-MBP. Recombinant AfUGM was isolated using a nickel IMAC, followed by 

removal of the fusion tag by treatment with Tev protease, which also contained an 6x-His tag. 

This allowed for the isolation of free AfUGM from the Tev and 8x-His tag by loading the sample 

back onto an IMAC and collecting the yellow flow-through.  A final step using a DEAE column 

was needed to obtain highly pure AfUGM (Figure 1). In general, the purification of 8x-His-

AfUGM yielded 2 mg of protein per gram of cell paste and a 2-fold increase was obtained with 
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8x-His-MBP-AfUGM. We generally obtained twice the amount of cell mass and purified protein 

using the auto-induction method. 

 
Figure 4.1 Spectrum of the flavin cofactor in recombinant AfUGM. The insert shows a coomasie 
stained SDS-PAGE of the purified enzyme.  
 
 
3.2 Redox active form of AfUGM.   Initial characterization of bacterial UGM reported that the 

recombinant enzyme from E. coli was active in the oxidized state [22]. Later, it was shown that 

bacterial UGMs are two orders of magnitude more active in the reduced form, demonstrating that 

this is the active state [23]. Our initial activity assays with recombinant AfUGM showed very 

surprising results. The enzyme was active in the oxidized state, only being 2-3 fold less active 

than in the reduced state, and the activity varied significantly from each protein preparation.  We 

tested the possibility that a fraction of AfUGM was partially reduced by treating the enzyme with 

the common electron acceptors ferricyanide, DCIP, or cytochrome c and then testing the activity 

after oxidation by these compounds. Results are shown in Figure 2. In the oxidized state, 

AfUGM was 30-50 % as active as in the reduced state. Upon incubating AfUGM with 

cytochrome c, the activity remained at levels similar to those in the oxidized state, indicating that 

cytochrome c does not interact with AfUGM. In contrast, upon treatment with either ferricyanide 
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or DCIP, no activity was observed with AfUGM, suggesting that these small molecules can 

accept electrons from the flavin cofactor in AfUGM, a feature observed in many flavoenzymes 

[24, 25]. AfUGM treated with either ferricyanide or DCIP is not inactivated, since the enzyme is 

active upon reduction by addition of excess dithionite (not shown). Thus, the active form of 

AfUGM is the reduced state. 

 
Figure 4.2 Determination of the active redox state of AfUGM. UDP-Galp (0.5 mM ) was 
incubated with AfUGM and 20 mM dithionite (1), AfUGM as purified (2), after reacting with 
0.5 mM cytochrome c (3),  0.5 mM [Fe(CN)6]-3 (4), or 0.5 mM DCIP (5). The samples were 
incubated for one minute and the product analyzed by HPLC as described in the Materials and 
Methods.  
 
 
3.3 Redox state of recombinant AfUGM. As indicated in the previous section, AfUGM is active 

when the flavin cofactor is in the reduced state. Interestingly, even though the recombinant 

enzyme is isolated under aerobic conditions the enzyme is ~50% as active as the fully reduced 

enzyme. Upon addition of dithionite, a spectrum corresponding to fully reduced flavin is 

obtained. Upon exposure to air, oxidation of the cofactor back to the initial oxidized state is 

observed.  Surprisingly, if the concentration of the bound flavin is measured after heat 

denaturation is performed, approximately 50% more flavin is observed (Figure 3A). These 
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results suggest that even in the presence of oxygen AfUGM is capable of stabilizing ~50 % of 

the flavin in the reduced state. Complete oxidation of the enzyme was achieved by addition of 

UDP. Binding of UDP was accompanied by changes in the flavin spectrum and oxidation of the 

total flavin bound to AfUGM (Figure 3B).  Addition of substrate also leads to oxidation 

AfUGM, however, binding of UDP-Galp did not cause changes in the flavin spectrum and the 

rate of oxidation was ~10 fold lower than with UDP. Furthermore, complete oxidation of the 

flavin was not achieved even after 20 min incubation. The ability of AfUGM to stabilize the 

reduced form of the flavin is a unique feature not previously reported in UGM enzymes. 
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Figure 4.3  Examining the oxidation state of native AfUGM.  A) Spectral changes associated 
with the oxidation of reduced AfUGM. After exposing the protein to air for 20 min, an oxidized 
flavin spectrum is observed.  This spectrum is identical to the initial spectrum before reduction 
by dithionite. The total amount of bound flavin is approximately 2-fold higher than the observed 
oxidized flavin in AfUGM. B) Effect of UDP binding to AfUGM. Upon addition of 0.5 mM 
UDP, the spectrum of the flavin changes and oxidation occurs in 2.5 min. The total oxidized 
bound flavin is similar in concentration to the total free flavin. C) Slow partial oxidation of 
bound flavin is observed upon addition of 0.5 mM UDP-Galp. The rate of oxidation was ~10-
fold slower than with UDP. In all three experiments, the total bound flavin was obtained by heat 
denaturation of the enzyme and analysis of the supernatant after centrifugation (broken lines). 
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3.4 Enzyme activity. The activity of recombinant AfUGM was determined with UDP-Galf to 

accurately measure the initial rates at various substrate concentrations. The activity of AfUGM 

follows a saturation kinetic behavior and the data was fit to the Michaelis-Menten equation 

(Figure 4). Kinetic parameters are summarized in Table 1. Although there are some differences 

in the kcat and KM values, the catalytic efficiencies of this eukaryotic UGM is within 5-fold of the 

values reported for other prokaryotic UGMs. 

 
 

 
Figure 4.4 Steady-state kinetic characterization of AfUGM. Activity determined by monitoring 
the formation UDP-Galp from UDP-Galf.  A) Chromatogram of the HPLC trace at 262 nm 
showing the elution times of UDP-Galf (31.5 min) and UDP-Galp (24.8 min). B) Initial rates of 
the formation of UDP-Galp as a function of UDP-Galf. The line is fit to the Michaelis-Menten 
equation.   
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Table 4.1 Kinetic parameters of UDP-galactopyranose mutasesa.

Species kcat, s-1 KM, μM kcat/KM, μM-1 s-1 Ref. 

A. fumigatus 72 ± 4 110 ± 15 0.65 ± 0.09 This work 

E. coli  27 22 1.22 [38] 

K. pneumoniae 5.5 ± 0.66 43 ± 6 0.12 ± 0.02 [44] 

D. radiodurans 66 ± 2.4 55 ± 7.0 1.18 [34] 
aAll the kinetic parameters are with UDP-galactofuranose as substrate in the presence of 5-20 
mM dithionite.  
 

3.5 Oligomeric state of eukaryotic AfUGM. The molecular weight of AfUGM was determined by 

size exclusion chromatography.  Our analysis shows that this protein appears to be active as a 

tetramer (Figure 5 and Table 2). For comparison, we also determined the molecular weight of 

Mycobacterium tuberculosis UGM (MtUGM). It was determined that in solution MtUGM 

functions as a dimer. This is consistent with the X-ray crystallography data showing 

homodimeric structures for MtUGM and other bacterial UGMs [23, 26]. Thus, bacterial and 

eukaryotic UGMs appear to differ in their quaternary structure. 
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Figure 4.5 Size exclusion chromatography. The elution volumes for aprotinin (1), ribonuclease 
(2), ovalbumin (3), conoalbumin (4), aldolase (5), and ferritin (6) were used to calculate the Kav 
values (Kav = (Ve – Vo)/ (Vt Vo), where Vo is the void volume of the column, Vt is the total 
volume of the column, and Ve is the elution volume of the protein). The Kav values for MtUGM 
and AfUGM are also plotted.  
 

Table 4.2 Molecular weight analysis.

Method Sample Expected 
Molecular Weight

(Da)

Observed 
Molecular Weight 

(Da)
SDS-PAGE AfUGM 57,152 55,000 

ESI-MS AfUGM 57,152 57,174  
MALDI FAD 785.55 786 

Size exclusion AfUGM 228,608 
(tetramer) 

275,000  20,000 

Size exclusion MtUGM  91,600 
(dimer) 

108,000  14,000 

 

3.6 Primary and secondary structures. Among the UGM from A. fumigatus, L. major, and T. 

cruzi, the sequence identity is between 35-50 %. In contrast, between the bacterial and 

eukaryotic enzymes the identity is less than 15%. Some of the conserved residues are those 

predicted to be in the FAD binding domain and those found to be in the active site of bacterial 



55 
 

UGMs (Figure 6). We measured the CD spectrum to obtain information about the secondary 

structure of AfUGM (Figure 7).  The spectrum shows characteristic features of folded proteins 

containing high -helix content, with a positive band at 193 nm and negative bands at 208 nm 

and 222 nm [27]. Analysis of the spectrum predicts that the protein contains 42% helix, 13% 

strand, and 45% coil.  These values are similar to the secondary structure content determined 

from known structures of bacterial UGMs (Table 3). 
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Figure 4.6 Multiple sequence alignment of UDP-galactopyranose mutases. Conserved amino 
acids found in the active site of bacterial UGM are marked with an asterisk and those involved in 
flavin binding are marked with arrowheads. Abbreviations: Mt, M. tuberculosis, Ec, E. coli; Kp, 
K. pneumoniae; Tc, T. cruzi; Lm, L. major; Af, A. fumigatus; The program Clustal W was used 
to generate the alignment and Espript 2.2 to create the figure [43]. 
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Figure 4.7 Far-UV circular dichroism spectrum of oxidized AfUGM.  

Table 4.3 Secondary structure analysis of UDP-galactopyranose mutases.

Species % Helix  % Strand % Coil 

A. fumigatus 42 13 45 

E. coli  34 21 45 

K. pneumoniae  34 22 44 

M. tuberculosis  36 18 45 

 

3.7 Ligand Binding. To determine the affinity of AfUGM to various ligands, we monitored 

changes in flavin fluorescence upon substrate binding at 520 nm (excitation at 450 nm).  Upon 

ligand binding to oxidized AfUGM, the flavin fluorescence increased (Figure 8).  This allowed 

us to calculate a Kd value for UDP and UDP-Glc (Table 4).  Binding of UDP-Galp to oxidized 

AfUGM could not be measured by monitoring flavin fluorescence as no in change fluorescence 

could be observed.   
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Figure 4.8 Flavin fluorescence changes upon ligand binding. A) Enhancement in the AfUGM 
flavin fluorescence (excitation at 450 nm) upon UDP binding. B) Binding isotherm derived from 
the ratio of flavin emission at 520 nm (S) at each UDP concentration divided by the maximum 
fluorescence (Smax) of the free AfUGM. Similar results were obtained with UDP-Glc (not 
shown).  
 

Table 4.4 Kd
 values determined by fluorescence studies of UGMs in the oxidized statea. 

Species  UDP-Galp UDP UDP-Glc Ref. 

A. fumigatus ND. 33 ± 9 90 ± 35 This work 

K. pneumoniae 220 ± 10 28 ± 5 500 ± 100 [36] 
aAll the Kd

 values are in μM.  

4. Discussion 

UGM catalyzes the conversion of UDP-Galp to UDP-Galf, the only source of 

galactofuranose in vivo [14]. This rare sugar is not found in humans and is present in many 

pathogenic bacteria, parasites, and fungi. In M. tuberculosis, the activity of the UGM has been 

shown to be essential [28]. Similarly, deletion of the UGM gene in A. fumigatus and L. major 

leads to severely attenuated virulence [13, 14, 29]. In A. fumigatus, Galf deficiency leads to a 

decrease in cell wall thickness and increased sensitivity to antifungal drugs [30]. These results 

clearly suggest that UGM is an attractive drug target against several human pathogens, from 

bacteria to fungi and protozoa. The bacterial enzyme has been studied in detail. Although the 
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reaction does not involve a net redox change, the prokaryotic UGMs have been shown to be 

active only in the reduced form [23]. Purified recombinant AfUGM is active, however, it was 

demonstrated that this activity originated from AfUGM that was partially reduced by some 

endogenous bacterial enzyme (Figures 1-3). Alternatively, the enzyme might be partially reduced 

by light during the purification procedure. 

The kinetic parameters for AfUGM determined under steady-state conditions showed that 

the activity of AfUGM is similar to previously reported values for prokaryotic UGMs (Table 1). 

The structure of the bacterial enzyme has been solved in both the inactive (oxidized) and active 

(reduced) states [23, 26]. The enzyme is a member of the /  family and is composed of two 

domains, a classic FAD Rossmann fold and a novel 5-helical domain [23].  Comparison of the 

predicted secondary structure of AfUGM with known secondary structure of bacterial UGMs 

suggests that these enzymes are structurally related (Table 2, Figure 7). However, significant 

structural differences might be present between the bacterial and eukaryotic UGMs. Size 

exclusion chromatography results indicate that AfUGM functions as a homotetramer while all 

the prokaryotic enzymes have been shown to function as dimers (Figure 5) [23, 26, 31]. Primary 

sequence alignments show low amino acid sequence identity between the prokaryotic and 

eukaryotic UGMs (less than 15% identity). Furthermore, large amino acid inserts are present in 

the eukaryotic UGMs (Figure 6). These additional sequences might be involved in modulating 

subunit interactions.  

In the bacterial UGMs, the interaction between UDP-Galp and other ligands have been 

investigated by fluorescence, saturation transfer difference-NMR (STD-NMR), and recently by 

X-ray crystallography studies [32-35]. Binding assays following changes in the fluorescence of 

the oxidized flavin in the Klebsiella pneumoniae UGM (KpUGM) have shown that binding 



60 
 

affinity for UDP is similar to the value for Af UGM, while for UDP-Glc, the affinity for the 

bacterial enzyme is only 5-fold tighter, suggesting that the mode of binding for these substrates is 

somewhat similar between the bacterial and eukaryotic UGMs. While binding of UDP-Galp to 

oxidized KpUGM was measured by monitoring changes in the flavin fluorescence, no changes 

with AfUGM upon binding of UDP-Galp were observed (Table 4). It was also observed that 

UDP binding causes changes in the spectra of the oxidized flavin and triggers the oxidation of 

the reduced flavin. In contrast, changes in the flavin spectra are not observed upon binding of 

UDP-Galp (Figure 3). Thus, this ligand either has a very low affinity or binds to AfUGM in a 

conformation that does not affect the fluorescence of the flavin. 

Thus, a different mechanism of substrate binding is employed in the eukaryotic enzymes. 

Furthermore, increase in tryptophan fluorescence upon UDP and UDP-Galp binding were also 

reported for KpUGM [36]. These changes were not observed in AfUGM, further demonstrating 

differences in the mechanism of binding/structure between the bacterial and eukaryotic enzymes 

(not shown).  

 Our results clearly show that the reduced enzyme is the active form of the enzyme and 

that AfUGM can stabilize ~50% of bound flavin in the reduced form. These results suggest a 

half-site reactivity for this unique tetrameric enzyme, where the active reduced monomers are 

protected from oxidation. UDP binding induces relatively rapid oxidation of the reduced flavin; 

however, in the presence of UDP-Galp the oxidation is ~10-fold slower and does not reach 100% 

of the total flavin. Thus, during catalysis, even under aerobic conditions, AfUGM stabilizes the 

reduced form of the flavin, which is essential for activity. The slow oxidation observed in the 

presence of UDP-Galp might be compensated by reduction by the still unknown electron transfer 

partner in vivo.   
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 The mechanism by which UGM catalyses the conversion of UDP-Galp to UDP-Galf is 

not well understood. Using oxygen positional isotope exchange (PIX), it was demonstrated that 

the glycosidic bond is broken during catalysis [37, 38]. Potentiometry studies suggest that the 

semiquinone form of the flavin is formed and stabilized by substrate binding [39]. It was also 

shown that 5-deaza-flavin substituted prokaryotic UGM is inactive, indicating that an electron 

transfer step was necessary for catalysis [40]. Recently, it was demonstrated that a covalent 

substrate-FAD adduct is formed between the anomeric carbon and the N5 atom of the flavin [41, 

42]. These data have led to two proposals describing the mechanism by which UGM catalyzes 

the FAD-dependent ring contraction to form UDP-Galf [10]. One mechanism invokes the flavin 

as a nucleophile that attacks the anomeric carbon to displace UDP [41]. The other mechanism 

involves a single electron transfer from the reduced flavin to a postulated oxocarbenium sugar 

intermediate followed by the formation of a flavin-sugar adduct [39, 40].  Availability of high 

levels of active AfUGM provides the opportunity to test the role of the flavin cofactor in this 

novel enzyme. These results will be important for the development of novel antifungal agents.  
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 Isolation and characterization of functional Leishmania major virulence 

factor UDP-galactopyranose mutase 
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Abstract

Human parasitic pathogens of the genus Leishmania are the causative agents of 

cutaneous, mucocutaneous, and visceral leishmaniasis. Currently, there are millions of people 

infected with these diseases and over 50,000 deaths occur annually. Recently, it was shown that 

the flavin-dependent enzyme UDP-galactopyranose mutase (UGM) is a virulence factor in 

Leishmania major. UGM catalyzes the conversion of UDP-galactopyranose to UDP-

galactofuranose. The product, UDP-galactofuranose, is the only source of galactofuranose 

present on the cell surface of this parasite and has been implicated to be important for host-

parasite interactions. The recombinant form of this enzyme was obtained in a soluble and active 

form. The enzyme was shown to be active only in the reduced state.  A kcat value of 5 ± 0.2 s-1 

and a KM value of 87 ± 11 μM were determined with UDP-galactofuranose as substrate. 
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Different from the dimeric bacterial and tetrameric fungal UGMs, this parasitic enzyme 

functions as a monomer. 

 

1. Introduction 

Leishmaniasis constitutes a group of diseases caused by infection of parasites from the 

genus Leishmania, which are present in more than 80 countries worldwide [1, 2].  There are 

three major forms of leishmaniasis: cutaneous, mucocutaneous, and visceral [1]. Symptoms of 

these diseases range from self-healing sores, as observed in cutaneous leishmaniasis, to infection 

of the liver, spleen, and lymph nodes, as observed in visceral leishmaniasis [3, 4]. If untreated, 

leishmaniasis can lead to severe scarring, disfigurement, and in severe cases it leads to death [3, 

4]. The World Health Organization estimates that >2 million people are infected with these 

parasites, resulting in ~50,000 annual deaths [2].  Despite the significant health threat posed by 

these diseases, there are no efficacious drug treatments or vaccinations to prevent infection by 

Leishmania spp. [5].   

The cell surface has been shown to play a role in host-pathogen interactions and aids in 

the ability of the pathogen to evade the host immune system.  Previous research has shown that 

galactofuranose (Galf) found on the cell surface of L. major plays a role in pathogenesis and in 

pathogen-host interactions [6].   Galf is a unique sugar; it is only found in parasites and other 

human pathogens and is present in cell surface lipids and proteins. Specifically, in Leishmania 

spp., Galf is found in lipophosphoglycan (LPG) and glycoinositolphospholipids (GIPLs) [7].  

LPGs are essential for adhesion of the parasite to the midgut of the insect and, therefore, are 

important for transmission of the parasite to the human host [8, 9]. Deletion of LPG in L. major 

suggests that these glycosylated structures are involved in resistance to oxidative stress and the 
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human immune system [10, 11].  While Galf containing GIPLs (specifically GIPL-1 from L. 

major) are shown to aid in establishing host infection [6, 12].  These results suggest that Galf 

plays an important role in host specific cell recognition, parasitic growth, and pathogenesis. 

Since Galf is not present in humans, the Galf biosynthetic pathway is an attractive target for the 

development of novel anti-parasitic drugs [13, 14]. In this pathway, UDP-galactopyranose 

mutase (UGM) catalyzes the conversion of UDP-galactopyranose (UDP-Galp) to form UDP-

Galf, which serves as the precursor for all the Galf found on the cell surface [15].  Deletion of the 

UGM gene in L. major (LmUGM) leads to attenuated virulence, suggesting that UGM is a 

virulence factor and a potential drug target [16, 17].  We present the functional expression and 

characterization of recombinant LmUGM, which will allow further mechanistic and structural 

studies that might lead to the identification of specific inhibitors of this enzyme. 

 

2. Materials and Methods 

2.1 Materials. UDP and UDP-Galp were purchased from Sigma (St. Louis, MO).  Accuprime 

polymerase, TOP-10, and BL21T1R chemical competent cells were obtained from Invitrogen 

(Carlsbad, CA). Restriction endonucleases SgfI and PmeI, plasmid pFN18K, chemical competent 

cells BL21(DE3), and HaloLink Resin were obtained from Promega (Madison, WI).  The 

plasmid miniprep and PCR purification kits were from Qiagen (Valencia, CA). All other buffers 

and chemicals were purchased from Fisher Scientific (Pittsburgh, PA). Expression plasmids, 

pVP55A and pVP56K, were obtained from the Center for Eukaryotic Structural Genomics, 

University of Wisconsin, Madison [18]. 
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2.2 Cloning. The LmUGM gene was provided by Dr. Françoise Routier (Medizinische 

Hochschule, Hannover, Germany) cloned into the pET22 plasmid. In this plasmid, the gene 

product appears to be toxic to BL21(DE3) cells. Therefore, the LmUGM gene was amplified by 

PCR using the forward primer ‘5-ggttgcgatcgccatgagcgctgacaaggtggtc-3’ (SgfI site underlined) 

and the reverse primer 5’- ggtcgtcgacggcctcgtaggtttaaactttt-3’ (PmeI site underlined).  After 

running the resulting PCR product on a 0.8% agarose gel electrophoresis, the DNA was excised 

and purified using a Qiagen PCR clean up kit.  This was followed by digestion with the 

restriction enzymes SgfI and PmeI for 40 min at 37 oC, then heat inactivation for 25 min at 65 oC.  

The digested PCR product was then ligated into the plasmids pVP55A, pVP56K, and pFN18K, 

which were previously treated with SgfI and PmeI.  Cloning was designed for the expression of 

an N-terminus tagged fusion protein.  In pVP55A, the gene was expressed with an 8x-His tag, in 

pVP56K, the gene was expressed with an 8x-His tagged maltose binding protein (MBP), and in 

pFN18K, the gene was expressed with a HaloTag [19, 20].  In the vectors pVP55A and pVP56K, 

the inserted gene was under the control of the T5 promoter and in pFN18K, the inserted gene 

was under control of the T7 promoter. Both promoters can be induced by the addition of 

isopropyl- -thiogalactopyranoside (IPTG).  pVP55A provides resistance to ampicillin and both 

pVP56K and pFN18K provide resistance to kanamycin.   

 

2.3 Protein expression. Cell growth was done in the presence of either 25 μg/mL kanamycin or 

100 μg/mL ampillicin depending on whether the cells contained pVP56K, pFN18K, or pVP55A. 

BL21T1R cells were transformed with pVP55A and pVP56K containing the LmUGM gene, 

while BL21(DE3) cells were transformed with the plasmid pFN18K containing the LmUGM 

gene. The transformed cells were plated onto Luria-Bertani (LB) agar plates with the appropriate 
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antibiotic.   A single colony was used to inoculate a 50 mL LB culture containing the appropriate 

antibiotic and incubated at 37 oC with agitation at 250 rpm overnight.  The next morning, 15 mL 

of the overnight culture was used to inoculate each of 3 flasks containing 1 L of LB.   The flasks 

were incubated at 37 oC with 250 rpm agitation until the optical density at 600 nm (OD600) 

reached a value of 0.6, at which point 1 mM IPTG was added to each culture to induce the 

expression of the recombinant LmUGM enzyme.  The temperature was reduced to 15 oC to 

increase solubility of the LmUGM enzyme. Four hours after induction, the cells were harvested 

by centrifugation at 5000g for 15 min and the resulting cell pellets (~4.5 g) were stored at -80 oC 

until purification.  LmUGM expressed in pVP55A and pVP56K was found to be insoluble. 

Expression of LmUGM in pVP56K was also performed using auto-induction medium to test if 

protein solubility was increased [21].  Using auto-induction medium, the yield of cell paste was 

~60 g from 6 L of medium.   

 

2.4 Protein purification by metal affinity chromatography. Cell pellets from auto-induction (~60 

g) were resuspended in 150 mL 25 mM HEPES, 300 mM NaCl, 5 mM Imidazole, pH 7.5 

containing 25 μg/mL each of lysozyme, DNase, and RNase.  The resuspended cells were mixed 

for 30 min at 4 oC and cells were disrupted by homogenization (Nano DeBEE, BEE 

International) at 16,000 psi.  The resulting lysate was then centrifuged at 30,000g for 30 min at 4 

oC to remove the unlysed cells and insoluble proteins.  The supernatant was collected and loaded 

onto a 5 mL nickel immobilized metal affinity chromatography (IMAC) column (GE Healthcare) 

previously equilibrated with buffer A (25 mM HEPES, 300 mM NaCl, 5 mM Imidazole, pH 7.5).  

The column was washed with three column volumes of buffer A and LmUGM was eluted with 

buffer A containing 300 mM imidazole.  The 8x-His tag and MBP were removed by treating the 
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fusion protein with 6x-His- tobacco etch virus (6x-His-Tev) protease (1:20 ratio LmUGM:Tev) 

overnight with slow stirring at 4 oC.  The resulting sample was centrifuged at 30,000g for 20 min 

to pellet small amounts of denatured proteins. The supernatant was diluted 4-fold and loaded 

onto a nickel IMAC. The 8x-His-MBP and 6x-His-Tev remained bound to the column, and the 

flow-through containing LmUGM was collected. This sample was concentrated and diluted by 

addition of 25 mM HEPES, pH 7.5, to decrease the NaCl concentration to less than 30 mM, and 

loaded onto a diethyl amino ethyl (DEAE) ion exchange chromatography column (GE 

Healthcare) equilibrated with 25 mM HEPES, pH 7.5. A gradient from 0 to 400 mM NaCl was 

used to elute the bound proteins; LmUGM eluted later in the gradient (~250 mM NaCl).  

Fractions containing LmUGM were pooled, concentrated, and stored at -80 oC. 

 

2.5 Protein purification with HaloTag. Cell pellets (~4.5 g) were resuspended in 20 ml of 25 mM 

HEPES, 125 mM NaCl, pH 7.5, containing 25 μg/mL each of lysozyme, DNase, and RNase.  

The resuspended cells were lysed and a total volume of 75 mL of supernatant was obtained as 

indicated above. Approximately 30 mL of supernatant were mixed with 5 mL HaloLink resin for 

1 h at room temperature.  The resin was then precipitated by centrifuging at 1,000g for 5 min at 4 

oC and supernatant was removed.  The resin was then washed three times with 10 mL of 50 mM 

HEPES, 150 mM NaCl, pH 7.5.  The resulting resin was resuspended with 2.5 mL of 50 mM 

HEPES, 150 mM NaCl, pH 7.5 and LmUGM was cleaved from the HaloTag by addition of 5 mg 

6x-His-Tev protease. After incubation for 2 h at room temperature, the resin was precipitated by 

centrifugation at 2,500g for 5 min and the resulting supernatant containing free LmUGM was 

saved.  The resin was washed with 1 mL 50 mM HEPES, 150 mM NaCl, pH 7.5 and the 

supernatant was also saved.   6x-His-Tev was removed by passing the supernatant on a 1 mL 
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nickel IMAC (GE Healthcare) column.  Since LmUGM does not contain a His-tag it is collected 

in the flow through and TEV remains bound to the column. Analysis of the final product by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) indicated that the 

LmUGM sample was homogeneous. The sample was concentrated and stored at -80 oC.   

 

2.6 UV-visible spectrophotometry. The spectrum of recombinant LmUGM was recorded using an 

Agilent 8453 UV–visible spectrophotometer. The spectrum shows similar features to other UGM 

proteins with a bound flavin cofactor, with peaks at 276, 377, and 448 nm with a shoulder at 474 

nm [22].   

 

2.7 Activity Assay. The activity of recombinant LmUGM was tested with UDP-Galf as the 

substrate following procedures previously described [22]. The protein concentration was 

calculated using the LmUGM flavin extinction coefficient at 450 nm ( 450 = 10 mM-1 cm-1). 

 

2.8 Molecular weight determination. The solution molecular weight was determined using size-

exclusion chromatography. Purified LmUGM  (10 μg) was loaded onto a Superdex 200 column 

(GE Healthcare) equilibrated with 50 mM phosphate buffer at pH 7.2 with 150 mM NaCl. Using 

a set of protein standards (aproprotein (6.5 kDa), ribonuclease (13 kDa), carbonic anhydrase (29 

kDa), ovalbumin (43 kDa), canolbumin (75 kDa), aldolase (158 kDa), and ferritin (440 kDa)), a 

standard curve was obtained by plotting the log of molecular weight versus Kav for the standards 

[23].  
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3. Results and Discussion 

3.1 Expression and Purification of LmUGM.  LmUGM was expressed using three plasmids: 

pVP55A, pVP56K, and pFN18K.  It was found that expression of LmUGM in pVP55A with 

only an 8x-His tag led to completely insoluble protein whether expressed in LB or auto-induction 

media.  However, when expressed by auto-induction as an N-terminal fusion to MBP in pVP56K 

it was partially soluble.  The protein was purified first using nickel IMAC as affinity 

chromatography for the 8x-His Tag on the N-terminus of the MBP.  The resulting protein was 

treated with 6x-His-Tev to remove the 8x-His-MBP tag.  The protein was loaded back over a 

nickel IMAC to remove both the 8x-His-MBP and 6x-His-Tev.  LmUGM eluted in the flow 

through and was further purified by passing over a DEAE column.  The resulting protein was 

only ~70-80% pure, and the amount of protein recovered from 6 L auto-induction media (60 g 

cell paste) was only 3-4 mg.   

 To increase protein solubility, recovery, and purity, LmUGM was expressed as a Halo-

tagged protein in the pFN18K plasmid.  This system expresses the protein of interest as a fusion 

to a catalytically inactive derivative of Rhodocococus haloalkane dehalogenase (DhaA) [20]. 

This protein has been modified to form covalent bonds to chloroalkane-conjugated resins [20]. In 

addition, the 35-kDa DhaA protein was engineered to enhance the solubility of the fused protein 

[20]. LmUGM was found to be partially soluble when expressed as an N-terminal fusion to 

HaloTag in LB media.  Halo-LmUGM was isolated using the HaloTag affinity resin.  Since the 

fusion protein becomes covalently linked to the resin, this permits numerous washes to remove 

other contaminants.  LmUGM can then be removed from the HaloTag and resin using 6x-His-

Tev.  LmUGM was isolated from 6x-His-Tev and other contaminants by loading the solution 

onto a nickel IMAC to remove the 6x-His-Tev yielding 3 mg of highly pure protein (~95%) 



72 
 

(Figure 1).  In summary, 4.5 g of cell paste yielded 3 mg of homogeneous LmUGM using the 

HaloTag system. This is a ~ 20 fold increase in yield as compared to the expression of LmUGM 

as a fusion to MBP using auto-induction media (4 mg/60 g cell paste). The purified LmUGM 

contained a noncovalently bound flavin cofactor (50% incorporation), which was identified by 

mass spec analysis as FAD (data not shown). The UV/Vis spectrum displayed similar spectral 

characteristics to other flavoproteins with peaks at 377 nm and 448 nm and a shoulder at 474 nm 

(Figure 2).   

 

 
Figure 5.1  SDS-PAGE gel of LmUGM protein purified by HaloTag using HaloTag resin.  Lane 
1.  Molecular weight marker, Lane 2. Complete lysate supernatant, Lane 3. Supernatant after 
cleavage with Tev protease and after nickel IMAC to remove the Tev protease.   
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Figure 5.2  UV-Visible spectrum of the purified LmUGM.  
 

3.2 Molecular weight determination. The molecular weight for LmUGM of 55 kDa calculated by 

SDS-PAGE analysis is consistent with the predicted value of 54,960 Da based on amino acid 

composition, suggesting that the protein was not subjected to major modifications by E. coli 

proteases during purification.  The solution molecular weight of 57,400 ± 500 Da was 

determined by size exclusion chromatography (Figure 3). This value closely matches the 

predicted mass of a monomer of LmUGM. Interestingly, the oligomeric state of bacterial 

enzymes has been shown to be dimeric, while the eukaryotic UGM from Aspergillus fumigatus 

functions as a tetramer [22].  



74 
 

 
Figure 5.3  Solution molecular weight determination of LmUGM using size exclusion 
chromatography.  The elution volumes for aprotinin (1), ribonuclease (2), carbonic anhydrase 
(3), ovalbumin (4), conalbumin (5), aldolase (6), and ferritin (7) were used to calculate the Kav 
values (Kav = (Ve-Vo)/ (Vt Vo), where Vo is the void volume of the column, Vt is the total volume 
of the column, and Ve is the elution volume of the protein. The Kav value for LmUGM is also 
plotted). 
 

3.3 Activity.  We tested the activity of recombinant LmUGM with UDP-Galp as substrate in the 

presence or absence of dithionite as a source of reducing equivalents. Consistent with published 

work on bacterial UGM and more recently on a eukaryotic UGM from the fungus A. fumigatus, 

the enzyme was active only when the flavin cofactor is in the reduced form [22, 24]. Since the 

equilibrium of the reaction favors the formation of UDP-Galp, it is necessary to measure the 

activity in the reverse direction. Thus, the activity of LmUGM was measured as a function of 

UDP-Galf concentration. As shown in Figure 4, the activity of LmUGM follows typical 

saturation kinetics that can be analyzed using the Michaelis-Menten equation. The kinetic values 

obtained from the fit are summarized on Table 1. The kcat values for some UGMs are more than 

10-fold higher; however, it is clear that these enzymes have similar KM values. The differences in 
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the kcat values might originate from the primary and quaternary structure variability between the 

members of this family of enzymes. 

 

 
Figure 5.4 Activity of LmUGM as a function of UDP-Galf. The line is a fit to the Michaelis-
Menten equation. 
 
 
Table 5.1 Kinetic parameters of UDP-galactopyranose mutasesa.

Species kcat, s-1 KM, μM kcat/KM, μM-1 s-1 Ref. 
L. major 5 ± 0.2 87 ± 11 0.057 ± 0.006 This work 
A. fumigatus 72 ± 4 110 ± 15 0.65 ± 0.09 [22] 
E. coli  27 22 1.22 [28] 
K. pneumoniae 5.5 ± 0.66 43 ± 6 0.12 ± 0.02 [29] 
D. radiodurans 66 ± 2.4 55 ± 7 1.18 [30] 
aAll the kinetic parameters are with UDP-Galf as substrate in the presence of 5-20 mM 
dithionite.  
 
 
3.4 Concluding Remarks. In mycobacteria, UGM has been validated as a drug target, because 

this enzyme is essential for mycobacterial survival [25]. Similarly, the role of UGM in the 

virulence of eukaryotic pathogens has also been shown. In A. fumigatus and L. major, deletion of 

the UGM gene leads to attenuated virulence [16, 26]. Thus, inhibition of UGM might lead to the 
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identification of novel anti-fungal and anti-leishmanial drugs. Here, we report the functional 

expression of L. major UGM. The enzyme was expressed in a soluble form and the isolated 

enzyme contained the flavin cofactor. The enzyme was shown to be active in the reduced form 

and functions as a monomeric enzyme, which is different from the A. fumigatus and bacterial 

enzymes. Although, inhibitors of bacterial UGM have been identified, some are not active 

towards eukaryotic UGM [27, Appendix B]. This might be due the fact that bacterial and 

eukaryotic UGMs share less than 18% identity. Our results provide the opportunity for the 

screening of inhibitors specific to parasitic UGMs. 
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CHAPTER 6 

 Chemical mechanism of UDP-galactopyranose mutase from Trypanosoma 

cruzi: a potential drug target against Chagas’ disease 
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Abstract

UDP-galactopyranose mutase (UGM) is a flavoenzyme that catalyzes the conversion of 

UDP-galactopyranose to UDP-galactofuranose, the precursor of galactofuranose (Galf). Galf is 

found in several pathogenic organisms, including the parasite Trypanosoma cruzi, the causative 

agent of Chagas’ disease. Galf is important for virulence and is not present in humans, making its 

biosynthetic pathway an attractive target for the development of new drugs against T. cruzi. 

Although UGMs catalyze a non-redox reaction, the flavin must be in the reduced state for 

activity and the exact role of the flavin in this reaction is controversial. The kinetic and chemical 

mechanism of TcUGM was probed using steady state kinetics, trapping of reaction 

intermediates, rapid reaction kinetics, and fluorescence anisotropy. It was shown for the first 
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time that NADPH is an effective redox partner of TcUGM. The substrate, UDP-galactopyranose, 

protects the enzyme from reacting with molecular oxygen allowing TcUGM to turnover ~1000 

times for every NADPH oxidized. Spectral changes consistent with a flavin iminium ion, without 

the formation of a flavin semiquinone, were observed under rapid reaction conditions. These data 

support the proposal of the flavin acting as a nucleophile. In support of this role, a flavin-

galactose adduct was isolated and characterized. A detailed kinetic and chemical mechanism for 

the unique non-redox reaction of UGM is presented.   

 

1. Introduction 

The protozoan parasite Trypanosoma cruzi is the etiological agent of American 

trypanosomiasis or Chagas’disease. The World Health Organization estimates that 8-11 million 

people are infected with this disease in South and Central America [1].  Transmission occurs 

when a triatomine insect feeds on a human subject and defecates at the bite site [2].  Through 

rubbing, infected feces enter the bite wound, mouth, eyes, or open cuts. Transmission by blood 

transfusion, organ transplant, oral contamination, and congenital routes has also been reported 

[3-7].  T. cruzi has a dynamic life cycle, involving several morphological changes as the parasites 

travel from the insect vector to humans [8].  This is accompanied by several changes in cell 

surface sugar composition, which plays an important role in infection and resistance to the host 

immune system [9, 10].  Targeting the enzymes involved in biosynthesis of cell surface glycans 

may lead to the identification of new inhibitors that function as novel antiparasitic drugs for the 

treatment of Chagas’ disease [11].  One unique sugar found on the cell surface of T. cruzi is 

galactofuranose (Galf) [11]. 



81 
 

Galf, the five-membered ring form of galactose, is a component of the cell wall, 

glycolipids, and glycoproteins on the cell surface of many human pathogens including bacteria, 

fungi, and parasites [11-14].  In T. cruzi, Galf is found in glycoprotein oligosaccharides and 

glycoinositolphospholipids, which are involved in parasite pathogenesis [11, 15, 16].  

Additionally, Galf is not present in humans. Thus, the biosynthetic pathway of Galf is an 

attractive drug target for T. cruzi and other eukaryotic pathogens including A. fumigatus and L. 

major [11, 17].  UDP-galactopyranose mutase (UGM) catalyzes the conversion of UDP-

galactopyranose (UDP-Galp) to UDP-galactofuranose (UDP-Galf), the precursor of Galf found 

on the cell surface (Scheme 1) [18].  UGM is a unique flavoprotein, as it requires the flavin to be 

reduced in order to catalyze a non-redox reaction (Scheme 2) [19, 20].  The role of the flavin 

cofactor in catalysis is controversial. Experimental and structural data supports the role of the 

flavin acting as a nucleophile [21, 22].  Similarly, studies with flavin analogs and potentiometry 

experiments suggest that a single electron transfer step is necessary for catalysis [23, 24]. Here, 

we present a complete characterization of the recombinant form of UGM from T. cruzi 

(TcUGM). We utilize steady state kinetics, fluorescence anisotropy, rapid reaction kinetics, and 

the trapping of reaction intermediates to provide a clear view of the kinetic and chemical 

mechanisms employed by this unique enzyme. We also identify NAD(P)H as an effective 

electron donor to TcUGM, a function that is unique to eukaryotic UGMs.    

 

Scheme 6.1 Reaction catalyzed by TcUGM.
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Scheme 6.2 The two proposed chemical mechanisms for UGMs.  In one mechanism the reduced 
FAD (1) is depicted to act as a nucleophile forming a flavin-galactose adduct (either via SN1 or 
SN2) (2) and a subsequent iminium ion (3). These steps are followed by ring contraction forming 
the galactofuranose (4). An alternative mechanism predicts an electron transfer step, in which 
one electron is transferred from FADH- to an oxocarbenium ion intermediate (6) creating a flavin 
and a sugar radical, which react and form the galactose-FAD adduct (2), followed by ring 
contraction. 
 
 
2. Materials and Methods

2.1 Materials. UDP, UDP-galactopyranose, and BL21T1R chemical competent cells were 

purchased from Sigma (St. Louis, MO). Accuprime polymerase and TOP-10 chemical competent 

cells were obtained from Invitrogen (Carlsbad, CA). The restriction endonucleases SgfI and PmeI 

were obtained from Promega (Madison, WI).  Plasmid miniprep and PCR purification kits were 

from Qiagen (Valencia, CA). All other buffers and chemicals for biochemical studies were 

purchased from Fisher Scientific (Pittsburgh, PA). Expression plasmids, pVP55A and pVP56K, 

were obtained from the Center for Eukaryotic Structural Genomics, University of Wisconsin, 

Madison [25].  All reagents and solvents used in the synthesis of UDP-Galf, if not specified 

otherwise, were obtained from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, 

PA) and were used without further purification. All the synthetic reactions were monitored to 

completion using thin layer chromatography (TLC) with p-anisaldehyde staining for visualizing 

carbohydrates along with UV detection when possible. 1H and 13C NMR were recorded on a 
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400MR Varian-400 MHz spectrometer. CHCl3 (7.27 ppm) or HOD (4.79 ppm) were used as an 

internal reference. 

 

2.2 Cloning. T. cruzi UGM (TcUGM) was amplified by PCR from genomic DNA using 5’-

GGTTGCGATCGCCATGGCAGAATTATTGACACC -3’ (SgfI site is underlined) as the 

forward primer and 5’- CCAAGTTTAAACCATATCCTTCTGCAGTAGTC -3’ (PmeI site is 

underlined) as the reverse primer. The TcUGM gene was inserted into the pVP55A and pVP56K 

vectors as previously described [17]. 

 

2.3 Protein expression and purification. Protein expression and purification of TcUGM was 

performed following methods previously described for A. fumigatus UGM with an additional 

final step of size exclusion chromatography in 25 mM HEPES, 125 mM NaCl, pH 7.5 (S-75, GE 

Healthcare, Piscataway, NJ) [17].  Purified TcUGM was concentrated, flash frozen in liquid N2, 

and stored at -80 oC.   

 

2.4 UV–visible absorbance spectrophotometry. The spectrum of recombinant TcUGM was 

recorded using an Agilent 8453 UV–visible spectrophotometer. The extinction coefficient was 

determined by dividing the absorbance value at 450 nm of the bound flavin in TcUGM by the 

absorbance value at 450 nm of free flavin (obtained by heat denaturation and centrifugation of 

the recombinant enzyme) and multiplying this value by the known extinction coefficient for 

FAD ( FAD= 11.3 mM-1cm-1 ) [26].  

 



84 
 

2.5 Solution molecular weight determination. The molecular weight of TcUGM was determined 

using size exclusion chromatography as previously described [17, 27].  

 

2.6 NAD(P)H oxidation assays. Oxidation of NAD(P)H was monitored at 340 nm for 5 min.  

Reactions were performed at room temperature with air saturated 50 mM sodium phosphate 

buffer, pH 7.0, with various concentrations of NAD(P)H, in the presence or absence of 0.5 mM 

UDP-Galp. The reaction was initiated by addition of 1 μM enzyme.   

 

2.7 Flavin reduction by NAD(P)H.  Flavin reduction by NAD(P)H was performed anaerobically 

in a glove box (Coy, Grass Lake, MI) using an Applied Photophysics Stopped Flow SX20 

(Leatherhead, UK).  Reactions were performed at 15 oC.  Buffer (50 mM sodium phosphate pH 

7.0) was made anaerobic by eight cycles of vacuum and argon flushing, each for 45 minutes.  

After this procedure, protocatechuate (400 μM) and protocatechuate dioxygenase (10 μg/mL) 

were added to the buffer to function as an oxygen scavenging system. All the solutions were 

prepared with the anaerobic buffer in the glove box. NAD(P)H solutions were prepared by 

dissolving the appropriate amounts in anaerobic buffer and concentrations were verified 

spectroscopically.  The enzyme solution was made anaerobic by degassing with six 15 min 

cycles of vacuum and flushing with anaerobic argon. To ensure complete anaerobiosis, the 

solution was passed through a 2 mL desalting column previously equilibrated with anaerobic 

buffer.  Enzyme with a final concentration of ~ 7.5 M (after mixing) was mixed with various 

concentrations of NAD(P)H and the reaction was monitored with a photodiode array 

spectrophotometer until complete reduction was achieved.  Identical experiments were 

performed in the presence of 0.5 mM UDP-Galp. Change in absorbance at 452 nm was fitted to a 
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single exponential equation and the resulting kobs values were plotted as a function of NAD(P)H 

concentration. These data was fit with equation 1 to obtain the rate constant for reduction (kred) 

and the Kd value. 

kobs

kred [S]
Kd [S]

   (1) 

 

2.8 Synthesis of UDP-Galf.  Synthesis of -D-Galactofuranosyl bis(triethylammonium) 

phosphate (Galf-1-phosphate) was performed over a series of three steps with methods adapted 

from previously published protocols [28-34].  Details of the synthesis and NMR data are outlined 

in the supplementary material found at the end of this chapter.  UDP-Galf was synthesized 

following published method reported by Poulin and coworkers [35].  

 

2.9 Activity assay. The activity of recombinant TcUGM was tested with UDP-Galf as the 

substrate following procedures previously described [17].  Concentration of TcUGM was 

determined based on bound flavin.   TcUGM (100 nM) was reduced with either 20 mM 

dithionite, 500 μM NADPH, or 2.5 mM NADH for each activity assay.  

 

2.10 Viscosity Effects.  Viscosity effects were determined using the activity assay as described 

above.  Reactions were done in the presence of 0, 5, 10, 20, and 30% glycerol, 800 M UDP-

Galf, 20 mM dithionite, and 200 nM TcUGM.  The relative viscosity ( rel) of the reaction was 

determined using a reference table for different percentages of glycerol in solution [36].   

 

2.11 Fluorescence anisotropy.  Synthesis of UDP-rhodamine was performed as previously 

described [37].  The optimal concentration of TcUGM (30 M) and UDP-rhodamine (30 nM) for 
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the binding assays was determined following procedures established in our laboratory for a 

related UGM enzyme from Aspergillus fumigatus [37].  Binding of UDP-Galp to TcUGM was 

monitored in the presence and absence of 10 mM sodium dithionite by measuring the changes in 

anisotropy [37].  The Kd values were obtained using the equation 2, where m1 and m2 are the 

minimum and maximum anisotropy, respectively; m3 is the slope, and m4 is the Kd.   

y m1

(m2 m1)x
m3

m4
m3 xm3

   (2) 

 

2.12 Trapping of the flavin-galactose adduct. The procedure was adapted from Gruber et al. and 

optimized for trapping and isolation of the adduct in TcUGM [22].  Reactions were prepared 

using 1 mM TcUGM, 200 mM UDP-Galp, 1 M sodium cyanoborohyride, and 100 mM sodium 

dithionite in a final volume of 15 μL with 100 mM sodium phosphate buffer at pH 7.0.  

Reactions were incubated for 45 min at room temperature then terminated with addition of 6 M 

HCl and neutralized with 1 M sodium phosphate buffer at pH 7.0. A final concentration of 200 

mM NaCl was added.  The sample was then centrifuged to precipitate denatured protein from the 

yellow solution containing the free flavin.  The adduct was isolated using HPLC (Shimadzu) by 

injecting the yellow solution onto a reverse phase C18 column (Phenomenex Luna C18 5 

microns, 250 x 4.6 mm) equilibrated with 5% B (A: Water, B: 100% acetonitrile).  The column 

was washed for 5 min with 5% B, then a 15 min linear gradient to 15% B, followed by 20 min 

linear gradient to 75% B.  The flavin species were eluted at ~20-24 minutes and were 

characterized by high-resolution mass spectrometry (Virginia Tech Mass Spectrometry 

incubator).   
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2.13 Reaction of reduced TcUGM with UDP-Galp, UDP, and UDP-glucose.  Rapid reaction 

kinetics were done using the methods described for the TcUGM reduction studies.  However, 

reduced TcUGM was prepared by addition of 20 mM sodium dithionite.  Excess dithionite was 

removed using a 2 mL desalting column.  Reduced TcUGM (~15 M final concentration) was 

mixed with buffer alone for a final concentration of 0.15 mM UDP-Galf, 0.25 mM UDP-Galp, 

0.25 mM UDP, and 0.25 mM UDP-glucose (UDP-Glc). Spectra were collected on a logarithmic 

time base from 1.3 ms to 2 s using a photodiode array.  The rate of the intermediate formation 

was calculated by fitting the change in absorbance at 452 nm to a double exponential equation 3.   

c a1e
(k1 *t ) a2e

(k2 *t )        (3) 

3. Results 

3.1 Expression and Purification.   Successful expression of soluble TcUGM was accomplished 

in the pVP56K vector [17].  The protein was expressed as an N-terminal fusion to maltose 

binding protein (MBP) with an 8x-His tag, which aids in purification. BL21T1R cells containing 

the pVP56K-TcUGM plasmid were grown in auto-induction medium for 8 h at 37 oC followed 

by overnight incubation at 25 oC [38].  Approximately 9 g of cell paste per liter of media was 

obtained and 1 mg of purified TcUGM was isolated for each g of cell paste. Recombinant 

TcUGM contained noncovalently bound flavin cofactor, which had a typical flavin spectrum 

with peaks at 376 nm and 448 nm with a shoulder at 468 nm (Figure 1).  The extinction 

coefficient was determined to be 10.8 mM-1 cm-1 at 450 nm.   



88 
 

 
Figure 6.1  Flavin spectrum and SDS-PAGE of purified TcUGM. 

3.2 Determination of the oligomeric state. Size exclusion chromatography was used to calculate 

a molecular weight of 67,800 ± 10,000 Da for the recombinant TcUGM (Figure 2). This value is 

consistent with the molecular weight predicted for a single polypeptide (54,700 Da).  

Figure 6.2 Size exclusion chromatography of TcUGM. The standards aprotinin (1, 6.5 kDa), 
ribonuclease (2, 13 kDa), ovalbumin (3, 43 kDa), conoalbumin (4, 75 kDa), aldolase (5, 158 
kDa), and ferritin (6, 440 kDa) were used to calculate the Kav values using the equation, 

ot

oe
av VV

VV
K , where Vo is the void volume of the column; Vt is the total volume of the 

column and Ve is the elution volume of the protein). TcUGM is shown on the plot as a black 
square ( ).    
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3.3 Oxidase activity with NADPH and NADH.  The activity of all UGMs requires the flavin to be 

in the reduced state. Although the prokaryotic enzymes have been extensively studied, the 

mechanism of reduction is yet to be determined [20, 39].  Even though an NAD(P)H binding 

domain was not found in the primary sequence of TcUGM, we tested whether this enzyme was 

capable of reacting with reduced dinucleotides. The oxidation of either NADH or NADPH was 

monitored in the presence and absence of UDP-Galp under aerobic conditions. Under these 

conditions, no mutase activity is measured, instead what is measured is the steady-state reduction 

of the flavin cofactor in TcUGM, which is slowly oxidized by molecular oxygen (Figure 3A). In 

the absence of UDP-Galp, a slow oxidase activity, kox, was observed for both coenzymes, while a 

6-fold lower KM value was measured for NADPH (Figure 3B). In the presence of UDP-Galp, a 

minor decrease in kox was measured (Table 1). In contrast, when the same activity was measured 

with recombinant M. tuberculosis UGM (MtUGM), there was no measurable NAD(P)H 

oxidation (Table 1).   E. coli UGM has also been shown to be unable to react with NAD(P)H  

[20,39].  



90 
 

Figure 6.3 Oxidase activity of TcUGM with NAD(P)H. A) Scheme representing the oxidase 
activity of TcUGM measured in this assay. B) Activity of TcUGM measured in the presence and 
absence of saturating concentration of UDP-Galp (0.5 mM) under air saturating conditions at 
room temperature (NADPH ( ), NADH ( ), NADPH + UDP-Galp ( ), and with NADH + 
UDP-Galp ( )).   
 

Table 6.1 Kinetic parameters of NAD(P)H oxidation reactionsa 
NADH NADPH 

kox, s-1 KM, μM kox, s-1 KM, μM 
TcUGM  0.015 ± 0.002 90 ± 20 0.030 ± 0.002 15 ± 2 
TcUGM + UDP-Galp b 0.010 ± 0.002 50 ± 20 0.0099 ± 0.001 19 ± 5 
MtUGM  1.8 x10-6 - 1.1x10-6 - 
NAD(P)H alone 1.8x10-7 - 4.7x10-7 - 
a  All reactions were done at room temperature with air saturated buffer (50 mM phosphate buffer 
pH 7.0). 
b In the presence of 0.5 mM UDP-Galp. 
 

3.4 Flavin reduction monitored by rapid reaction kinetics. The decrease in absorbance at 450 nm 

under anaerobic conditions was measured in a stopped flow spectrophotometer to determine the 
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rate constant of flavin reduction of TcUGM by the reduced coenzyme (Figure 4A, B). The 

observed rate constant of flavin reduction, kred, with NADPH was seven-fold faster than with 

NADH (Table 2, Figure 4C). Furthermore, the Kd value for NADPH was five-fold lower than for 

NADH. These results suggest that NADPH is the preferred coenzyme. Reduction of TcUGM 

with NADPH was also tested in the presence of saturating UDP-Galp.  Under this condition, the 

kred value did not change, demonstrating reduction is unaffected by the presence of UDP-Galp 

(0.57 ± 0.01 s-1 in the absence of UDP-Galp versus 0.57 ± 0.04 s-1 in the presence of UDP-Galp).   
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Figure 6.4  Anaerobic reduction of TcUGM with NAD(P)H.  Reduction was done using the 
stopped flow spectrophotometer at 15 oC, data was collected from 2 ms to 100 s on a logarithmic 
timescale. A)  Changes in the spectra of oxidized TcUGM after mixing with 0.5 mM NADPH 
over 23 s.  B) Flavin reduction by NADPH for varying concentrations of NADPH.  The data 
were fit to a single exponential decay equation.  C) The kobs values were plotted as a function 
NADPH ( ) and NADH ( ) concentrations and fitted using the equation 2. 
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Table 6.2 TcUGM Reduction by NAD(P)Ha 
 kred, s-1 Kd, μM kred/Kd, μM-1 s-1

NADPH 0.60 ± 0.006 98 ± 3 0.0061 ± 0.0001 
NADH 0.085 ± 0.0006   550 ± 10   0.00015 ± 0.000002 

a Reactions were measured under anaerobic conditions at 15 oC in 50 mM phosphate buffer pH 
7.0.   
 
 
3.5 Mutase activity.  The activity of TcUGM reduced with NADPH and NADH was measured 

and compared to the values obtained with dithionite reduced enzyme (Table 3, Figure 5). The 

reverse reaction was monitored to allow significant accumulation of product, as equilibrium 

favors UDP-Galp over UDP-Galf (93% to 7%).  Saturation kinetics were observed as a function 

of UDP-Galf concentration. Data were fit to the Michaelis-Menten equation and very similar kcat 

values were obtained independent of the source of reducing equivalents (Table 3). The KM values 

were also very similar when the enzyme was reduced with NADPH or dithionite. In contrast, a 

higher KM value was measured with NADH as the reductant, which we attributed to the slower 

rate of reduction by NADH (Table 3).   
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Figure 6.5 TcUGM activity with UDP-Galf.  TcUGM was reduced with either 20 mM dithionite 
( ), 0.5 mM NADPH ( ), or 2.5 mM NADH ( ). Reactions were performed with 200 nM 
TcUGM incubated with varying concentrations of substrate for 1 min at 37 oC. The data was fit 
to the Michaelis-Menten equation. Summary of data is presented in Table 3. 
 
 
Table 6.3 Steady state kinetics of TcUGMa 

Reductant kcat, s-1 KM, μM kcat/KM, μM-1 s-1  
Dithionite   13.4 ± 0.3 140 ± 10 0.093 ± 0.006 
NADPH 11.5 ± 0.4 200 ± 20 0.056 ± 0.005 
NADH 8.4 ± 0.9 690 ± 150 0.012 ± 0.001 

a Reactions were incubated at 37 oC for 1 min in 25 mM Hepes, 125 mM NaCl pH 7.5, and 
terminated by heat denaturation at 95 oC.  Reactions were performed using saturating amounts of 
reductant (20 mM dithionite, 0.5 mM NADPH, and 2.5 mM NADH). 
 

3.6 Viscosity effects.  To determine if product release is the rate-limiting step, the effect of 

viscosity on kcat was measured.  This was done by determining the activity of TcUGM at 

different concentrations of glycerol. If product release was the rate-limiting step, a decrease in 

the kcat value would be observed as the viscosity of the medium increased. A plot of the ratio of 

the kcat values in water, (kcat)0, and at each concentration of viscogen, (kcat) , should yield a 

straight line with a positive slope. A slope of 1 is expected if product release is the rate-liming 

step. With TcUGM, a slope of zero was observed, indicating that product release is not the rate 



95 
 

determining step in the reaction (Figure 6).   Therefore we concluded the kcat is attributed to a 

chemical step in the reaction.   

 

 
Figure 6.6  Effects of viscosity on the rate of the reaction.  The effect of viscosity was 
determined by measuring the activity of TcUGM as a function of increasing concentrations of 
glycerol. The data was fit to a linear equation; the dashed line depicts the results of a diffusion 
controlled reaction. This line has a slope of 1.  
 

3.7 Determination of the binding affinity of UDP-Galp to TcUGM.    To determine if UDP-Galp 

binds to oxidized or reduced TcUGM, we synthesized UDP-rhodamine to measure binding of the 

substrate. Fluorescence anisotropy changes induced by release of the bound chromophore to 

TcUGM upon binding of the substrate can be used to calculate the dissociation constant (Figure 

7A) [37].UDP-Galp was found to have very weak affinity to oxidized TcUGM. We tested 

concentrations of substrate as high as 100 mM and were unable to measure binding.  However, 

when TcUGM was reduced with dithionite, a Kd of 70 ± 40 M was determined demonstrating 

UDP-Galp only binds to the reduced state of TcUGM (Figure 7B).  
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Figure 6.7  Fluorescence anisotropy assay to measure the affinity of UDP-Galp to TcUGM.  A) 
UDP-rhodamine chromophore used in the fluorescence anisotropy experiments.  B) Fluorescence 
polarization binding assay. The binding of UDP-Galp to chemically reduced TcUGM (30 M) 
was monitored by measuring the changes in anisotropy as it displaces UDP-rhodamine (30 nM) 
from the active site. The concentrations of chromophore and enzyme were chosed based upon 
conditions that resulted in half-maximal anisotropy.  The Kd values were obtained using equation 
3.   
 

3.8 Isolation of the flavin-galactose adduct.  In the UGM reaction, a novel role for the flavin 

cofactor has been proposed. It was suggested that the flavin could attack UDP-Galp at the 

anomeric carbon, leading to cleavage of the C-O bond (Scheme 2, 2). In the bacterial enzymes a 

flavin-galactose adduct was isolated and characterized, supporting this role for the flavin 

cofactor [21, 22].  Involvement of such an adduct in the reaction of eukaryotic UGMs was 

investigated. The adduct was trapped by performing activity assays in the presence of sodium 

cyanoborohydride, which reduces the iminium ion during turnover.  The flavin was extracted and 

then isolated by HPLC (Figure 8A).  Two major peaks were observed, one corresponding to 
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native FAD, while the other had spectral peaks at 230 nm, 315 nm, and 378 nm (Figure 8B). This 

flavin spectrum is consistent with previous published spectra for the N5-flavin adduct however 

the peak at 378 nm is indicative of a C4a-oxygen-flavin adduct [21, 40].  This compound was 

characterized by high resolution mass spectrometry (HRMS) and shown to have a mass of 

966.1946 Da (Figure 8C).  This mass corresponds to the expected mass of the FAD-galactose 

adduct (950.2340 Da) with the addition of a hydroxyl group (16 Da) to give an expected mass of 

966.2 Da.  We propose that the flavin was hydroxylated at the C4a position during the trapping 

and isolation process, which agrees with the observed spectrum.  
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Figure 6.8  Trapping of a covalent flavin intermediate. A) Separation of the FAD and the adduct 
by HPLC.  The peak eluding at 22.5 min is the adduct (~5% of the FAD species), while the 
second peak at 23.6 min is FAD(~95% of the flavin species).  B) Spectrum of the TcUGM FAD-
galactose adduct showing a spectrum indicative of a hydroxyl located at the C4a position.  C) 
High resolution mass spectrometry (negative ion mode) results of the peak eluding at 22.5 min. 
The inset shows the structure of the adduct with a hydroxyl group at the flavin C4a position.   
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3.9 Monitoring the reaction of reduced TcUGM with UDP-Galp, UDP-Galf, UDP, and UDP-

Glc. As the results obtained supported a flavin-galactose adduct, we next sought to establish how 

the flavin-galactose adduct is formed in the UGM reaction. However, the mechanism leading to 

the formation of this intermediate can occur via the formation of a flavin and sugar radical 

(Scheme 2, 6-2) or by a direct nucleophilic attack by the flavin (Scheme 2, 1-2). Since a flavin 

semiquinone has distinct spectroscopic characteristics, we used rapid reaction kinetics to monitor 

the reaction at early time points.   In this experiment, anaerobically reduced TcUGM was mixed 

with either buffer alone, UDP, UDP-glucose (UDP-Glc), UDP-Galp, or UDP-Galf in the 

stopped-flow spectrophotometer and complete spectra were collected between 350 nm and 700 

nm (Figure 9).  When the enzyme was mixed with buffer alone or with UDP, no major spectral 

changes were detected (Figure 9A, buffer alone not shown).  Difference spectra of TcUGM after 

mixing with UDP-Glc showed a slight decrease in absorbance at ~ 415 nm, which agrees with 

previous data with UDP-Glc binding to Klebsiella pneumoniae UGM (KpUGM) (Figure 10) 

[21,41].  TcUGM mixed with either UDP-Galp or UDP-Galf showed the same spectral changes 

with a decrease at ~ 405 nm, an isosbestic point at ~ 425 nm (red shifted 10 nm with UDP-Galp), 

and a peak at ~ 460 nm (Figure 9B, C).  Equilibrium binding of UDP-Galp to KpUGM showed 

similar flavin spectral changes, however, it was red shifted by ~ 50 nm [21].  The change in 

absorbance at the higher wavelengths was attributed to the formation of the iminium ion 

intermediate [21].  As the change at higher wavelengths does not occur upon binding of the 

known ligand UDP-Glc, but only upon substrate binding, we propose that these spectral changes 

correspond to the formation of the iminium ion in TcUGM (Scheme 2, 3). A k1 value of 310 ± 40 

s-1 and a k2 value of 7.9 ± 0.7 s-1 were obtained from fitting the absorbance changes at 452 nm to 

a double exponential equation (Figure 9D). We attributed the fast rate to the formation of the 
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iminium ion. Since the rate of k2 closely matches the value of kcat, we concluded that it is 

associated with the rate limiting step, which could be either ring closing or reattachment of UDP. 

More importantly, upon mixing reduced TcUGM and substrate, a flavin semiquinone was not 

observed, suggesting either the semiquinone does not form or that the rate of decay is faster than 

the rate formation. 

Figure 6.9  Rapid reaction kinetics with reduced TcUGM mixed with substrate and substrate 
analogs. The initial spectrum (1.2 ms) is shown as a solid line, the final spectrum (14 ms for 
UDP-Galf and 1.5 s for all other analogs) as a dashed line, and intermediate time points as gray 
lines (spectra every 1.26 ms for UDP-Galf and every tenth spectrum collected of 400 points on 
logarithmic time scale over 2s for all other analogs).    Reduced TcUGM mixed with 0.25 mM 
UDP (A), 0.25 mM UDP-Galp (B), 0.15 mM UDP-Galf (C), and formation of the iminium ion 
monitored at 455 nm (D).  The data shown in panel D is one example of many plots obtained 
monitoring the formation of the intermediates and was fit to equation 3 (D). Insets in A-C are 
difference spectra of each plot. 
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Figure 6.10 Rapid reaction kinetics with reduced TcUGM mixed with 0.25 mM UDP-Glc. 
Inset shows the difference spectra.  

4. Discussion 

UGM belongs to a growing group of flavoproteins where the protein environment 

modulates the reactivity of the flavin to perform novel non-redox chemistries [42, 43].  There are 

two proposed mechanisms for UGM.  The proposed mechanisms differ on the steps leading to 

the formation of the flavin galactose adduct.  In one mechanism, the flavin acts as a nucleophile 

and attacks the anomeric carbon leading to the formation of the flavin-galactose adduct 

intermediate, which can either occur via a direct attack on UDP-Galp (SN2) or on a postulated 

oxocarbenium ion intermediate (SN1)(Scheme 2, 1-2).  In the other mechanism, elimination of 

UDP leads to the formation of an oxocarbenium ion followed by a single electron transfer from 

the reduced flavin (Scheme 2, 6), forming a flavin seminquinone and sugar radical. Radical 

rearrangement of the N5 of the flavin and subsequent recombination leads to the formation of the 

flavin-galactose adduct (Scheme 2, 2). Once the adduct is formed, the galactose ring opens 

leading to the formation of a sugar-flavin iminium ion (Scheme 2, 3) [21, 22].  After 
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recyclization, the final step in the reaction involves an attack on the anomeric carbon by UDP, 

leading to the formation of UDP-Galf (Scheme 2, 4-5).   

These mechanisms were developed and supported by data obtained entirely from studies 

on prokaryotic UGMs with several aspects of the proposed mechanisms not completely 

understood.  It was shown by position isotope effects (PIX) that the glycosidic bond between 

galactose and UDP was broken during catalysis [44].  Later studies demonstrated that the 

semiquinone of the flavin is stabilized in the presence of UDP and UDP-Galp and that UGM is 

inactive with 5-dezaflavin, supporting the single electron transfer mechanism [23, 24].  The 

formation of a flavin N5-C1 galactose adduct was then demonstrated by trapping the immium 

ion with NaCNBH3 [21, 22]. This result supports a mechanism in which the flavin acts as a 

nucleophile. Furthermore, the structure of bacterial enzymes in complex with UDP-Galp, show 

proper binding conformation for nucleophilic attack by the flavin cofactor [22, 45].  Also in 

support of the nucleophilic mechanism, it was also shown that the flavin was present as in the 

anionic hydroquinone form, a feature that is indicative of the N5 being a good nucleophile [21, 

24].   

Here, we expressed and purified the eukaryotic UGM from the parasite T. cruzi. 

Recombinant TcUGM was found to function as a monomer in solution, which differs from both 

the dimeric prokaryotic UGMs, and the tetrameric fungal UGM (AfUGM) [17, 20].  However, it 

is similar to the parasitic UGM from L. major (LmUGM), which is also a monomer [27].  This 

suggests that TcUGM and LmUGM are closely related, which agrees with their higher percent 

amino acid identity (60% with LmUGM, compared to 40% with AfUGM and 15% with EcUGM 

and MtUGM).  TcUGM was found to be active only in the reduced form. Chemically reduced 
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TcUGM has similar kinetic parameters with UDP-Galf as substrate as other UGMs [17, 27, 28, 

45, 46].  

Having stable and active TcUGM, a series of experiments were performed to address 

several unanswered questions about the chemical mechanism. We sought to determine the source 

of the reducing equivalents required for catalysis. In vivo, a common source of reducing 

equivalents for flavoenzymes is NAD(P)H.  It was determined that recombinant TcUGM could 

be reduced by NADPH or NADH in the absence of UDP-Galp, and was oxidized very slowly by 

molecular oxygen. In the presence of substrate, the reaction with oxygen was decreased. Thus, 

substrate binding protects the enzyme from oxidation, which is essential for activity since 

TcUGM is active only in the reduced form. There is no canonical NADPH binding domain in the 

primary sequence of TcUGM, thus the binding site of NADPH remains to be identified. The 

reactivity of TcUGM with NAD(P)H is unique since prokaryotic UGMs are unable to react with 

reduced coenzymes. Perhaps the bacterial enzymes have specific redox partners in the cell.  

The rate of flavin reduction by NAD(P)H was directly monitored in the stopped-flow 

spectrophotometer. It was shown that the rate constant of flavin reduction and the affinity for 

NADPH was higher than for NADH. These results showed a 40-fold higher kred/Kd value for 

NADPH over NADH, suggesting that NADPH is the preferred coenzyme.  Our results clearly 

show, TcUGM can use either coenzyme in vivo depending on the cellular availability of NADPH 

and NADH, which is shown to vary based upon cellular environments [47-49].   

The rate of flavin reduction was not affected by the presence of UDP-Galp, indicating 

that binding of UDP-Galp is not a prerequisite for reduction.  Furthermore, UDP-Galp only binds 

to the reduced form of TcUGM, indicating that UDP-Galp binds after flavin reduction. The Kd 

value of UDP-Galp for the reduced UGM was determined to be 70 ± 40 M by fluorescence 
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anisotropy. Thus, the kinetic mechanism is initiated with binding of NADPH followed by 

hydride transfer and UDP-Galp binding, with UDP-Galp protecting the enzyme from reacting 

with molecular oxygen. It can be estimated from the kcat value (~12 s-1) and the rate of oxidation, 

(0.01 s-1) that for every NADPH oxidized the enzyme can turn over ~1000 times.   

When reduced TcUGM was mixed with UDP-Galp or UDP-Galf using stopped-flow 

spectroscopy only a small decrease in absorbance at 415 nm and an increase at 460 nm was 

observed. These changes were not observed when the enzyme was mixed with either UDP or 

UDP-Glc, ligands that do not turn over. Therefore, we assigned the spectral changes to the 

formation of the iminium ion. Similar spectral changes have been reported with bacteria UGM 

under equilibrium conditions, which are consistent with our conclusion [21].  Interestingly, the 

flavin semiquinone was not observed suggesting either it does not occur or it decays rapidly 

preventing detection. By addition of sodium cyanoborohydride into the reaction mixture, a 

flavin-sugar adduct was trapped and was isolated and characterized by mass spectrometry. This 

result validates the assignment of the iminium ion intermediate observed in the stopped-flow 

experiments. This adduct has also been characterized in KpUGM as a flavin N5-C1 galactose 

intermediate by HRMS and 1H NMR [21, 22].  From our rapid reaction kinetics data, the 

changes in flavin absorbance best fit a double exponential equation with a fast and slow rate. We 

assigned the fast rate to the formation of the iminium ion, which occurs at 310 ± 42 s-1.  While 

the slow rate occurred at 7.9 ± 0.7 s-1, and as it closely matches the kcat value (~12 s-1), we 

propose that this corresponds to the rate-limiting step. One possibility is that the rate constant 

that controls kcat corresponds to product release. To determine if product release is the rate-

limiting step in the reaction, viscosity effects studies on kcat were performed. If product release is 

the slow step that determines the kcat value, a linear decrease in the kcat value should be observed 
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as a function of increasing concentrations of viscogen. Using glycerol as a viscogen, no changes 

in the kcat value was observed, clearly indicating that product release is not the rate-limiting step 

in the reaction of TcUGM. Therefore, we conclude that the rate-limiting step must be ring 

closing or UDP reattachment. Further studies are needed to elucidate between the two.  

Our results from the rapid reaction kinetic analysis show that a flavin iminium ion is 

formed and suggest that a flavin semiquinone does not play a role in catalysis. Furthermore, we 

were able to trap and characterize a flavin-galactose adduct. These data strongly supports the role 

of the flavin as a nucleophile. We proposed that the formation of this adduct occurs via a direct 

attack of the flavin (SN2 mechanism) rather than formation of an oxocarbenium ion, followed by 

flavin attack (SN1 mechanism). Our conclusion is supported by data from Sun et al. where linear 

free energy relationship (LFER) studies using various FAD analogs show changes in kcat values 

that correlate linearly with changes in the nucleophilicity of the flavin N5 (  value of -2.4), 

which is consistent with an SN2 mechanism [50].  Also, previous studies with E. coli UGM 

(EcUGM), it was shown that UDP-[2-deoxy-2-fluoro]-Galf functions as a substrate with a kcat 

value 103 slower than the reported kcat with UDP-Galf [28].  In contrast, in studies with 

glycosyltransferases, where the formation of an oxocarbenium ion is known to occur, it has been 

shown that substrates with fluorine at the C2 position destabilize the formation of the 

oxocarbenium ion preventing the reaction from occurring [51-54].  Therefore, if the UGM 

reaction proceeded by an oxocarbenium ion, UDP-[2-deoxy-2-fluoro]-Galf should act as an 

inhibitor instead of as a slow substrate.  

Together, the data presented here provides a detailed description of the mechanism of the 

parasitic TcUGM, which is summarized in Scheme 3. We show that TcUGM first binds to 

NADPH (Scheme 3, b), and after hydride transfer (Scheme 3, c), UDP-Galp binds (Scheme 3, 
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d). We propose that an adduct forms by direct attack of the flavin to the C1 position of galactose 

(Scheme 3, e), without the formation of a flavin semiquinone or oxocarbenium ion. Ring opening 

leads to the rapid formation of an iminium ion (Scheme 3, f). Product release was determined not 

to be rate limiting, therefore, ring closing or formation of the glycosidic bond between Galf and 

UDP represent the rate determining step(s) in this reaction. Since UDP is predicted to remain 

bound in the active site, we believe that formation of the anomeric bond will be fast, therefore, 

the slow step is most probably the isomerization step (Scheme 3, f to g).  The mechanism of 

TcUGM clearly shows a unique mode of action for the flavin cofactor, where it functions as a 

nucleophile and a scaffold for holding the reaction intermediates. These results will aid in the 

development of new drugs against human pathogens such as T. cruzi, A. fumigatus, and L. major.  

Scheme 6.3  Chemical mechanism of TcUGM.  The reaction requires the oxidized flavin 
cofactor (a) to be reduced for activity. First, NADPH binds to the oxidized enzyme (b), and only 
after the flavin is reduced (c) will UDP-Galp bind (d). The flavin then acts as a nucleophile 
attacking the C1 of galactose and forming a flavin sugar adduct (e), which occurs rapidly (f). 
This is followed by ring opening and recyclization (g).  The rate limiting step in the reaction 
corresponds to either galactose isomerization or reattachment of the UDP (f to g). We postulate 
that the rate limiting step is the isomerization step.  The final step is release of UDP-Galf, which 
occurs rapidly.  The flavin can proceed to the next reaction cycle or be slowly oxidized by 
molecular oxygen (h to a). 
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7. Supplementary Material- Synthesis of UDP-Galf

7.1 Materials. All reagents and solvents used in the synthesis, if not specified otherwise, were 

obtained from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA) and were 

used without further purification. All reactions were monitored to completion using thin layer 

chromatography (TLC) with p-anisaldehyde staining for visualizing carbohydrates along with 

UV detection when possible. 1H and 13C NMR were recorded on a 400MR Varian 400 MHz 

spectrometer. CHCl3 (7.27 ppm) or HOD (4.79 ppm) were used as an internal reference. 

 
7.2 Step 1: Synthesis of 1,2,3,5,6-Penta-O-Acetyl- / -D-Galactofuranoside (2).  The method was 

adapted with slight modifications from previously published protocols [1-3].  D-galactose (1) 

(10.0 g, 55 mmol) was dissolved in anhydrous pyridine (200 mL) and stirred at 110 °C for 2 h. 

Then, acetic anhydride was added in one portion (60 mL) through the condenser, the temperature 

was slowly lowered to room temperature, and the reaction continued stirring overnight. The dark 

reaction mixture was poured on ice (700 g) while stirring and when the ice melted, the oily 

residue was extracted with methylene chloride (3 × 300 mL), dried with anhydrous sodium 

sulfate, and concentrated to yield a crude mixture of galactopyranosides and galactofuranosides 

as a yellow oil. Most of the galactopyranose products (8.9 g, 23%) were precipitated out of the 

crude mixture as a white solid by crystallizing the crude oil from ethanol. The filtrate was 

concentrated to yield oily residue that consisted of a mixture of protected - and -

galactofuranosides (2) ( / :1/1, 5.2 g, 13%). A repeated crystallization was needed if 

galactopyranose products were still detected in the filtrate. NMR data were in agreement with 

previously published data [4, 5].  1H-NMR (CDCl3, 400 MHz,  and  isomers):  = 2.04-2.16 
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(m, 30H, CH3CO), 4.13-4.24 (m,  2H), 4.29-4.38 (m, 4H), 5.10 (d, J = 5.4 Hz, 1H), 5.18 (bs, 

1H), 5.25-5.38 (m, 2H), 5.34-5.39 (m, 1H), 5.56 (t, J = 6.5 Hz, 1H), 6.19 (s, 1H, 1-H ), 6.33 (d, J 

= 4.1 Hz, 1H, 1-H ). 13C-NMR (CDCl3, 400 MHz,  and  isomers):  = 20.47, 20.64, 20.67, 

20.70, 20.79, 20.82, 21.00, 21.04, 62.11, 62.57, 69.25, 70.34, 73.41, 75.31, 76.33, 79.09, 80.60, 

82.14, 93.09 , 99.12 , 169.04, 169.41, 169.77, 170.01, 170.53. 

 

7.3 Step 2: Synthesis of Dibenzyl 2,3,5,6-tetra-O-Acetyl- -D-Galactofuranosyl Phosphate (3).  

The method was adapted with slight modifications from previously published protocols [3, 6]. 

The solution of peracetylated -Galf (2) ( /  mixture, 1.0 g, 2.6 mmol) in anhydrous 

dichloromethane (10 mL) was cooled to 0 °C in an ice bath followed by the addition of 33% HBr 

in glacial acetic acid (2.0 mL). The resulting reddish solution was stirred for 2 h maintaining 0 

°C temperature until TLC analysis (ethyl acetate/hexane – 1/1, stained with p-anisaldehyde) 

showed the absence of the starting material. The solvent and residual acids were removed by 

repeatedly co-evaporating the mixture with anhydrous toluene. The residue was re-dissolved in 

20 mL of toluene, followed by the addition of triethylamine (0.8 mL, d = 0.72 g/mL, 7.8 mmol) 

and dibenzyl phosphate (1.0 g, 3.6 mmol), and the resulting mixture was stirred for 1 h at 0 °C 

and overnight at room temperature. The white precipitate of triethylammonium bromide was 

filtered off and the filtrate concentrated and purified by flash column chromatography (eluent: 

ethyl acetate/hexane – 1/1). The product, -Galf 1-phosphate (3) was found in the last fractions 

and upon concentration yielded a yellowish oil (0.6 g, 40%). 1H-NMR (CDCl3, 400 MHz):  = 

1.93 (s, 3H, COCH3), 1.96 (s, 3H, COCH3), 2.01 (s, 3H, COCH3), 2.06 (s, 3H, COCH3), 4.10 
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(dd, J = 6.3, 11.9 Hz, 1H), 4.21 (dd, J = 4.4, 7.1 Hz, 1H), 4.28 (dd, J = 4.7, 11.9 Hz, 1H), 5.05 (d, 

J = 7.6, 4H, CH2Bn), 5.14-5.26 (m, 2H), 5.44-5.58 (m, 1H), 5.97 (dd, J = 4.4, 5.6 Hz, 1H), 7.28-

7.36 (m, 10H, arom.). 

 

7.4 Step 3. Synthesis of -D-Galactofuranosyl bis(triethylammonium) phosphate (4).  The 

method was adapted with slight modifications from previously published protocols [3, 6, 7].  To 

the solution of peracetylated -Galf 1-phosphate (3) (240 mg, 0.395 mmol) in ethyl 

acetate/ethanol (1/1, 4 mL) triethylamine (0.4 mL) and Pd/C (10wt%) (40 mg) were added, and 

the reaction was hydrogenated at room temperature and atmospheric pressure for 24 h. The 

mixture was filtered through the celite plug and concentrated to yield a yellowish oil. 

Debenzylated product, without further purification, was dissolved in 

methanol/water/triethylamine (2 mL/0.8 mL/0.4 mL) and the resulting solution was stirred at 

room temperature overnight, then concentrated to yield slightly yellowish oil, which was pure -

Galf 1-phosphate 4 as a bis(triethylammonium) salt (158 mg, 86%).  1H-NMR (D2O, 400 MHz): 

 = 1.29 (t, J = 7.3 Hz, 18H, CH3CH2N), 3.09 (q, J = 7.3 Hz, 12H, CH3CH2N), 3.59-3.83 (m, 

4H), 4.04-4.15 (m, 1H), 4.17-4.25 (m, 1H), 5.50 (t, J = 4.7 Hz, 1H). NMR data were in 

agreement with those published [6, 7].  

7.5 Step 4: Chemienzymatic coupling of UDP to -Galf-1-Phosphate.  UDP-Galf was 

synthesized using the previously published chemienzymatic method as reported by the Lowary 

lab without modification [8].  1H-NMR (D2O, 400 MHz):  = 3.63-3.70 (m, 1H), 3.72-3.77 (m, 
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1H), 3.78-3.83 (m, 1H), 3.84-3.88 (m, 1H), 4.16-4.33 (m, 4H), 4.38-4.44 (m, 2H), 5.65-5.69 (m, 

1H), 5.96-6.06 (m, 2H), 7.98 (d, J = 8.1 Hz, 1H). 
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CHAPTER 7 

 Crystal structures of UDP-galactopyranose mutase from the pathogenic 

fungus Aspergillus fumigatus 

This chapter was adapted from the article below:
This research was originally published in Journal of Biological Chemistry. Dhatwalia, R., 
Singh, H., Oppenheimer, M., Karr, D.B., Nix, J.C., Sobrado, P., and Tanner, J.J.  “Crystal 
structures and small-angle X-ray scattering analysis of UDP-galactopyranose mutase from the 
pathogenic fungus Aspergillus fumigatus.” J Biol Chem. 2012; (ID M111.327536) Vol 287: 
9041-9051. © the American Society for Biochemistry and Molecular Biology. 
 
Author Contributions: 
Michelle Oppenheimer and Pablo Sobrado designed AfUGM mutants for crystallizations trials, 
purified all proteins used for these studies, and performed the activity assays.  Michelle 
Oppenheimer also adapted the article for the purpose of this chapter.  
 
Richa Dhatwalia, Harkewal Singh, Dale B. Karr, Jay C. Nix, and John J. Tanner worked on the 
crystallization trials of AfUGM, solved the crystal structure of AfUGM, performed data analysis, 
and wrote the original paper.  
 
 
Abstract

UDP-galactopyranose mutase (UGM) is a flavoenzyme that catalyzes the conversion of 

UDP-galactopyranose to UDP-galactofuranose, which is a central reaction in galactofuranose 

biosynthesis. Galactofuranose has never been found in humans but is an essential building block 

of the cell wall and extracellular matrix of many bacteria, fungi, and protozoa. The importance of 

UGM for the viability of many pathogens and its absence in humans makes UGM a potential 

drug target.  Here we report crystal structures in four comformational states for UGM from the 

fungus Aspergillus fumigatus, the causative agent of aspergillosis. The structures reveal that A. 

fumigatus UGM has several extra secondary and tertiary structural elements that are not found in 

bacterial UGMs yet are important for substrate recognition and oligomerization.   A. fumigatus 

UGM forms a homotetramer in solution, which is unprecedented for UGMs. The binding of UDP 
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or the substrate induces profound conformational changes in the enzyme.  Two loops on opposite 

sides of the active site move toward each other by over 10 Å to cover the substrate and create a 

closed active site.  The amount of substrate-induced conformational change exceeds that of 

bacterial UGMs and is a direct consequence of the unique quaternary structure of A. fumigatus 

UGM. Galactopyranose binds at the re face of the FAD isoalloxazine with the anomeric carbon 

atom poised for nucleophilic attack by the FAD N5 atom. The structural data provide new insight 

into substrate recognition and the catalytic mechanism and thus will aid inhibitor design. 

 

1. Introduction 

UDP-galactopyranose mutase (UGM) is a unique flavoenzyme that catalyzes the reversible 

conversion of UDP-galactopyranose (UDP-Galp) to UDP-galactofuranose (UDP-Galf) (Fig. 1).  

Unlike flavin-dependent oxidoreductases, the redox state of the flavin in UGM is unchanged 

upon product formation (1).  Although it is known that the FAD must be reduced for maximal 

catalytic activity, the precise role that the flavin plays in catalysis remains controversial.   

UGM is also an attractive target for drug design. The carbohydrate moiety of the product of 

the reaction, galactofuranose (Galf), is the five-membered ring form of the common 

monosaccharide galactose.  Galf has never been found in mammals and higher plants but is an 

essential building block of the cell wall and extracellular matrix of many bacteria, fungi, and 

protozoa (2).  The UGM reaction is central to Galf biosynthesis.  Gene deletion studies have 

shown that UGM is essential for mycobacterial growth (3) and contributes to the virulence of the 

pathogenic fungus Aspergillus fumigatus (4) and the protozoan parasite Leishmania major (5).  

In summary, the importance of UGM for the viability of many pathogens and its absence in 

humans makes UGM a potential drug target.  
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This study focuses on the UGM from the A. fumigatus.  Aspergillus spp. are ubiquitous fungi 

that cause diseases ranging from allergic reactions and lung infections to sepsis and death (6).  

Acquired by inhalation of airborne spores, Aspergillus infections (mainly A. fumigatus) can lead 

to invasive pulmonary aspergillosis, particularly in immunocompromised persons (6-8).  

Invasive pulmonary aspergillosis is also an emerging serious infection in patients with chronic 

obstructive pulmonary disease (9). The overall case-fatality rate associated with invasive 

aspergillosis is 58% (10).  Also, bronchial colonization by A. fumigatus in people with asthma or 

cystic fibrosis causes allergic bronchopulmonary aspergillosis, a hypersensitivity lung disease 

that can lead to airway destruction and widening, and scarring of the lung, resulting in significant 

morbidity and mortality (11). The ubiquity of the fungus, the increasing occurrence of 

Aspergillus infections in humans, and the high mortality rate associated with invasive pulmonary 

aspergillosis demonstrate the need for new anti-Aspergillus drugs. 

Inhibition of A. fumigatus UGM (AfUGM) is a potential strategy for the development of new 

drugs to treat patients with aspergillosis.  In Aspergillus, Galf is present in the galactomannan 

fraction of the cell wall, N- and O-glycans of secreted glycoproteins, 

glycosylphosphatidylinositol-anchored lipophosphogalactomannan, and sphingolipids (12).  It is 

estimated that Galf constitutes 5% of the dry weight of A. fumigatus (12).  Deletion of the UGM 

gene in A. fumigatus results in a thinner cell wall and increased susceptibility to drugs (4).  

Furthermore, the mutated strain exhibits attenuated virulence in a low-dose mouse model of 

invasive aspergillosis (4).  In another study, deletion of the UGM gene resulted in a reduced 

growth phenotype but virulence as measured in a higher-dose mouse model was unimpaired (13).  

The different outcomes of the two deletion studies may reflect the different doses used, with the 

low-dose model generally considered to mimic more closely the in vivo situation (2).  Because of 
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the importance of UGM for the fitness of A. fumigatus, UGM is a promising target for the 

development of new drugs for adjunctive treatment for aspergillosis (2, 4).  

The AfUGM structure has been solved in four conformations using X-ray crystallography 

including, the inactive oxidized form, the active reduced form, reduced form with UDP bound, 

and the reduced form with the substrate, UDP-Galp bound.  The data reveal interesting 

differences from bacterial UGMs, including additional secondary structure elements, unique 

mode of oligomerization, and profound conformational changes induced by substrate binding.  

The structures should aid inhibitor design efforts. 

Figure 7.1 Reaction catalyzed by UGM.  

2. Materials and Methods 

2.1 Site-directed mutagenesis and design of AfUGM mutants. Site-directed mutagenesis was 

performed using the QuikChange protocol (Stratagene, CA).   In order to select amino acids for 

mutation to aid in crystallization of AfUGM, a structural model was created using Phyre (14).  

Mutations were designed to be both in the active site and surface of AfUGM.  Active site 

residues were identified using an alignment of AfUGM to prokaryotic UGMs and were based 

upon conserved active site residues in prokaryotic UGMs. These active site residues were also 

verified in the model (Fig. 2A).  Residues at the protein surface were selected for mutation based 

upon their high entropic properties, which can impede crystal formation.  Residues were 
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identified either examining the model or using the surface entropy reduction server (SERp) (Fig. 

2A) (15).  A summary of all the mutations made and tested for crystallization is found in Table 2.   

 

2.2 Expression and purification of native AfUGM.  Both AfUGM wildtype and mutants were 

expressed in the vector pVP55A or pVP56K using auto-induction media.   Se-Met AfUGM was 

produced using the metabolic inhibition method (16).  The metabolic inhibiton method works 

by growing E. coli with on minimal media and half hour before induction of AfUGM with 

IPTG, methonine biosynthesis is blocked and selenomethionine is put in the media.  All 

AfUGM isoforms were purified following methods previously described (17).   

 

2.3 Crystallization. Details on the methods of crystallization are outlined in reference (18).  The 

surface lysine mutant AfUGM K344A K345A was used to solve the structure as native AfUGM 

and other mutants had translational pseudosymmetry.    

 

2.4 Crystal soaking. Crystals of reduced AfUGM with and without bound active site ligands 

were prepared by soaking the aforementioned crystals with dithionite for reduction, and with 

ligands, either UDP or UDP-Galp, details are outlined in the reference (18). 

2.5 X-ray diffraction data collection, phasing, and refinement. Crystals were analyzed at 

beamlines 19ID and 24-ID-C of the Advanced Photon Source and beamline 8.2.2 of the 

Advanced Light Source.  The first structure of AfUGM was determined using single-wavelength 

anomalous diffraction (SAD) phasing based on data collected at 19ID from Se-Met AfUGM 

crystals (Table 1).   The resulting structure provided the starting coordinates for the refinements 



122 
 

of the other structures reported here.  Details on the method of structure determination are found 

in the reference (18).  A complete summary of the data collection and refinement statistics is also 

found in the reference (Table 1) (18).   

 

Table 7.1 X-ray diffraction data collection and refinementa 
 Se-Met Sulfate 

complex 
AfUGMr AfUGMr-

UDP 
AfUGMr-
UDP-Galp 

Beamline APS 19ID APS 19ID ALS 8.2.2 ALS 8.2.2 APS 24-ID-C
Active site ligand sulfate sulfate None UDP UDP-Galp 
Resolution (Å) 55.00-2.65 

(2.74-2.65) 
50.0-2.35    

(2.43-2.35) 
48.6-2.20 

(2.37-2.25) 
48.6-2.25 

(2.37-2.25) 
48.8-2.25 

(2.37-2.25) 
Rmerge(I) 0.087 (0.351) 0.086 (0.568) 0.097 (0.599) 0.086 (0.676) 0.097 (0.599) 
Completeness (%) 99.0 (99.6) 90.5 (91.1) 99.8 (100.0) 97.9 (99.7) 97.3 (97.6) 
No. of protein chains  4 4 4 4 
No. of protein 
residues 

 2018 2020 2019 2019 

No. of protein atoms  15597 15580 15551 15562 
No. of FAD atoms  212 212 212 212 
No. of ligand atoms  0 0 50 72 
No. of water 
molecules 

 516 813 657 659 

PDB code  3UTE 3UTF 3UTG 3UTH 
aValues for the outer resolution shell of data are given in parenthesis.  
 

2.6 Kinetics.  The mutase activity was tested with UDP-Galf as the substrate following 

procedures previously described (17).  The enzyme concentration was determined using the 

flavin extinction coefficient at 450 nm of 10.6 mM-1cm-1.  

 

2.7 Structure analysis. SSM (19) was used for structure superposition.  The PDBePISA server 

was used to analyze protein interfaces in crystal lattices (20).  COOT and PyMol (21) were used 

to analyze noncovalent interactions. 
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3. Results 

3.1 Generation of mutants. Crystallization of native AfUGM proved difficult as crystals 

displayed translational pseudosymmetry, therefore several active site and surface mutations were 

made in order to aid in crystal formation (Table 2).  The amino acids selected to mutate were 

chosen based upon an alignment with prokaryotic UGMs, an AfUGM model, or the SERp 

server.  The surface amino acids were chosen in order to eliminate residues with polar, long side 

chains, which can impede the formation of a crystal lattice.  These residues include: lysine, 

glutamic acid, and glutamine.  The surface mutant, AfUGM K344A K345A was identified to 

generate crystals with good pathology and was used to solve for the AfUGM structure.  The 

lysine residues were verified to be located on the surface of the AfUGM structure and away from 

the active site and oligomerization interfaces (Fig. 2).  The kinetic parameters of AfUGM K344A 

K345A were also the same as native AfUGM (Table 3).  These results show the mutation did not 

significantly alter the crystal structure or activity of AfUGM, as a result AfUGM K344A K345A 

was used for these studies and for the purpose of this paper AfUGM will refer to the AfUGM 

K344A K345A mutant.  

Table 7.2  Summary of AfUGM mutants 

Mutation Type of 
mutation 

Method used 
to identify 

residue
W167A Active Site Alignment 
W204A Active Site Alignment 
R211A Active Site Alignment 
R327A Active Site Alignment 

K231A K233A Surface Model 
K239A K241A Surface SERp 
K344A K345A Surface Model 
K363A E364A Surface SERp 

K231A K233A K344A K345A Surface Model 
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Table 7.3 Steady state kinetics of AfUGM and AfUGM K344A K345A 
 kcat, s-1 KM, μM kcat/KM, μM-1 s-1  
Native 60 ± 3 70 ± 10 0.84 ± 0.13
K344A/K345A 55 ± 2 70 ± 9 0.75 ± 0.07

Figure 7.2 Ribbon diagram of AfUGM showing active site and surface residues chosen for 
mutation.  (A) Model of AfUGM made using Phyre which threaded the sequence on the known 
three dimensional structure of oxidized Mycobacterium tuberculosis UGM (PDB code, 1VOJ) 
(14).  (B) Crystal structure of oxidized AfUGM highlighting one subunit of the tetramer in cyan 
with the other subunits in light gray.  The active site residues, W167, W204, and R327 (magenta) 
are shown to be in a similar orientation in both the model and crystal structure.  However, the 
residue R211 is shown to be in a different location and orientation.  The surface residues 
(orange) are shown to be in similar locations in both the model and structure, however, there are 
significant differences in the fold and orientation. (Note, residues K363 and E364 are not seen on 
the model as the model does not include random coils and loops.)  The residues K344 and K345 
were mutated to alanines to solve the crystal structure.  This figure and others were prepared 
with PyMol. 
 

3.2 Overall fold and flavin binding site. The AfUGM protomer has a mixed /  fold (Fig. 3) and 

exhibits the same 3-domain architecture that was first identified in the structure of E. coli UGM 

(22).  Domain 1 is the largest of the three domains.  It is a tripartite unit consisting of residues 3-
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90, 205-291, and 421-507, and includes a Rossmann fold core that binds the FAD.  Domain 2 is 

a bundle of -helices (residues 105-204).  This domain mediates one of the major interfaces of 

the tetramer.   Domain 3 (residues 91-104, 292-420) is situated between the other two domains 

and features a twisted, 7-stranded -sheet.  This domain participates in substrate binding.  The 

FAD isoalloxazine binds in a crevice between domains 1 and 3. 

AfUGM is about 100 residues longer than bacterial UGMs, and the extra residues form 

several structural elements that appear to be important for catalysis and oligomerization (red 

sections in Fig. 3A). The first of these extra elements is a 4-stranded -sheet in domain 1 formed 

by residues 6-8 and 243-262.  This -sheet is located near the adenine of the FAD.  Domain 2 

has an extra helix (residues 188-197) not found in bacterial UGMs.  This helix is situated 

between two mobile flaps that close and open in response to substrate binding and product 

release, respectively (Fig. 3A).  Also, the second helix of the domain (residues 115-134) is about 

seven residues longer in AfUGM and rotated by about 90° from the corresponding helix in 

bacterial UGMs.  The 115-134 and 188-197 helices form a 4-helix bundle in one of the dimer 

interfaces of the UGM tetramer (see below).  Domain 3 of AfUGM has two large inserts 

compared to bacterial UGMs. The first is a long loop formed by residues 335-366.  The second 

consists of residues 378-418, which fold into an -helix followed by a -strand. Because of the 

latter secondary structure element, the sheet of domain 3 has 7 strands rather than 6 as in 

bacterial UGMs. Finally, AfUGM has ~30 extra residues at the C-terminus.  These residues form 

a U-shaped substructure that packs against domain 1 and features two -helices.   This extra 

structural element is involved in oligomerization (see below). 
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Figure 7.3 Overall fold of AfUGM.  (A) Structure of the AfUGM protomer.  Domains 1, 2, and 
3 are colored blue, yellow, and green, respectively.  Features that distinguish AfUGM from 
bacterial UGMs are colored red. (B) Protomer structure of a bacterial UGM (Deinococcus 
radiodurans UGM, PDB code 3HE3).   
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3.3 Quaternary structure.  AfUGM had previously been identified as a tetramer in solution, the 

crystal structure and small angle X-ray scattering (SAXS) studies also confirmed AfUGM was a 

tetramer (for SAXS data see (18)).  AfUGM is a dimer of dimers with symmetry that can be 

described with three mutually orthogonal 2-fold axes, denoted P, Q, and R that intersect at the 

center of the tetramer (Fig. 4).  The P-, Q-, and R-axes relate protomer O to protomers P, Q, and 

R, respectively. The axes define three potential dimer interfaces corresponding to protomer O 

contacting the other three protomers.  Only the OP and OQ interfaces are significant.

The OP interface buries 5000 Å2 of area and is primarily hydrophilic, featuring 10 

intersubunit hydrogen bonds.  The interface is noncontiguous.  The major part of the interface 

consists of the C-terminal residues 468-502 of two P-related chains interacting across the P-axis 

at the distal ends of the tetramer. Two such interfaces are located at opposite ends of the tetramer 

(Fig. 4).  The minor part of the OP interface is located at the intersection of the 2-fold axes and 

involves just the guanidinium of Arg133 forming a hydrogen bond with the carbonyl of Val134 

of the P-related chain (Fig. 4A, boxed inset).  Thus, there are four of these intersubunit hydrogen 

bonds located in the center of the tetramer.

The OQ interface is located in the middle of the tetramer and buries 4600 Å2 of contiguous 

surface area.  Two helices (residues 115-134, and 188-197) from domain 2 of Q-related chains 

interact to form a 4-helix bundle oriented parallel to the Q-axis (Fig. 4).   Note that these two 

helices are unique to AfUGM (Fig. 3A). The tetramer has two of these bundles. The 4-helix 

bundle has a hydrophobic interior featuring Val, Leu, and Ile side chains.  
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Figure 7.4 Quaternary structure of AfUGM. (A) The tetramer is viewed down the R molecular 
2-fold axis.  Each chain has a different color.  The active site flaps of chain Q are colored red. 
The surface represents the SAXS shape reconstruction.  Inset: Intersubunit hydrogen bonds at the 
intersection of molecular 2-fold axes.  Chains related by the P-axis engage in hydrogen bonding.  
The oval represents the R two-fold molecular axis. (B) The tetramer is viewed down the Q-axis. 
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3.4 Active site of the sulfate complex.  The crystals used for structure determination were grown 

in 1.5 M ammonium sulfate, and as crystallized, two sulfate ions are bound in the active site 

(Fig. 5A).  The ions bind on the re side of the isoalloxazine.   One of the ions binds next to the 

center ring of the isoalloxazine, which is the binding site for the Galp moiety of the substrate. 

His63 – an absolutely conserved residue in UGMs - is likewise located on the re face and 

interacts with both sulfate ions.  The location of the conserved histidine at the re face is 

unprecedented and likely a crystallization artifact.   

The isoalloxazine is planar, which is consistent with the FAD being oxidized.  It is noted that 

the crystals are yellow, which is also indicative of the oxidized state.   

 

 
Figure 7.5 Stereographic views of histidine loop in the (A) sulfate complex and (B) AfUGMr.  In 
both panels, the cage represents a simulated annealing A-weighted Fo - Fc omit map contoured 
at 3.0 .    
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3.5 The histidine loop of reduced AfUGM.  The structure of the reduced enzyme (AfUGMr) was 

determined from a crystal that was soaked in 80 mM sodium dithionite.  The crystal changed 

from yellow to colorless, which indicated that the FAD was reduced.  

Soaking with dithionite causes significant changes in the active site, which occur in all four 

chains.  Electron density features for the sulfate ions are absent, and the conformation of the 

histidine loop is dramatically different (Fig. 5B).  In particular, His63 has moved to the si face of 

the FAD where it stacks in parallel with the middle ring of the isoalloxazine and forms a 

hydrogen bond with the FAD 2'-OH.  Furthermore, the carbonyl of Gly62 forms a hydrogen 

bond with the FAD N5.  This conformational change in the protein is accompanied by a 3-Å shift 

in the FMN part of the FAD.  This shift brings the N1 atom of the FAD within hydrogen-

bonding distance of the backbone N-H group of Gln-458, which is consistent with the FAD 

adopting the anionic hydroquinone state.   

The conformation of the histidine loop in AfUGMr is very similar to those of bacterial 

UGMs.  In particular, in all other structures, the conserved histidine is located at the si face as in 

AfUGMr.  Furthermore, in all other UGMs, the carbonyl of the residue preceding the conserved 

His accepts a hydrogen bond from the N5 of reduced FAD. The carbonyl-N5 interaction is 

important for stabilizing the reduced state of FAD, a necessity for activity.  As mentioned, Gly62 

forms this critical hydrogen bond in AfUGMr. It is concluded that the dithionite-reduced 

AfUGM structure represents the active, substrate-free form of the enzyme. 

 

3.6 FAD conformation and binding site.  The FAD of AfUGMr binds primarily to domain 1 (Fig. 

3A).  The conformation of the FAD is nearly identical to those of bacterial UGMs, and the 

flavin-protein interactions are highly conserved (Fig. 6).  In particular, there are several 
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interactions with the protein backbone (Fig. 6B); these are conserved, as one would expect. 

Asp38 forms two hydrogen bonds with the ribose.  This interaction appears to be universal in 

UGM.  Some of the side chain interactions with the FAD in AfUGM are found in other bacterial 

UGMs. For example, Ser461 and Thr18, which interact with the ribityl 3’-OH and 

pyrophosphate, respectively, are analogous to Thr355 and Ser14 of Klebsiella pneumoniae UGM 

(KpUGM).  

The FAD of AfUGMr exhibits a butterfly-like distortion of the isoalloxazine in which the 

pyrimidine ring bends 7° out of the plane such that the si face is concave (Fig. 6C). The direction 

of the bending is the same as that of Deinococcus radiodurans UGM (DrUGM) (23) and 

opposite to that of KpUGM (24).  The angle is close to that of DrUGM and about half that of 

KpUGM (~13°). 

Figure 7.6 Electron density and interactions for the FAD in AfUGMr. (A) View of the FAD 
oriented with the re side of the isoalloxazine system facing the viewer.  The cage represents a 
simulated annealing A-weighted Fo - Fc omit map contoured at 3.0 . (B) Schematic diagram of 
protein-FAD interactions in AfUGMr.  Backbone interactions are indicated by N or O in 
parentheses. (C) Edge-on view of the isoalloxazine.  The horizontal line assists in seeing the 7° 
butterfly-like bend angle.   
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3.7 Structure of AfUGMr complexed with UDP.  The structure of AfUGMr complexed with UDP 

was determined from a crystal that had been soaked in sodium dithionite and UDP.  Electron 

density maps clearly indicated that UDP is bound in two of the four active sites of the tetramer 

(Fig. 7).  The occupancy of UDP is estimated to be 0.9, which indicates essentially full 

occupancy and thus tight binding.  

The binding of UDP induces profound conformational changes in the enzyme (Fig. 8). The 

largest of these changes involves residues 179-187 and 203-209.  In the absence of UDP, these 

loops reside on the periphery of the enzyme, and thus the active site is open.  Upon binding, the 

loops move toward each other like the flaps of a box top to create a closed active site. The 

conformational changes are substantial.  For example, the middle residues of the two loops, 

Val183 and Pro206, move by 11 Å and 13 Å, respectively, upon ligand binding.  One 

consequence of the flaps folding inward is that the side chain of Phe66 swings into the active site 

to avoid a clash with Pro206 (Fig. 8).  As shown below, Phe66 contacts the Galp moiety of the 

substrate. 

The closing of the flaps is accompanied by smaller conformational changes in residues 104-

107 and 146-161 that fine-tune the uridine binding pocket. Tyr104 and Phe158 move apart from 

each other by 3 Å to create space for the incoming uridine.  Phe106 and Gln107 shift by 1.0 and 

2.0 Å, respectively, to form three hydrogen bonds with the base (interactions are shown in Fig. 

7).    Finally, movements of ~1.0 Å bring Asn163, Trp167, Tyr317, Arg327, and Tyr453 into 

contact distance of the ribose and pyrophosphate (Fig. 7). 

The dramatic closing of the flaps also results in the formation of new protein-protein 

interactions that stabilize the closed active site conformation (Fig. 8).  In particular, Glu181 and 

Arg182 of the 180s flap interact with His68 and Asn457, respectively, in the closed state, 
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whereas in the open state, the interacting partners are separated by 17 - 19 Å.  Another 

interaction that stabilizes the closed state involves Arg91, whose side chain moves to make four 

hydrogen bonds with the 200s flap.    

 

Figure 7.7 Electron density map for UDP bound to AfUGMr (stereographic view). The cage 
represents a simulated annealing A-weighted Fo - Fc omit maps contoured at 3.0 . 

Figure 7.8 Comparison of the open and closed forms of AfUGMr (stereographic view). AfUGMr 
is shown in yellow.  The AfUGMr-UDP complex structure is shown in green. UDP is colored 
pink.  Selected interactions in the closed state are indicated by dashed lines.  The arrows denote 
the direction of flap closure.  
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3.8 Structure of AfUGMr complexed with UDP-Galp. The structure of AfUGMr complexed with 

the substrate UDP-Galp was determined from a crystal that was soaked in sodium dithionite and 

UDP-Galp.  As with the UDP complex, electron density maps indicated binding in two of the 

four active sites (Fig. 9A). The occupancy of UDP-Galp is estimated to be 0.8.  Electron density 

is weak for the O5 atom of the Galp moiety, suggesting the possibility of conformational 

disorder in this part of the ring.  We note that conformational disorder of the Galp moiety has 

been observed previously ((24), PDB code 3INT).   As seen with UDP, the substrate induces 

closure of both flaps. 

The conformation and interactions of the UDP moiety of the substrate are essentially 

identical to those of the AfUGMr-UDP complex, so we will focus on the Galp moiety. Galp 

binds at the re face of the FAD isoalloxazine with the anomeric carbon atom (C1) poised 3.4 Å 

from the FAD N5 atom (Fig. 9A, red dashes).   The hydroxyl groups of Galp make direct 

hydrogen bonds with Arg182, Asn207, and Asn457 (Fig. 9B).   Water-mediated interactions are 

formed with Thr329, Tyr334, and Arg447.  Also, the O4 hydroxyl forms a hydrogen bond with 

the FAD O4 carbonyl.  In addition to these electrostatic interactions, nonpolar contacts are 

formed with Phe66 and Trp315.  These steric interactions presumably help enforce specificity for 

Galp and orient the carbohydrate for catalysis.  
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Figure 7.9 Electron density map (stereographic view) and interaction diagram for UDP-Galp 
bound to AfUGMr. (A) The cages represent a simulated annealing A-weighted Fo - Fc omit map 
contoured at 2.5 .  The red dashes indicate the 3.4 Å separation between the anomeric C atom of 
Galp and the FAD N5. (B) Schematic diagram of noncovalent electrostatic interactions.  
 

3.9 Comparison of UDP-Galp interactions in AfUGM and bacterial UGMs.  The structures of 

the UDP-Galp complexes of AfUGM, KpUGM, and DrUGM were compared to identify 

similarities and differences in substrate recognition (Fig. 10).  In all three structures, the substrate 

adopts an extended conformation, the O4 hydroxyl of Galp forms a hydrogen bond to the FAD 

O4, and the anomeric C atom is near the FAD N5.  Several conserved residues participate in 

substrate recognition, including Arg182, Arg327, Trp167, Tyr419, and Tyr453 (AfUGM 

numbering). 

Differences between the two classes of UGM are also evident (Fig. 9).  In particular, the 

UMP moiety of AfUGM is displaced by 3-5 Å compared to the bacterial enzymes. The uridine 
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ring is shifted by ~4 Å and rotated by almost 90°.  This difference allows the uridine to form two 

hydrogen bonds with Asn107, a residue without a counterpart in bacterial UGMs. Displacement 

of the UMP also reflects a different arrangement of Tyr residues that interact with the 

pyrophosphate (Tyr317 in AfUGM, Tyr185 in KpUGM, Tyr209 in DrUGM).  Finally, the O6 

hydroxyl of Galp in AfUGM is rotated by 110° from that in the bacterial enzymes.  This 

difference is due to the potential for steric clash with Trp315.  

 

Figure 7.10 UDP-Galp recognition by eukaryotic and bacterial UGMs (stereographic view).  
The structures of AfUGM (white), KpUGM (cyan, 3INT), and DrUGM (yellow, 3HDY) 
complexed with UDP-Galp are shown.  Selected residues of AfUGM are noted.   

4. Discussion  

The core structure of UGM appears to be conserved across the bacterial and eukaryotic 

domains of life despite low sequence identity (~16 %).  The root mean square deviation between 

AfUGM and bacterial UGMs is 2.4 – 2.7 Å over 279 – 322 residues.  And the majority of the 

FAD-protein interactions are also conserved.  

Curiously, protoporphyrinogen oxidase from Myxococcus xanthus (PPOX, (25)) rather than 

another UGM, is the closest structural homolog of AfUGM in PDB (Fig. 11).  PPOX has FAD-
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binding, membrane-binding, and substrate-binding domains, which correspond to UGM domains 

1, 2, and 3, respectively.  PPOX (PDB code 2IVD) and AfUGM superimpose with a root mean 

square deviation of 2.5 Å covering 370 residues, despite sharing only 15% sequence identity. 

Furthermore, PPOX has some of the extra structural features of AfUGM that are not found in 

bacterial UGMs, including the inserted -sheet in domain 1 and the extra helix and strand of 

domain 3.  The significance of the structural homology to PPOX is not obvious.   

 

Figure 7.11 Protoporphyrinogen oxidase from Myxococcus xanthus (PDB code 2IVD). The 
FAD-binding (blue), membrane-binding (yellow), and substrate-binding (green) domains 
correspond to UGM domains 1, 2, and 3, respectively. Red indicates elements that are common 
to AfUGM and PPOX but not found in bacterial UGMs. 
 

Neither oligomeric state nor quaternary structure is conserved in UGM.  Dimers are common 

for bacterial UGMs, whereas AfUGM forms a tetramer in solution. UGM from E. coli was 

shown to be dimeric in solution based on dynamic light scattering (26), and the crystal structure 

revealed a semicircular dimer that likely represents the dimer in solution (22).  This dimer is also 

found in the crystal lattices of KpUGM and Mycobacterium tuberculosis UGM (27). DrUGM 

appears to have a different quaternary structure, although this has not been confirmed with 
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solution studies.  Analysis of the interfaces in the primitive orthorhombic lattice of DrUGM 

suggests that the enzyme forms a decamer in solution (23).  The decamer is a pentamer of dimers 

in which the propagated dimer is unlike the semicircular dimer of the other bacterial UGMs.  The 

DrUGM dimer is formed by interactions involving domains 1 and 3.  The constituent dimers of 

the AfUGM tetramer are unlike any of the dimers of bacterial UGMs. 

Unique structural features of AfUGM preclude the assembly of the dimers formed by 

bacterial UGMs.  For example, if the classic UGM semicircular dimer is constructed from 

AfUGM protomers, several clashes across the dimer interface are evident.  These clashes involve 

the 200s flap and the extra helix of domain 2, both of which are unique to AfUGM.  Likewise, a 

hypothetical dimer built like DrUGM exhibits clashes in the 4-stranded sheet in domain 1 and 

the long inserted loop in domain 3.  Thus, the protomer structure of AfUGM is incompatible with 

the quaternary structures of bacterial UGMs.   

The observation of a tetramer raises the possibility of cooperativity between the subunits.  

Interestingly, previous studies have shown that 50 % of the bound flavin remains reduced under 

normal laboratory conditions, which suggests nonequivalence of the subunits (17). Crystal 

soaking populated only 50 % of the active sites with ligand, although we cannot rule out the 

possibility of crystal contacts near the unpopulated active sites inhibiting the large 

conformational changes required for ligand binding.  Future studies of cooperativity in AfUGM 

seem warranted. 

The quaternary structure of AfUGM enables conformational changes that distinguish 

AfUGM from bacterial UGMs. AfUGM has two flaps that move substantially upon substrate 

binding and product release.  Bacterial UGMs have just one mobile loop that enters the active 

site upon substrate binding (Fig. 3B, “mobile loop”) (23,24).  This loop is analogous to the 180s 
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flap of AfUGM.  The region of bacterial UGMs corresponding to the 200s flap also participates 

in substrate binding (Fig. 3B, “static loop”).  In particular, Tyr185 and Phe186 of KpUGM 

(Tyr209 and Phe210 of DrUGM) contact the pyrophosphate and Galp moiety of UDP-Galp, 

respectively.  However, these residues are static because the loop is in a protein-protein interface, 

and a neighboring protein molecule of the oligomer restricts the motion of the loop, effectively 

locking it in the closed conformation.  In contrast, the 200s flap of AfUGM resides on the 

surface of the tetramer (Fig. 4A) and is able to adopt open and closed conformations.  Thus, 

tetramerization of AfUGM allows an additional degree of conformation freedom.  

It is notable that very few of the flap residues directly interact with the substrate.  

(Exceptions are Arg182 and Asn207.)  This observation suggests that the purpose of flap closure 

is not only to assemble the constellation of residues needed for substrate recognition but also to 

create a protected environment for catalysis.  The latter role is consistent with mechanisms in 

which UDP is displaced during the catalytic cycle (1) because closure of the flaps presumably 

prevents the severed UDP from migrating out of the active site.  

Finally, the AfUGM structures provide additional insight into the catalytic mechanism of 

UGM.  Two prevailing mechanisms have been proposed based on studies of the bacterial 

enzymes (1).  One mechanism begins with the flavin functioning as a nucleophile that attacks the 

anomeric carbon of galactose to form a covalent intermediate and displace UDP (28). The other 

mechanism involves single electron transfer from the reduced flavin to an oxocarbenium sugar 

intermediate followed by the formation of a flavin-sugar adduct (29, 30). Which of these 

mechanisms, if either, applies to eukaryotic UGMs is unknown.  However, the Galp moiety in 

the AfUGMr-UDP-Galp complex is poised for nucleophilic attack by the FAD N5 at the 

anomeric C atom (Fig. 9A).  Also, the direction of the bend of the FAD isoalloxazine in AfUGM 
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is consistent with formation of a covalent intermediate (27). For bacterial UGMs, crystal 

structures, reductive trapping experiments, and studies with modified flavins support the 

covalent mechanism (Figure 12) (23, 24, 30).  Thus, it seems likely that bacterial and eukaryotic 

UGMs share a common catalytic mechanism.    

Figure 7.12  Proposed chemical mechanism of UGM.  The mechanism shows the FAD acts as a 
nucleophile forming an iminium ion prior to the interconversion between pyranose and furanose 
forms.   
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CHAPTER 8 

 Conclusions 

UDP-galactopyranose mutase (UGM) is a unique flavin containing enzyme that has been 

identified as a drug target in several pathogens.  This thesis presents the first recombinant 

expression and purification of eukaryotic UGMs from Aspergillus fumigatus, Leishmania major, 

and Trypanosoma cruzi.  Detailed biochemical and biophysical analyses of these UGMs were 

conducted to gain insights into the chemical mechanism and the three-dimensional structure.  

Our studies show both similarities and differences between prokaryotic and eukaryotic UGMs, 

emphasizing the importance of examining eukaryotic UGMs for the development of specific 

inhibitors.   

The kinetoplastid UGMs (TcUGM and LmUGM) have comparable kcat values and both 

are monomeric in solution (Chapters 5, 6), while the fungal AfUGM has a 5-10 fold higher kcat 

and is tetrameric in solution (Chapters 4, 7).  AfUGM is also unique from other UGMs in that it 

can stabilize a half reduced state, suggesting cooperativity between the subunits (Chapter 4). 

These observed distinctions between these eukaryotic UGMs agree with their phylogenetic 

classifications based upon amino acid sequence identity (Figure 1).   

 
Figure 8.1  Phylogenetic tree showing the relationships of UGMs between species. The branch 
length of each pair signifies the percent identity (or sequence distance) between pairs and the 
bottom axis represents the number of amino acid subsitutions.  (EcUGM, E. coli UGM; MtUGM, 
M. tuberculosis UGM; DrUGM,  D. radiodurans UGM; KpUGM, K. pneumoniae  UGM; 
TcUGM, T. cruzi UGM; LmUGM, L. major UGM; AfUGM, A. fumigatus UGM; CeUGM, C. 
elegans UGM)  The figure was generated using MegAlign (DNASTAR lasergene).    
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Eukaryotic UGMs differ from their prokaryotic counterparts as they are able to be 

efficiently reduced by NAD(P)H.  Our studies show eukaryotic UGMs, specifically TcUGM, are 

able to be reduced rapidly by NADPH and NADH, while M. tuberculosis UGM is unable to react 

with either (Chapter 6).  Once reduced by NAD(P)H eukaryotic UGMs are able to stabilize the 

reduced state performing ~1000 isomerizations at the cost of one NAD(P)H. 

The chemical mechanism of UGM is shown to be conserved across species, which is 

expected as each UGM requires a reduced flavin cofactor.  The mechanism of eukaryotic UGMs 

was studied using TcUGM as a prototype and agrees with studies conducted on prokaryotic 

UGMs (Chapter 6).  The mechanism shows the flavin acting as a nucleophile attacking the C1 of 

the Galp by an SN2 reaction releasing UDP.  The flavin acts as a scaffold for ring opening and 

isomerization of galactose.  Lastly, UDP attacks the newly formed Galf forming UDP-Galf.  This 

mechanism is novel in that flavins are not typically nucleophilic, nor do they typically provide a 

scaffold for the reaction.  These results suggest that the chemistry of flavoproteins is more 

diverse than previously thought.   

Lastly, the three-dimensional structure of AfUGM was solved by X-ray crystallography 

(Chapter 7).  While, the core structure and active site is relatively conserved between AfUGM 

and prokaryotic UGMs there are significant differences present in AfUGM that are important for 

activity and oligomerization.   Unique to AfUGM, the active site has two mobile loops that close 

upon substrate binding, while prokaryotic UGM only has a single mobile loop.  These loops are 

important for activity as they are proposed to trap the UDP in the active site preventing 

uncoupling.  AfUGM also has additional helices, loops, and sheets which are important for 

oligomerization and perhaps play a role in cooperativity between the subunits.   
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This thesis presents the examination of eukaryotic UGMs, solving both the mechanism 

and structure.  Future efforts are needed to further examine the unique features eukaryotic UGMs 

and to develop specific inhibitors for these proteins.  In the future, works needs to be conducted 

to determine the NAD(P)H binding site in eukaryotic UGMs by X-ray crystallography and site-

directed mutagenesis.  Also, further work needs to be done to examine how UGM is able to 

maintain a reduced state over a series of reactions.  This can be done by examining residues close 

to the flavin binding site and monitoring changes in oxidase and reduction activities.  Also work 

needs to be done to identify inhibitors for eukaryotic UGMs.  These can be done using both 

rational drug design and drug screening methods.  Our lab has developed a high throughput 

screening assay for chemical libraries in AfUGM (see Appendix B), which can be used for 

screens using chemical libraries to identify potential inhibitors for eukaryotic UGMs.  The 

idenitifed inhibitors can then be enhanced using our knowledge on the structure of eukaryotic 

UGMs exploiting interactions known to be important for ligand binding.  Rational drug design 

can also be done by using both in silico and in vitro studies examining the roles of residues in the 

active site and designing inhibitors which mimick transition states of the reaction.  Together 

these results will aid in the identification of inhibitors, which will hopefully lead to drugs for the 

treatment of aspergillosis, leishmaniasis, and Chagas’ disease.   
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APPENDIX A 

 Recombinant expression, purification, and characterization of ThmD, the 

oxidoreductase component of tetrahydrofuran monooxygenase†

Reprinted from Archives of Biochemistry and Biophysics, Vol 496, Oppenheimer, M., Pierce, 
B.S., Crawford, J.A., Ray, K., Helm, R.F., and Sobrado, P. “Recombinant expression, 
purification, and characterization of ThmD, the oxidoreductase component of tetrahydrofuran 
monooxygenase,” pp. 123-131, Copyright (2010), with permission from Elsevier. 
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Pablo Sobrado oversaw and directed the research, and wrote the article.  

 
Abstract

Tetrahydrofuran monooxygenase (Thm) catalyzes the NADH and oxygen-dependent 

hydroxylation of tetrahydrofuran to 2-hydroxytetrahydrofuran.  Thm is composed of a 

hydroxylase enzyme, a regulatory subunit, and an oxidoreductase named ThmD. ThmD was 

expressed in E. coli as a fusion to maltose binding protein (MBP) and isolated to homogeneity 

after removal of the MBP. Purified ThmD contains covalently bound FAD, [2Fe-2S] center, and 

was shown to use ferricyanide, cytochrome c, 2,6-dichloroindophenol, and to a lesser extent, 

oxygen as surrogate electron acceptors. ThmD displays 160-fold preference for NADH over 

NADPH and functions as a monomer. The flavin-binding domain of ThmD (ThmD-FD) was 

purified and characterized.  ThmD-FD displayed similar activity as the full-length ThmD and 

showed a unique flavin spectrum with a major peak at 463 nm and a small peak at 396 nm. 
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Computational modeling and mutagenesis analyses suggest a novel three-dimensional fold or 

covalent flavin attachment in ThmD. 

 

1. Introduction

Bacterial multicomponent monooxygenases (BMM) are diiron-containing enzymes that 

hydroxylate a variety of hydrocarbons [1, 2]. The diiron cluster ligands are provided by the side 

chains of residues that make up the sequence motif (D/E)EX2H (X)~100~EX2H(D/E)[3].  BMMs 

consist of, at least, an NADH oxidoreductase component, a hydroxylase component, which 

houses the diiron center, and a small protein regulatory component [2]. The BMM family has 

been divided into five groups based on component composition and operon organization [4].  

Because these enzymes are capable of tuning the diiron center to perform C-H bond cleavage 

and hydroxylation in a variety of substrates, they are believed to have a potential application in 

bioremediation [4, 5]. There is a plethora of work regarding the mechanism of oxygen activation 

and several intermediates have been directly observed by using transient kinetic approaches and 

spectroscopy [1, 6-8]. Similarly, there are several structures of hydroxylases in the reduced and 

oxidized states and in the presence and absence of substrates [9-13]. More recently, structures of 

toluene 4-monooxygenase in complex with its regulatory protein have provided information 

about the mechanism of regulation in this group of enzymes. It was shown that binding of the 

regulatory protein causes a series of changes extending ~ 25 Å from the active site along several 

helices on the toluene 4- monooxygenase hydroxylase component, poising the enzyme for 

oxygen activation [14].  

 Tetrahydrofuran monooxygenase (Thm) is one of the two members of Group 5 BMM. 

Thm was identified from Pseudonocardia sp. strain K1, which is capable of growing aerobically 
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on tetrahydrofuran as the sole carbon source [15]. The hydroxylase enzyme of Thm is composed 

of only  and  subunits, which in solution are predicted to form a heterotetramer, ( )2. In all 

of the BMM enzymes studied to date, the hydroxylase is composed of a dimer of three 

polypeptide chains, ( )2 [2, 4]. Therefore, this novel member of the BMM family represents a 

“simplified” monooxygenase complex. The oxidoreductase component, ThmD, is composed of 

an NADH-and FAD-binding domain and a [2Fe-2S] domain. ThmD is responsible for 

transferring electrons from NADH to the diiron center via the FAD and the [2Fe-2S] center 

(Figure 1).  The amino acid sequence between ThmD and other oxidoreductases is moderately 

conserved (30%-60%) and the cofactor-binding motifs for the various domains are strictly 

conserved (Figure 2). However, ThmD is the only member of this family of enzymes that 

contains a covalently bound flavin cofactor. Here we present the cloning, expression, 

purification, and characterization of the full-length ThmD enzyme and its flavin domain (ThmD-

FD) and computational and mutagenesis studies that suggest that the mode of flavin attachment 

in ThmD appears to be novel.  

 
Figure A.1 Catalytic cycle of tetrahydrofuran monooxygenase. In the first step, reducing 
equivalents are transferred from NADH to the oxidoreductase, ThmD. ThmD reduces the diiron 
center housed in the ThmA subunit of the hydroxylase enzyme, ThmH. ThmH then reacts with 
molecular oxygen to hydroxylate tetrahydrofuran (THF). ThmH is predicted to be activated by 
the regulatory component, ThmC. 
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Figure A.2 Multiple sequence alignment of various oxidoreductase enzymes.  Including, 
tetrahydrofuran monooxygenase (ThmD), phenol hydroxylase reductase (PHR), toluene-4-
monooxygenase (TMOF), methane monooxygenase (MMO), benzoate 1, 2-dioxygenase 
reductase (BDR). Conserved residues are shown in the red box, and similar residues in red color. 
The four conserved cysteines that make up the [2Fe-2S] center are labeled with an asterisk (*). 
The predicted dinucleotide-binding regions; RxYS, GxxL(x)6G(x)7PxG, and M(x)3GSGIxP are 
shown below the alignment [40]. Start of the Thm flavin domain is indicated by an arrow. Grey 
triangles indicate residues selected for mutagenesis studies. 
 
 
2. Materials and Methods  

2.1 Material. All buffers and media components were obtained from Fisher Scientific 

(Pittsburgh, PA). BL21T1R chemical competent cells, NADH, NADPH, and cytochrome c (cyt 

c) were obtained from Sigma-Aldrich (St. Louis, MO).  DNA primers were synthesized by 
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Integrated DNA Technologies (Coralville, IA). Isopropyl -thio-galactopyranoside (IPTG) was 

obtained from Gold biotechnology (Saint Louis, MO) and DNA gel extraction and plasmid DNA 

purification kits were from Qiagen (Valencia, CA). Escherichia coli TOP-10 chemically 

competent cells were from Invitrogen (Carlsbad, CA). PmeI/SgfI enzyme blend was from 

Promega (Madison, WI). Chromatographic columns were obtained from GE Healthcare.   

 

2.2 Bioinformatics Analysis. Amino acid sequence alignment was done using the Clustal W 

program included in the DNAstar program package (Madison, WI). Figure 2 was created using 

the program Espript 2.2 (http://espript.ibcp.fr/ESPript/ESPript/). The program Phyre 

(http://www.sbg.bio.ic.ac.uk/phyre/) was used to create the threading-based 3-dimensional model 

of ThmD [16].  

 

2.3 Cloning the full-length ThmD. The gene coding for ThmD was amplified by polymerase 

chain reaction (PCR) directly from Pseudonocardia sp. strain K1 genomic DNA (generous gift 

of Prof. B. Theimer) using the ThmD (F) and ThmD (R) primers (Table 1). A single PCR 

product of ~1300 bp was observed on a 0.8% agarose gel, corresponding to the expected size of 

the ThmD gene (1355 bp). The DNA band was excised from the gel, purified, and digested with 

PmeI/SgfI restriction enzyme blend at 37 C for 40 min. The reaction was stopped by heat 

denaturation at 65 C for 30 min. This sample was ligated into the pVP56K plasmid, which was 

previously digested with PmeI and SgfI using T4 ligase. This plasmid allows the expression of 

ThmD as a fusion to an 8xHis-maltose binding protein (8x-His-MBP) and carries a kanamycin 

resistant marker. A ligation reaction was also performed with the pVP55A plasmid for the 

expression of ThmD as a fusion with an 8x-His tag. This plasmid carries an ampicillin resistant 
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marker (both plasmids where obtained from the Center for Eukaryotic Structural Genomics, 

University of Wisconsin, Madison) [17]. Ligation reactions were transformed into chemically 

competent TOP-10 cells and plated in Luria-Bertani (LB) agar supplemented with the 

corresponding antibiotic and incubated overnight at 37 ºC. Five colonies from each ligation 

reaction were used to inoculate five 10 ml LB cultures supplemented with the appropriate 

antibiotic and grown overnight at 37 ºC. Plasmids were isolated using a Qiagen Kit and those 

plasmids containing the ThmD gene were identified by PCR using gene specific primers. The 

complete coding region was sequenced to ensure that no unwanted mutations were incorporated 

during the PCR reactions.  

Table A.1 Primers used for cloning ThmD and its truncated forms containing the flavin domain 
and [2Fe-2S] centersa.

Primer Restriction 
site

Amino 
acids 

Sequence 

ThmD (F) SgfI 1-360 5’- GGTTGCGATCGCATGGGAACCTTCAACGTAAGGTTCG-3’ 
ThmD (R) PmeI 1-360 5’- AAAAGTTTAAACAAGCGACGATACAGAATCGG-3’ 
ThmD-FD (F) SgfI 102-360 5’- TTCGGCGATCGCCCATGCAATTACCGATGGAGTTGGCC-3’ 
ThmD-[2Fe-2S] (R) PmeI 1-101 5’-AGCAGTTTAAACTGCATGCTCTAGCCGATAGTGGTCAGG-3’ 
a F and R are the forward and reverse primers, respectively. 

 

2.4 Engineering of ThmD-FD and ThmD-[2Fe-2S] domain. Amino acid sequence alignment of 

several members of the BMM oxidoreductase family was used to delineate the various domains 

in ThmD (Figure 2). The [2Fe-2S] binding domain corresponded to the first ~100 amino acids of 

the N-terminus. This region contains all four essential cysteine residues that bind the irons [18-

20]. To clone this domain, the ThmD-[2Fe-2S] (R) and ThmD (F) primers were used in a PCR 

reaction using the wild-type ThmD gene as a template (Table 1).  Primers ThmD-FD (F) and 

ThmD (R) were used to obtain the DNA fragment coding for residues 102 to 360, which 

correspond to the flavin and the NADH binding domains. The truncated forms of ThmD were 
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cloned into the pVP55A plasmid in frame with an N-terminus 8x-His tag as described above for 

the ThmD full-length protein.  

 

2.5 Site directed mutagenesis. Site directed mutagenesis was performed using the QuikChange 

protocol (Stratagene, CA). Residues were selected for mutagenesis studies based of their 

proximity to the flavin cofactor in the model structure of ThmD (Figure 8).  

 

2.6 Expression of ThmD.  Expression of ThmD fused to an 8x-His tag (in the pVP55A plasmid) 

was performed in LB medium supplemented with 200 g mL-1 of ampicillin and incubated at 37 

C with agitation set at 250 rpm. Clones were transformed into BL21T1R cells and grown on LB 

agar plates. After 24 hr incubation, a single colony was used to inoculate a 50 ml LB starter 

culture and incubated overnight. Four cultures each of 1.5 L of LB media were inoculated with 

10 ml of the overnight culture and incubated until the optical density measured at 600 nm 

(OD600) reached a value of ~0.8, at which point protein expression was induced by addition of 

0.5 mM IPTG. After 4 hr induction, the cultures were harvested by centrifugation at 5,000g for 

20 min and the cell pellet stored at -80 C. ThmD expressed well as a fusion to an N-terminal 8x-

His tag; however, this protein was completely insoluble. After modifying the expression and 

purification procedures, we were unable to obtain soluble enzyme in this form. ThmD was 

obtained in a partially soluble form when expressed as a fusion to MBP using the pVP56K 

plasmid. Throughout the expression of ThmD in pVP56K, the LB media was supplemented with 

50 g mL-1 kanamycin with agitation set at 250 rpm. A single colony of BL21T1R transformed 

with pVP56K ThmD was used to inoculate a 50 mL LB culture. This culture was incubated at 37 

C. The next day, 6 culture flasks containing 1.5 L of LB supplemented with 0. 5 M NaCl were 
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each inoculated with 7 mL of the overnight culture. These cultures were grown at 37 C until the 

OD600 reached a value of ~ 0.6. The incubation temperature was increased to 47 C for 30 min. 

After this heat shock period, protein expression was induced by addition of 300 μM IPTG and 

the media was supplemented with 150 mg ferric citrate, 150 mg ammonium ferric citrate, and 

363 mg L-cysteine [21]. The cultures were incubated overnight at 10 C. Cells were harvested by 

centrifugation at 5,000g for 20 min and the cell pellet stored at -80 C. This procedure regularly 

yielded 20 g of cell paste.  

 

2.7 Expression of ThmD-FD and ThmD-[2Fe-2S] domain. ThmD-FD and ThmD-[2Fe-2S] 

domains were expressed using the plasmid pVP55A, which produced the recombinant protein as 

an N-terminal fusion to an 8x-His tag.  Recombinant ThmD-[2Fe-2S] domain was found to be 

completely insoluble. Thus, no further experiments were performed with this truncated form of 

ThmD.  For the ThmD-FD, a single colony of BL21T1R containing the pVP55A ThmD-FD 

plasmid was used to inoculate a 50 ml LB culture and incubated at 37 C.  The next day, 4 flasks, 

each containing 1.5 L of LB medium were inoculated with 10 mL of overnight culture.  These 

cultures were incubated at 37 C until the OD600 reached a value of 0.6.  Protein expression was 

induced by addition of 0.5 mM IPTG.  After 4 h of incubation at 37 C, the cells were harvested 

by centrifugation at 5,000g for 20 min.  This protocol normally yielded ~30 g of cell paste. All 

mutants of ThmD-FD were expressed following the same procedure as wild-type ThmD-FD.  

 

2.8 Purification of ThmD.  Cell pellets (~20 g) were resuspended in 90 mL 25 mM HEPES, pH 

6.5, 420 μM tris(2-carboxyethyl)phosphine (TCEP), 0.75 mM phenylmethyl sulfonylfluoride 

(PMSF), 15 μg/mL DNase, 15 μg/mL RNase, and 15 μg/mL lysozyme, and stirred at 4 oC for 20 
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min. Cells were lysed by sonication for 5 min (5 s on, 10 s off). Insoluble fractions and unlysed 

cells were precipitated by centrifugation at 30,000g for 1 hour at 4 C. The resulting supernatant 

was loaded onto a diethyl amino ethyl (DEAE) column previously equilibrated in 25 mM 

HEPES, pH 6.5. After washing the column with 100 mL of 25 mM HEPES, pH 6.5 containing 

140 mM NaCl, a 125 mL gradient of 140 mM-400 mM NaCl was used to elute the MBP-ThmD 

fusion protein from the column. Fractions containing MBP-ThmD were identified by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and only those with the 

spectrum characteristic of a [2Fe-2S] cluster were pooled. Tobacco etch virus (Tev) protease was 

added (1:10) to liberate ThmD from MBP. The reaction was incubated at 4 C overnight and the 

solution was centrifuged at 30,000g for 20 min to remove precipitated proteins before being 

loaded onto an nickel immobilized metal affinity chromatography (IMAC) column. Since both 

MBP and Tev proteins have an 8x-His tag these proteins remained bound, and the flow through 

containing free ThmD was collected. This sample was diluted 10-fold and loaded onto a second 

DEAE column. The column was washed with 50 mL of 25 mM HEPES, 150 mM NaCl, pH 7.5, 

followed by a 350 mL gradient from 150 to 400 mM NaCl in the same buffer.  Fractions 

containing ThmD were identified by SDS-PAGE and by spectra analyses. Those fractions that 

were brown in color and showed spectra similar to Figure 4 were pooled concentrated and loaded 

onto a S-200 Sephadex column previously equilibrated in 25 mM HEPES, 125 mM NaCL, pH 

7.5.  This step separated ThmD from some high molecular weight contaminants yielding more 

than 95% pure protein. The final sample was stored at -80 C.  

 

2.9 Purification of ThmD-FD wild-type and mutant enzymes. Cell paste (~30 g) was resuspended 

in 150 mL 25 mM HEPES, 300 mM NaCl, 20 mM imidazole, 1 mM PMSF, and 25 g/ml each 



155 
 

of lysozyme, DNase, and RNase, at pH 7.5 and sonicated and centrifuged as described above for 

ThmD. Supernatant containing Thm-FD was loaded onto a 5 mL nickel IMAC previously 

equilibrated with 25 mM HEPES, 300 mM NaCl, and 20 mM imidazole, at pH 7.5. The column 

was washed with the same buffer until the absorbance at 280 nm was near zero, at which point 

the bound yellow protein was eluted with buffer containing 25 mM HEPES, 300 mM imidazole, 

and 300 mM NaCl, pH 7.5. At this step, the ThmD-FD was ~90 % pure. The 8x-His tag was 

removed by addition of Tev protease (at a 1:20 ratio) and incubating overnight at 4 C. To 

separate the Tev and 8x-His peptide from ThmD-FD, the solution was concentrated and diluted 

10-fold to decrease the amount of imidazole and loaded onto a nickel IMAC. ThmD-FD no 

longer had affinity for the IMAC column and the Tev and 8x-His peptide remained bound. The 

flow through, containing ThmD-FD, was collected and concentrated for a final purification step 

on Superdex S-75 size exclusion chromatography equilibrated with 25 mM HEPES, 125 mM 

NaCl, pH 7.5. The final sample was more than 95% pure and was stored at -80 C (Figure 3B). 

 

2.10 Determination of covalent flavin binding in recombinant ThmD. To determine if the flavin 

cofactor in the recombinant ThmD was covalently attached, we denatured the protein and 

precipitated the protein by centrifugation. Both ThmD full-length and ThmD-FD wild-type and 

mutant proteins were denatured either by heating the protein samples at 95 C for 5 min or by 

adding 1 % SDS or 10% trichloroacetic acid followed by centrifugation at 18,000g for 10 min. If 

the pellets remained yellow, it indicated that the flavin remained covalently attached. Western 

blot using a flavin specific antibody (generous gift from Dr. Dale Edmonson) was also used to 

determine if the flavin was covalently attached to the various proteins.  



156 
 

2.11 Activity Assay. The activity of ThmD was determined using cyt c, 2,6-dichoroindophenol 

(DCIP), ferricyanide, and oxygen as electron acceptors. Assays were done at 25 C in 1 mL 25 

mM HEPES, 125mM NaCl, pH 7.5, and the activity was determined by measuring the change in 

absorbance at 550 nm for cyt c, 420 nm for ferricyanide, or 600 nm for DCIP.  Rates were then 

calculated using the extinction coefficients of 21.1 cm-1 mM-1, 1.04 mM-1 cm-1, and 6.2 mM-1 

cm-1 for cyt c, ferricyanide and DCIP, respectively. The reactivity with molecular oxygen was 

measured directly by determining the amount of oxygen consumed is air-saturated buffer using 

an oxygen monitoring system from Hansatech (Norfolk, England).  Protein concentration was 

determined using Bradford reagent [22].  Assays with varying concentrations of NADH or 

NADPH were done with 100 μM cyt c. Assays with varying concentrations of cyt c, 

ferricyaninde, DCIP, and oxygen were done with 400 μM NADH. The software KaleidaGraph 

(Synergy Software, Reading, PA) was used to fit the data shown in Figure 5. The steady-state 

parameters kcat and KM were determined by fitting of the initial velocity and substrate 

concentration data to the Michaelis-Menten (Equation 1). The apparent substrate inhibition 

constant for cyt c (Kai) was determined by fitting the data to (Equation 2).  

v
kcat A

KM A
              (1) 

aiM

cat

KAAK
Ak

v
/2 (2) 

 

2.12 Size Exclusion Chromatography. The solution molecular weight of ThmD was determined 

using a Superdex 200 10/300 GL column on an Äkta Prime system. Using a set of protein 

standards aproprotein (6.5 kDa), ribonuclease (13 kDa), carbonic anhydrase (29 kDa), ovalbumin 

(43 kDa), canolbumin (75 kDa), aldolase (158 kDa), and ferritin (440 kDa)), we obtained a 
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standard curve. Samples from four different preparations were loaded onto the column and the 

elution volumes calculated. The solution molecular weight was calculated using the method 

described by Andrews [23]. 

 

2.13 Metal Analysis. ThmD samples were prepared at a final concentration of 3- 4 μM 

(according to the Bradford assay) in 4 mL of 25 mM HEPES, 125 mM NaCl, pH 7.5.  Samples 

were analyzed to determine iron content at the Virginia Tech Soil Testing Laboratory using an 

inductively coupled plasma (ICP) emission spectrophotometer. 

 

2.14 Electron Paramagnetic Resonance (EPR) Spectroscopy. X-band (9 GHz) EPR spectra were 

recorded on a Bruker EMX Plus spectrometer equipped with a bimodal resonator (Bruker model 

4116DM).  Low-temperature measurements were made using an Oxford ESR900 cryostat and an 

Oxford ITC503S temperature controller.  A modulation frequency of 100 kHz was used for all 

EPR spectra.  All experimental data used for spin-quantitation were collected under 

nonsaturating conditions.  EPR spectra were simulated and quantified using Spin Count 

(ver.3.0.0), created by Professor M.P. Hendrich at Carnegie Mellon University.  The spectral line 

width is dominated by g-strain.  Therefore, simulations employ a Gaussian distribution in g-

values to give the correct line width, specified as gx,y,z.  Least squares and deconvolution 

analysis of the spectra were combined to allow relevant parameters to vary while maintaining a 

sum of multiple species that best fit the experimental data.  The simulations were generated with 

consideration of all intensity factors, both theoretical and experimental, to allow concentration 

determination of species. The only unknown factor relating the spin concentration to signal 

intensity was an instrumental factor that depended on the microwave detection system.  
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However, this was determined by the spin standard, Cu(EDTA), prepared from a copper atomic 

absorption standard solution purchased from Sigma-Aldrich. 

 

3. Results and Discussion  

3.1 Expression and purification of ThmD. Expression of ThmD in E. coli yields high amounts of 

recombinant protein; however, the ThmD fused to an N-terminus 8x-His tag was completely 

insoluble. Partially soluble protein was only obtained when ThmD was expressed as a fusion to 

MBP (Figure 3A). MBP has been shown to increase the solubility of many proteins that are 

recombinantly expressed in E. coli [24-26]. Although expression of MBP-ThmD yielded 

partially soluble protein, only when the cells were subjected to heat-shock and the media was 

supplemented with iron and sulfur were we able to isolate ThmD with high levels of [2Fe-2S] 

cluster (Figure 4).  Heat-shock induces the expression of chaperone proteins that presumably 

help in the biogenesis of the [2Fe-2S] cluster in ThmD. To purify holo ThmD, a series of 

chromatographic steps were required. First the MBP-ThmD fusion was loaded onto a DEAE 

column at pH 6.5. Only fractions that were brown in color and showed a spectrum characteristic 

of a [2Fe-2S] contain protein were collected. A significant amount (>50%) of the fractions 

containing MBP-ThmD lacked the [2Fe-2S] center but were highly active since they contained 

the covalently bound FAD. After cleavage of the MBP, the sample was passed onto an IMAC to 

isolate the free ThmD from MBP, Tev and the 8x-His tag. A second DEAE column at pH 7.5 

was necessary to separate holo ThmD from apo ThmD that only contained the flavin cofactor. A 

final size exclusion chromatographic step yielded homogeneous holo ThmD (Figure 3A). 

Expression of recombinant proteins that contain [Fe-S] centers in E. coli commonly suffer from 

low solubility and low cofactor incorporation [21, 27]. This is particularly true within the family 
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of bacterial multicomponent monooxygenases. Only recently reports of expression and 

purification of the oxidoreductase component of methane monooxygenase (MMOR), toluene 

monooxygenase (T4MOF), and phenol hydroxylase (PHR) have been published [19, 27, 28]. 

Most of the recombinant proteins produced were insoluble and a large portion of the soluble 

fraction did not contain the [2Fe-2S] cluster or flavin cofactor. For some enzymes such as 

TomoF, the oxidoreductase component of toluene/o-xylene monooxyegenase, expression of 

soluble and active enzyme has not been accomplished. This enzyme was purified only after 

solubilization from inclusion bodies, refolding, and reconstitution of the cofactors [29]. The 

expression and purification procedures described here produced ~5-10 mg of pure ThmD from 

20 g cell paste (Table 2). The combination of the expression of this enzyme with MBP, heat-

shock expression method, and addition of iron and sulfur additives might be used to improve the 

solubility, stability, and cofactor incorporation of other oxidoreductases.  
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Figure A.3 SDS-PAGE and Western Blot Analysis of ThmD and ThmD-FD. A) Coomassie 
stained SDS-PAGE analysis of ThmD from different steps of purification. Lane 1, lysate 
supernatant; Lane 2, after DEAE chromatography at pH 6.5; Lane 3, after treatment with Tev 
protease; Lane 4, after nickel IMAC; Lane 5, after second DEAE chromatography at pH 7.5; 
Lane 6, after size exclusion chromatography. B) Coomassie stained SDS-PAGE showing ThmD-
FD after size exclusion chromatography. C) Right panel shows the SDS-PAGE of the 
flavoenzyme UDP-galactopyranose mutase from Aspergillus fumigatus (AfUGM), ThmD, and 
ThmD-FD. Left panel shows the western-blot using anti-flavin antibody. Recombinant ThmD 
and ThmD-FD contain covalently attached flavin. The negative control, AfUGM, does not. The 
numbers on the left are the molecular weight standards. 
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Figure A.4 Spectrum of the oxidized (solid line) and reduced (broken line) recombinant ThmD. 
The enzyme was reduced by addition of stoichiometric amounts of NADH. 
 

Table A.2 Purification of recombinant ThmD. 

Step a Total
protein (mg) 

Total
activity (U)b

Activity
recovered (%) 

Specific activity 
(U/mg) 

Fold
purification

CL sup 3100 2290 100 0.73 1 
DEAE1 200 116 5.0 0.58 0.78 
DEAE2  10 9.5 8.2 0.95 1.25 
SE  5.6 7 73 1.25 1.71 

a CL sup: complete lysate supernatant, DEAE: diethylaminoethyl chromatography, SE: size 
exclusion chromatography. 
b Unit is defined as 1 mol of cytochrome c reduced/min at 25 C. 
 

3.2 Expression and purification of ThmD domains. Previous work on the oxidoreductase 

component of methane monooxygenase has shown that the [2Fe-2S] and the flavin binding 

domains can fold independently from each other and are functional. Furthermore, the expression 

and purification of MMOR components has led to the structural characterization of this enzyme 

using NMR and X-ray crystallography and has permitted the detailed characterization of the 

electron transfer processes using rapid-reaction kinetic analysis [19, 30, 31]. The amino acid 



162 
 

sequence corresponding to the flavin- and NADH-binding domain was expressed and purified 

for the ThmD enzyme. The ThmD-FD protein was highly stable and contained covalently bound 

FAD. In contrast, the ThmD-[2Fe-2S] domain was not soluble in E. coli. This is surprising since 

domains within the oxidoreductases have been well characterized. This represents another 

difference between ThmD and the other oxidoreductases.  

 

3.3 Enzyme Activity. The activity of ThmD in the Thm complex could not be assessed due to the 

absence of recombinant monooxygenase component. Instead, we measured the activity of the 

recombinant ThmD enzyme and its flavin domain variants using cyt c as an artificial electron 

acceptor. A kcat value of 42 min-1, KM of 9 ± 2 M and a kcat / KM value of 4.7 ± 1.0 μM-1 min-1 

were determined for ThmD with cyt c as the substrate (Table 3). There are no published data of 

the kinetic parameters with cyt c for the native ThmD enzyme purified from Pseudonocardia sp. 

strain K1, however, the a specific activity of 1.6 U/mg was reported for the native ThmD, this 

value is very close to the specific activity determined here for recombinant ThmD [33]. We can 

compare the activity of ThmD to the reported activity of phenol hydroxylase reductase with cyt c 

as substrate. For this enzyme a KM value of 1.6 M was calculated. This value is similar to that 

of ThmD. In contrast, a kcat value of 4020 min-1 was reported, which is ~100-fold higher than for 

ThmD [28]. The activity of the ThmD-FD was also determined with cyt c (Table 3).  A less than 

2-fold decrease in the kcat/KM for this substrate was observed for the ThmD-FD as compared to 

ThmD. This change originated from a 2-fold increase in the KM value for cyt c in ThmD-FD, 

suggesting that cyt c binds better to ThmD when the [2Fe-2S] domain is present. 

 For ThmD, a KM value for NADH of 24 ± 4 μM was calculated which is similar to the 

KM values reported for phenol hydroxylase reductase (36 M) and benzoate 1,2-dioxygenase 
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reductase (29 M)[28, 34]. ThmD displays reduced dinucleotide selectivity for NADH, as 

indicated by a 160-fold higher catalytic efficiency for NADH as compared to NADPH (Table 3 

and Figure 5). The activity of ThmD-FD with NADH is almost unchanged. With NADPH both 

kcat and KM increase by less than 2-fold, resulting in no change in the catalytic efficiency (Table 

3). 

 The kinetic parameters with DCIP, ferricyanide, and molecular oxygen were also 

determined. With DCIP, ThmD and ThmD-FD have kcat values around 30 min-1, similar to the 

values with cyt c. With ferricyanide ThmD and ThmD-FD display higher kcat values as compared 

to DCIP and cyt c (Table 4), however, the KM value is more than 15-fold higher resulting in a 

kcat/KM value of ~6 M-1 min-1, which is very similar to the values with DCIP and cyt c. The kcat 

values of phenol hydroxylase reductase with DCIP and ferricyanide as substrate are 780 min-1 

and 1920 min-1, respectively [28].  The lower activity of ThmD with cyt c, ferricyanide and 

DCIP as compared to phenol hydroxylase reductase, might be explained by the differences in the 

amino acid sequences between the two enzymes, which are only 34% identical. Furthermore, the 

redox potential of the FAD in ThmD might be modulated by its covalent attachment in such a 

way that it is not optimal for reaction with cyt c.  
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Figure A.5 Steady-state kinetics of ThmD and ThmD-FD T201A.  A) Steady-state kinetic 
analysis of ThmD (open square) and ThmD-FD T201A (close square) varying cytochrome c at 
saturating concentration of NADH (400 M). B) Kinetics of ThmD at various concentrations of 
NADH (solid circles) or NADPH (open circles). 
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Table A.3 Steady-state kinetic parameters for ThmD and ThmD-FDa.
Substrate Kinetic parameters ThmD ThmD-FD 

Cytochrome c b kcat (min-1) 42 ± 2 50 ± 5 

KM ( M) 9 ± 2 18 ± 5 

kcat / KM ( M-1 min-1) 4.7 ± 1.0 2.8 ± 0.6 

NADH c kcat (min-1) 39 ± 1 36 ± 2 

KM ( M) 24 ± 4 15 ± 4 

kcat / KM ( M-1 min-1) 1.6 ± 0.3 2.4 ± 0.8 

NADPH c kcat (min-1) 7.1 ± 1 13 ±1 

KM ( M) 692 ± 193 1092 ± 131 

 kcat / KM ( M-1 min-1) 0.01 ± 0.0008 0.01 ± 0.002 
a All the reactions were done in 1 mL 25 mM HEPES, pH 7.4 at 25 C.  
b Cyt c was varied while maintaining NADH saturation at 400 M.  
c These experiments were done with 100 M cyt c. 
 
 
Table A.4 Steady-state kinetic parameters for ThmD and ThmD-FD with other electron 
acceptorsa.

Electron
acceptor Kinetic parameter ThmD ThmD-FD 

DCIP 
kcat (min-1) 26 ± 1 35 ± 1 
KM, ( M) 7 ± 1 4.3 ± 0.7 

kcat/KM, (min-1 M-1) 3.7 ± 0.5 8 ± 1 

FeCN
kcat(min-1) 490 ± 30 600 ± 40 
KM( M) 70 ± 20 120 ± 30 

kcat/KM (min-1 M-1) 7 ± 1 5 ± 0.9 
Oxygen b

appkcat (min-1) 10 ± 2 1.6 ± 0.1 
a These reactions were done in 25 mM HEPES and 125mM NaCl, pH 7.5, at 25 ºC, containing 
400 M  NADH.  
b In air-saturated buffer. 
 

3.4 UV-visible spectroscopy. The UV/Vis-spectra of the oxidized ThmD shows absorbance 

maxima at 457, 419, and 330 nm, consistent with other known NADH oxidoreductases (Figure 
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4) [19, 21, 27]. ThmD-FD shows significant differences in the spectrum of the bound flavin. 

There is a shift in the max to 463 and only a small absorbance peak is observed at 396 nm. 

Spectra of oxidized flavins normally have two major absorbance peaks around 350 nm and 450 

nm [19, 27]. In ThmD-FD, the 350 nm peak is almost absent (Figure 6). This difference in the 

spectra of the flavin might originate from a novel covalent attachment of the flavin or to a 

different active-site architecture in ThmD as compared to other known oxidoreductases.   

 
Figure A.6 Spectra of ThmD-FD (1) and the mutant variants T201A (2) and C202A (3). The 
spectrum of the Y199A mutant was identical to ThmD-FD (not shown).  
 

3.5 EPR Spectroscopy.  As isolated, no appreciable EPR signals were observed in samples of 

ThmD.  The lack of an isotropic signal at g = 4.3 indicates the absence of adventitiously bound 

ferric iron.  However, as shown in Figure 7 (solid line), treatment with excess sodium dithionite 

and methyl viologen followed by anaerobic gel filtration resulted in the formation of two 

spectroscopically distinct S = 1/2 species termed A and B.  The individual contribution of each 

was determined by quantitative simulation (dashed line) and least squares fitting.  Species A 

exhibits an isotropic g-value (giso = 2. 00) and inhomogeneous saturation with a half-saturation 
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power (P1/2) of 10 W.  Spin quantitation of A under nonsaturating conditions represents < 2 

M, which represents 5% of the total protein concentration.  Given that both dithionite and 

methyl viologen were removed by gel-filtration, species A can likely be attributed to the protein-

bound neutral FADH-semiquinone radical.  Both the saturation behavior at this temperature and 

the isotropic g-value are consistent with this assignment. 

Species B exhibits rhombic EPR spectra with g-values of 2.05, 1.95, and 1.87.  The 

observed g-anisotropy, and the fact that the average g-value (gave = 1.96) is less than the free 

electron g-value (ge = 2.0023) is diagnostic of an antiferromagnetically spin-coupled FeIIFeIII-

cluster.  When taken together with the saturation behavior (P1/2 = 0.22 mW) of species B at 10 K, 

the observed g-values clearly identify the presence of an intact [2Fe-2S]1+ cluster within [32]. A 

concentration of 34 ± 5 M was determined for the [2Fe-2S]1+ cluster  by quantitative simulation 

under non-saturation conditions.  This represents approximately 1.7 Fe atoms per protein.        
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Figure A.7  X-band EPR spectrum of reduced ThmD (solid line).  The ThmD sample was 
reduced with excess sodium dithionite in the presence of methyl viologen and then desalted 
anaerobically in a glove box to remove excess reductant.  The resulting anaerobic protein 
concentration was ~ 40 M.  Instrumental parameters: microwave frequency, 9.64 GHz; 
microwave power, 20 W; modulation amplitude, 9 mT; temperature, 10 K.  Simulation 
parameters: spectrum A; S = 1/2; gx,y,z = 2.00 ; B = 0.9 mT.  Spectrum B; S = 1/2; gx,y,z = 2.047, 
1.95, 1.875; gx,y,z = 0.009, 0.009, 0.018; B = 0.9 mT.  A quantitative component sum 
simulation (dashed line) for the spectra associated with species A and B was utilized to generate 
the simulation for this Figure.  Using this technique, the respective concentration for each species 
was determined by least-squares analysis to be 2 M and 34 M, respectively.         
 

3.6 Molecular weight determination. Purified recombinant ThmD migration on an SDS-PAGE 

gives an apparent molecular mass of ~40,000 Da.  This value closely matches the predicted 

molecular weight that was calculated based on the amino acid sequence (39,845 Da). The 

molecular weight in solution was determined by size exclusion chromatography analysis and was 

calculated to be 52,000  9,000 Da, indicating that in solution the protein is present as a 

monomer, which is consistent with the other oxidoreductases.  
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3.7 Cofactor incorporation. Expression of 8x-His-ThmD resulted in insoluble protein. Only 

when the enzyme was expressed as a fusion to MBP did approximately 50% of the total 

recombinant enzyme remain in the soluble form. Metal analysis by ICP, indicated that isolated 

ThmD contains 1.7  0.3 irons per subunit of enzyme. This was supported by quantitative EPR 

determination of total iron content in ThmD. Similarly, determination of the flavin content 

indicated stoichiometric amounts of FAD. The protein engineering and expression procedures 

described here might be used to improve the solubility and cofactor incorporation in other 

members of the oxidoreductase family of enzymes.  

 

3.8 Site of covalent flavin attachment. ThmD is the only member among the oxidoreductase 

components from the BMM family that has been shown to contain a covalently bound flavin 

cofactor. Covalently bound flavins are found in only ~10% of all flavin containing proteins, and 

they are bound to the side chains of histidine, tyrosine, or cysteine. The site of attachment to the 

flavin has mainly been observed at the C6 and C 8-methyl group of the isoalloxazine ring. Only 

recently was a covalent attachment between the terminal phosphate of FMN in Na-translocating 

NADH-quinone reductase and a threonine residue been reported [35]. We analyzed the trypsin 

digest of ThmD using MALDI-TOF and LC-MS and were unable to conclusively identify a 

peptide containing a covalently bound flavin. Furthermore, we analyzed peptides resulting from 

the trypsin digest of ThmD-FD but were unable to identify the site of covalent attachment (not 

shown). To help us identify the site of flavin binding in ThmD, we created a three-dimensional 

model by threading the amino acid sequence of ThmD onto the structure of benzoate 1, 2-

dioxygenase from Acinetobacter sp. strain ADP1 (Figure 8) [36]. This enzyme is 30% identical 

to ThmD. We also modeled the FAD cofactor to identify residues that are predicted to be in close 
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proximity to the C6 - and C8 -methyl positions of the flavin. This analysis led us to mutate 

T201 and C202, because they are close to the C8 -methyl, and are not strictly conserved (Figure 

2). Mutagenesis of this residue to alanine produced soluble proteins that contained bound flavin. 

The spectra of the flavin in ThmD-FD T201A was identical to the ThmD-FD while the spectra of 

ThmD-FD C202A was different, suggesting that the protein microenvironment around the flavin 

had been changed (Figure 6). Using heat, chemical and acid denaturation, and western blot, it 

was determined that the flavin remained covalently attached to these mutants. Thus, T201 and 

C202 are not involved in covalent flavin attachment in ThmD. Steady-state kinetic analysis 

indicated that the mutant enzymes were able to utilize NADH with efficiencies similar to the 

wild-type enzyme (Table 5). Surprisingly, analysis of the activity with cyt c indicates that 

replacement of T201 and C201 with alanine induces substrate inhibition. However, the kinetic 

parameters were similar to wild-type ThmD-FD (Figure 5 and Table 5). Close examination of the 

model structure showed that Y199 is in close proximity to the C 8-methyl group of the flavin. 

Thus, this amino acid was also mutated to phenylalanine. Protein denaturation, spectrum and 

kinetic parameters with NADH showed that this residue is also not involved in flavin attachment 

or catalysis (Table 5).   

 We also searched for cysteines, tyrosines, threonines, or histidines that might be close to 

the C6 -methyl position, but none were found. The fact that the 3-dimensional model of ThmD 

does not allow the identification of amino acids involved in flavinylation suggests that the 3-

dimensional fold of ThmD might be different than other members of the oxidoreductase family 

of enzymes. It might also be possible that the site of covalent attachment is novel or perhaps 

there is a bi-covalent attachment of the FAD in ThmD. Recently, attachment of FAD cofactors at 

positions C6 and C8-alpha have been reported for the berberine bridge and chito-oligosaccharide 
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oxidase enzymes [37, 38].  Ultimately, the three-dimensional structure of ThmD or ThmD-FD 

will provide clear evidence of the mode of covalent flavin attachment in this novel enzyme. Our 

protein expression and purification efforts will allow for the screening of conditions for 

crystallization of ThmD and this work is currently in progress. 

 

Figure A.8 Three-dimensional model of ThmD.  The structure was obtained as described in 
Materials and Methods.  The flavin cofactor (FAD) and [2Fe-2S] center area also shown.  The 
inset shows the location of the residues selected for mutagenesis.   
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Table A.5 Steady-state kinetic parameters for ThmD-FD mutant enzymesa. 
Substrate Kinetic parameters Y199F T201A C202A 

Cyt c b kcat (min-1) 51 ± 14 94 ± 38 106 ±68 

KM ( M)  15 ± 6  32 ± 7 44 ± 35 

kcat /KM ( M-1 min-1) 3.4 ± 0.6 3.2 ± 0.6 3.1 ± 0.9

Ki ( M) 104 ± 65 38 ± 23 25 ± 22 

NADH c kcat (min-1) 31 ± 2 32 ± 1 29 ± 1  

KM ( M) 9 ± 2 10 ± 2 4 ± 1 

kcat /KM ( M-1 min-1) 3.6 ± 0.9 3.2 ± 0.6 6 ± 1 
a All the reactions were done in 1 ml 25 mM HEPES, pH 7.4 at 25 C.  
b Cyt c was varied while maintaining NADH saturation at 400 M.  
c These experiments were done at 50 M cyt c to prevent substrate inhibition. 

4. Conclusions 

Thm is a recently identified member of the BMM family of enzymes and the enzymes in 

this enzyme complex are different from other well-characterized systems such as methane 

monooxygenase and toluene 4-monooxygenase [14, 39]. In the Thm operon, ThmA and ThmB, 

code for the hydroxylase component.  These proteins are homologous to the  and  subunits of 

all other BMO hydroxylases, however, Thm does not contain a  subunit like the other proteins. 

The oxidoreductase component in Thm also differs from all other BMOs. Among the members 

of the BMO oxidoreductases, ThmD is the only enzyme with a covalently bound flavin. In this 

work, we presented the cloning, expression, and purification of the recombinant form of ThmD. 

We showed that by expressing this enzyme as a fusion to MBP and in the presence of extra iron 

and sulfur in the growth medium, a soluble holo enzyme could be isolated. Heat-shock of the E. 

coli cells was also necessary, which suggests that chaperones might be necessary for the proper 

folding of recombinant ThmD.  The resulting enzyme contained full cofactor incorporation, was 
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active, and very stable. The flavin binding domain containing covalently bound flavin was also 

cloned and isolated. This domain retained wild-type ThmD NADH oxidase and cyt c reductase 

activities. Modeling studies combined with site-directed mutagenesis failed to identify the site of 

covalent flavin attachment in ThmD-FD suggesting that the three-dimensional structure or the 

nature of the residue(s) involved in covalent attachment might be novel. This hypothesis is 

supported by the very peculiar flavin spectrum observed in the ThmD-FD enzyme. The work 

presented here sets the stage for future in vitro studies of the role of covalent flavin attachment in 

this unique enzyme by rapid kinetic analysis and X-ray structural determination.  
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APPENDIX B 

 Fluorescence polarization binding assay for Aspergillus fumigatus virulence 

factor UDP-galactopyranose mutase 

Reproduced with permission from: Qi, J., Oppenheimer, M., and Sobrado, P., “Fluorescence 
polarization binding assay for Aspergillus fumigatus virulence factor UDP-galactopyranose 
mutase,” Enzyme Res, ID: 513905, 2011.  Under the Creative Commons Attribution License. 
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Abstract

Aspergillus fumigatus is an opportunistic human pathogenic fungus responsible for deadly 

lung infections in immunocompromised individuals. Galactofuranose (Galf) residues are 

essential components of the cell wall and play an important role in A. fumigatus virulence. The 

flavoenzyme UDP-galactopyranose mutase (UGM) catalyzes the isomerization of UDP-

galactopyranose to UDP-galactofuranose, the biosynthetic precursor of Galf. Thus, inhibitors of 

UGM that block the biosynthesis of Galf can lead to novel chemotherapeutics for treating A. 

fumigatus-related diseases. Here, we describe the synthesis of fluorescently labeled UDP analogs 

and the development of a fluorescence polarization (FP) binding assay for A. fumigatus UGM 

(AfUGM). High affinity binding to AfUGM was only obtained with the chromophore TAMRA, 

linked to UDP by either 2 or 6 carbons with Kd values of 2.6 ± 0.2 and 3.0 ± 0.7 M, 

respectively. These values were ~6 times lower than when UDP was linked to fluorescein. The 

FP assay was validated against several known ligands and displayed an excellent Z  factor (0.79 

± 0.02) and good tolerance to dimethyl sulfoxide.  
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1.  Introduction 

Aspergillus fumigatus is an opportunistic human pathogen responsible for diseases such as 

allergic reactions and lung infections, including allergic bronchopulmonary aspergillosis (ABPA) 

and invasive pulmonary aspergillosis (IPA) [1, 2]. This fungus is a significant health threat to 

immunocompromised patients, such as organ transplant recipients and people with AIDS or 

leukemia [3, 4]. It has been reported that IPA infections are typically accompanied by a mortality 

rate of 50-70% [5]. Thus, identification of novel and effective drug targets is essential in the fight 

against fungal infections.  

Recently, the biosynthetic pathway of galactofuranose (Galf), the 5-membered ring form of 

galactose, has been described in A. fumigatus. Galf is a component of the cell wall of A. 

fumigatus and plays an important role in virulence [6-8]. In A. fumigatus, Galf was first identified 

as a component of galactomannan by immunodetection in IPA patients [9]. Later, it was found 

that Galf is also a major component of saccharide structures in membrane lipids and glycosyl 

phosphoinositol (GPI)-anchored lipophospholipids [10, 11]. UDP-galactopyranose mutase 

(UGM) is a flavoenzyme that catalyzes the conversion of UDP-galactopyranose (UDP-Galp) to 

UDP-galactofuranose (UDP-Galf, Figure 1), the biosynthetic precursor of Galf [7, 12]. Deletion 

of the A. fumigatus UGM (AfUGM) gene results in mutant fungi with attenuated virulence, a 

decrease in cell wall thickness, and an increase in the sensitivity to antifungal agents [8, 13]. 

Moreover, Galf is absent in humans [12]. Thus, inhibitors of AfUGM that block the biosynthesis 

of Galf represent attractive drug targets for the identification of novel therapeutics against A. 

fumigatus. 

Here, we describe the development of a fluorescence polarization (FP) binding assay to 

identify specific AfUGM inhibitors. Four fluorescently labeled UDP derivatives including two 
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known UDP-fluorescein analogs (1 and 2, Fig. 2) and two novel UDP-TAMRA analogs (3 and 4, 

Fig. 2) were synthesized to be used as fluorescent probes in the FP assay. Their concentrations 

were optimized to obtain a stable FP signal with minimal standard deviation, and their Kd values 

were determined by measuring the anisotropy changes as a function of AfUGM concentration. 

We found that the UDP-TAMRA analogs bind to AfUGM 6 fold tighter than the UDP-

fluorescein analogs, suggesting that UDP-TAMRA analogs are better fluorescent probes for this 

enzyme. UDP-TAMRA probes could be competed out by UDP, a known ligand of UGMs, and 

the Kd value of UDP was in good agreement with the value determined previously in a 

fluorescence assay [7]. Furthermore, the FP assay was validated using several known ligands, 

and displayed an excellent Z  factor (0.79 ± 0.02) and good tolerance to DMSO. Therefore, this 

fast convenient one-step FP assay is suitable for a high-throughput screening to identify AfUGM 

inhibitors.  
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Figure B.1 Reaction catalyzed by AfUGM. 
 
 
2.  Materials and Methods 

2.1 Materials. All chemicals were obtained from commercial sources and were used without 

further purification. Anhydrous reactions were performed under argon. All solvents were either 

reagent grade or HPLC grade. NMR spectral data were obtained using a JEOL Eclipse 

spectrometer at 500 MHz, or a Varian Inova spectrometer at 400 MHz. Chemical shifts were 

reported as -values relative to known solvent residue peaks. High-resolution mass spectra 

(HRMS) were obtained in the Mass Spec Incubator, Department of Biochemistry, Virginia Tech. 
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High performance liquid chromatography (HPLC) was performed on a C18 reverse phase 

column (Phenomenex Luna C18 column, 250 x 21.20 mm, 5 micron) using water and 

acetonitrile as the elution solvents. All compounds were more than 95% pure as judged by HPLC 

and 1H NMR. 

 

2.2 Protein expression and purification. AfUGM and MtUGM were expressed and purified with 

the same protocol as described by Oppenheimer et al [7]. A large quantity of highly pure 

AfUGM was obtained, which was confirmed by UV-visible spectrophotometry and SDS-PAGE 

(Fig. S1, [14]).  

 

2.3 Synthesis of UDP-fluorescein chromophore 1 and 2. The synthesis of chromophore 1 was 

accomplished by reacting 4 mg of compound 5, which was synthesized following a previously 

published procedure [15], with 6 mg of fluorescein-5-isothiocyanate (FITC) in 0.1 M pH 9.0 

NaHCO3 buffer (50 L) and DMF (100 L) (Fig. 2). After stirring at room temperature for 2 

hours, the yellow solution was concentrated and loaded onto a preparative silica gel TLC plate. 

The isolated crude product was dissolved in water, injected onto reverse-phase HPLC 

(Phenomenex Luna C18 column, 250 x 21.20 mm, 5 micron), and purified at a flow rate of 5.0 

mL/min with linear gradient elution of 5% to 95% acetonitrile in H2O over 20 min to afford 

chromophore 1 (4 mg, 52%). 1H NMR (500 MHz, 6:1 D2O: d7-DMF):  7.96 (d, J = 8.2, 1H), 

7.78 (s, 1H), 7.70 (d, J = 8.1, 1H), 7.30 (dd, J = 8.2, 1.5, 1H), 7.27-7.27 (m, 2H) (t, J = 8.7, 2H), 

6.65 – 6.61 (m, 2H), 6.61 – 6.58 (m, 2H), 5.91 (s, 1H), 5.91 (s, 1H), 4.36 – 4.30 (m, 2H), 4.24 – 

4.21 (m, 3H), 4.19 – 4.16 (m, 2H), 3.88 (s, 2H); HRMS (MALDI) calcd for C32H29N4O17P2S (M-

H)-: 835.0729, found 835.0759 (Fig. S2, [14]). 
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Chromophore 2 (7.1 mg, 55%) was synthesized from the reaction of compound 6 and FITC 

by the same procedure as above (Fig. 2), and was purified by preparative TLC and reverse-phase 

HPLC (Phenomenex Luna C18 column, 250 x 21.20 mm, 5 micron). 1H NMR (500 MHz,  6:1 

D2O: d7-DMF):  8.00 (d, J = 8.0, 1H), 7.73 (s, 1H), 7.61 (d, J = 8.3, 1H), 7.31 (d, J = 8.3, 1H), 

7.27 – 7.27 (m, 2H), 6.66 – 6.60 (m, 4H), 5.96 (s, 1H), 4.38 – 4.34 (m, 2H), 4.27 – 4.23 (m, 2H), 

4.23 – 4.18 (m, 2H), 3.97 – 3.92 (m, 2H), 3.58 (s, 1H), 1.66 – 1.61 (m, 4H), 1.42 – 1.36 (m, 4H); 

HRMS (MALDI) calcd for C36H37N4O17P2S (M-H)-: 891.1350, found 891.1348 (Fig. S3, [14]). 
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Figure B.2 Synthetic scheme of the chromophores used as ligands to AfUGM for application in 
FP assays. 
 
 
2.4 Synthesis of UDP-TAMRA chromophore 3 and 4. The synthesis of chromophore 3 was 

accomplished by a reaction of 4 mg of compound 6, which was synthesized following a 

previously published procedure [15], with 0.8 mg of 5-carboxytetramethylrhodamine, 

succinimidyl ester (5-TAMRA, SE) in 0.1 M pH 8.3 NaHCO3 buffer (50 L) and DMF (50 L) 

(Fig. 2). After stirring at room temperature for 2 hours, the pink solution was concentrated and 

loaded onto a preparative TLC plate. The isolated crude product was dissolved in water, injected 
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onto reverse-phase HPLC (Phenomenex Luna C18 column, 250 x 21.20 mm, 5 micron), and 

purified at a flow rate of 5.0 mL/min with linear gradient elution of 5% to 95% acetonitrile in 

H2O over 20 min to afford chromophore 3 (1.1 mg, 80%). 1H NMR (500 MHz, D2O)  8.22 (s, 

1H), 8.08 (d, J = 7.7, 1H), 7.89 (d, J = 7.3, 1H), 7.60 (d, J = 8.8, 1H), 7.28 – 7.22 (m, 1H), 6.91– 

6.88 (m, 2H), 6.61 (s, 1H), 6.59 (s, 1H), 5.89 – 5.83 (m, 2H), 4.35 – 4.31 (m, 1H), 4.30 – 4.26 

(m, 1H), 4.18 – 4.15 (m, 3H), 4.00 (dd, J = 13.3, 6.4, 2H), 3.49 (t, J = 6.8, 2H), 3.19 (s, 3H), 3.18 

(s, 3H), 1.75 – 1.67 (m, 4H), 1.51 – 1.45 (m, 4H), 1.34 (s, 3H), 1.32 (s, 3H); HRMS (MALDI) 

calcd for C40H46N5O16P2 (M-H)-: 914.2415, found 914.2431 (Fig. S4, [14]). The above synthetic 

approach was also used to synthesize and purify chromophore 4 (1.5 mg, 77%). HRMS 

(MALDI) calcd for C36H38N5O16P2 (M-H)-: 858.1789, found 858.1851 (Fig. S5, [14]). 

 

2.5 Optimization of chromophore concentration. Solutions containing various concentrations of 

chromophore in 0.05 M sodium phosphate buffer (pH 7.0) were added to 12 wells in a 96-well 

half area black bottom plate (Corning) with final volumes of 25 L. FP was analyzed by a 

SpectraMax M5 plate reader (Molecular Devices). The parallel fluorescence emission (F=) and 

perpendicular fluorescence emission (F ) at 524 nm (for compounds 1 and 2, excitation at 492 

nm) or at 584 nm (for compounds 3 and 4, excitation at 545 nm) were measured by a 

SpectraMax M5 plate reader (Molecular Devices), and the anisotropy (r) was calculated using  

Eq. 1. The minimal concentration at which stable FP signals with minimal standard deviations 

was chosen as the optimal concentration for the chromophore. 

    2
F G Fr

F G F
               (1) 
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2.6 FP binding assay to determine the chromophore binding affinities. Solutions containing 

serially diluted AfUGM and 15 nM of chromophore in 0.05 M sodium phosphate buffer (pH 7.0) 

were incubated at room temperature for 5 minutes.  Each experiment was done in triplicate in a 

96-well half area black bottom plate (Corning) at final volumes of 25 L. Fluorescence 

anisotropy was measured as indicated above and the Kd values were obtained by fitting the 

anisotropy data to Eq. 2, where m1 and m2 are the minimum and maximum anisotropy values, 

respectively; m3 is the Kd value, and the total concentration of UDP-chromophore is represented 

by Ct.  

 

2.7 Determination of the assay Z  factor. Solutions containing 2 M of AfUGM and 15 nM of 

chromophore 3 in the absence (negative control) and presence (positive control) of 300 M of 

UDP were incubated at room temperature for 5 minutes. Each solution was added to octuplicate 

wells in a 96-well half area black bottom plate (Corning) with final volumes of 25 L. FP was 

analyzed by a SpectraMax M5 plate reader (Molecular Devices). The Z  factors were calculated 

using Eq. 3, where - represents the mean anisotropy value of the negative control, and +, the 

mean anisotropy value of the positive control; - represents the standard deviation of the negative 

control, and + the standard deviation of the positive control.  A Z  factor of 0.79 ± 0.02 was 

obtained for chromophore 3. 

3( )' 1Z (3) 

 
2.8 Optimization of AfUGM concentration. To determine the optimal concentration of AfUGM 

in the FP assay, solutions containing 15 nM of chromophore 3 and AfUGM at various 

concentrations in the absence (negative control) and presence (positive control) of 300 M of 
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UDP were incubated at room temperature for 5 minutes. Each was added to octuplicate wells at a 

final volume of 25 L. FP was analyzed as indicated previously, and Z  factors were calculated 

from Eq. 3. 

 

2.9 Competitive binding experiments using FP inhibition assay. Solutions  (25 L) containing 2 

M of AfUGM and 15 nM of chromophore 3 in 0.05 M sodium phosphate buffer (pH 7.0) were 

mixed with various concentrations of UDP, UDP-Galp, 7, or 8, and the reactions incubated at 

room temperature for 5 minutes. Each solution was done in triplicate. Anisotropy values were 

measured and the IC50 values obtained by fitting the data to Eq. 4, where m1 and m2 are the 

minimum and maximum anisotropy, respectively; m3 is the slope, and m4 is the IC50. The Kd 

values were obtained using Eq. 5, where Ki is the binding affinity of chromophore 3 on AfUGM 

(2.6 ± 0.6 M). 
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2.10 AfUGM activity assay. The AfUGM activity assay was performed by monitoring the 

formation of UDP-Galp from UDP-Galf by HPLC. A 20 L reaction, containing 20 mM 

dithiothreitol, 0.5 mM UDP-Galf in 25 mM HEPES, 125 mM NaCl buffer, pH 7.5 in the absence 

of 7 or 8 was initiated by addition of AfUGM at a final concentration of 50 nM. After incubation 

at 37 oC for 10 min, the reaction was quenched by heat denaturation (95 oC for 5 min) in a DNA 

engine thermo cycler (BioRad, Hercules, CA). The same reaction was also performed in the 
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presence of 7 (500 M) or 8 (50 M). The suspension was centrifuged and the supernatant 

injected onto a CarboPac PA100 (Dionex) anion-exchange column. The sample was eluted 

isocratically with 75 mM KH2PO4 (pH 4.5), and the absorbance at 262 nm was monitored to 

identify fractions of substrate and product. The substrate, UDP-Galf eluted at 36.5 min, and the 

product, UDP-Galp eluted at 28.3 min. The inhibition of AfUGM activity was indicated by the 

extent of conversion of UDP-Galf to UDP-Galp. 

 

2.11 Tolerance to DMSO. To determine the tolerance of the assay to DMSO, solutions 

containing 2 M of AfUGM, 15 nM of chromophore 3, and DMSO at various concentrations in 

the absence (negative control) and presence (positive control) of 300 M of UDP were incubated 

at room temperature for 5 minutes. Fluorescence anisotropy values and Z  factors were calculated 

as indicated previously. 

 

3. Results and Discussion 

3.1 Assay design and optimization. In this study, we report the development of an FP assay that 

can be used for high-throughput screening of inhibitors for AfUGM, which we believe will lead 

to the development of new therapeutics against A. fumigatus-related diseases. The FP assay was 

designed as shown in Fig. 3. If the UDP fluorescent probe binds to AfUGM and is excited with 

plane-polarized light, the resulting enzyme-ligand complex tumbles slowly in solution and, thus, 

the fluorescence emission remains polarized (Fig. 3a). Otherwise, the emission will be 

depolarized as the free chromophore will rotate rapidly. The change in the rotational motion 

between the bound and free chromophore can be used as a signal for detection of the binding of 

small molecules to the active site of AfUGM because, as the small molecule replaces the bound 
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fluorescent probe, the free probe will rapidly rotate increasing the amount of depolarized 

fluorescence (Fig. 3b).  

An essential component of an FP assay is a fluorescent probe that specifically binds to the 

enzyme or protein of interest. To design the fluorescent probe, we rationalized that the 

incorporation of the UDP moiety into the structure would target binding to the AfUGM active 

site since it is a major part of the UGM substrate. The fluorophore we first selected was 

fluorescein because UDP-fluorescein derivatives have been found to bind to prokaryotic UGMs 

from Klebsiella pneumoniae and Mycobacterium tuberculosis [15]. To minimize the steric 

hindrance of fluorescein with AfUGM binding site residues, UDP and fluorescein were 

connected with alkyl linkers of different lengths, which resulted in two UDP-fluorescein analogs 

(1 and 2, Fig. 2).  We also designed a UDP bound to the chromophore, commercially known as 

TAMRA (Fig. 2). This chromophore offers several advantages over fluorescein. First, TAMRA 

is more resistant to photobleaching compared to fluorescein [16]. Second, the fluorescence 

emission of TAMRA does not overlap with that of the flavin cofactor in AfUGM. Fluorescein is 

typically excited at 494 nm and emits at 520 nm, which significanlty overlaps with the 

absorbance and fluorescence emission of the flavin. In contrast, TAMRA’s absorbance and 

fluorescence maxima is at 546 nm and 580 nm, respectively [16]. This is significantly different 

from the flavin absorbance/emission properties, and improves signal-to-noise ratio. Finally, in 

comparison with fluorescein, TAMRA has one extra positive charge, which we believe increases 

the interaction between TAMRA and flavin and helps improve binding of the probe to AfUGM.  

Alkyl linkers of different lengths were also included to minimize the steric interaction of 

TAMRA with the binding site residues, giving two novel UDP-TAMRA analogs (3 and 4, Fig. 

2) 
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In order to increase the signal-to-noise ratio, stable FP values are necessary. Therefore, we 

varied the concentration of UDP-chromophores to determine the optimal concentration (Fig. 4). 

Stable FP values with minimal standard deviation were obtained at concentrations higher than 15 

nM. Therefore, we chose the 15 nM UDP-chromophore as the minimal concentration to use for 

further characterization. 

 

Slow tumbling

Rapid tumbling

Polarized fluorescence

depolarized fluorescence

Enzyme-ligand complex

Small molecule

Polarized light

Polarized light

AfUGM

AfUGM AfUGM

AfUGM

I I

UDP

= fluorophore (fluorescein or TAMRA)
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Figure B.3 FP assay design. (a) Binding of the FP probe to AfUGM leads to polarized 
fluorescence. (b) Displacement of the FP probe from AfUGM by inhibitor results in depolarized 
fluorescence. 
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Figure B.4 Determination of optimal concentration of fluorescent probe for FP binding assay. 
Conditions are described in Material and Methods sections. Chromophore 1 ( ), 2 ( ) (excitation 
at 492 nm and emission at 524 nm), 3 ( ), and 4 ( ) (excitation at 544 nm and emission at 584 
nm)  
 
 
3.2 AfUGM specific UDP-chromophore for HTS assay application. Binding of the UDP-

chromophore to AfUGM was determined by varying the concentration of the enzyme at a 

constant concentration of the UDP-chromophores (15 nM) (Fig. 5). Binding assays with the 

UDP-fluorescein probes (chromophores 1 and 2) show that these ligands bind weakly to 

AfUGM, with Kd values of ~15 M (Fig. 5A). This relatively low affinity impedes the utilization 

of these chromophores for a high-throughput FP binding assay, as it will require high quantities 

of enzyme. Interestingly, we tested the binding of these chromophores to bacterial UGM from M. 

tuberculosis and the Kd value of chromophore 2  was 0.10 ± 0.01 M, consistent with previously 

published values (Table 1) [15].  This tighter binding suggests differences in the active site 

architecture between the prokaryotic and A. fumigatus UGM enzymes. This is also consistent 

with our recent report on binding assays monitoring flavin fluorescence that showed that 

AfUGM binds UDP-glucose 5 times tighter than K. pneumoniae UGM.  Similarly, binding of 

UDP-Galp to AfUGM was not detected, although UDP-Galp binds to the bacterial enzyme with 
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a Kd value of 220 M [7, 17]. These differences in ligand binding might originate from the low 

amino acid identity between the bacterial and eukaryotic UGMs (<18%). Furthermore, we have 

shown that the quaternary structure between these enzymes is not conserved as the bacterial 

enzymes have been shown to function as homodimers, while AfUGM functions as a 

homotetramer [7].  

With the UDP-TAMRA analogs (chromophores 3 and 4), the binding to AfUGM was ~ 6 

times better than with the UDP-fluorescein analogs, and a significant anisotropy change was 

measured (Fig. 5B). Interestingly, the length of the linker had little or no effect on the binding 

affinities (Table 1), suggesting that with AfUGM the interaction between the chromophore and 

some components of the active site or perhaps directly with the flavin cofactor play a major role 

in binding. Compound 3 and 4 bound to MtUGM with similar affinities as chromophores 1 and 

2, respectively. In contrast to AfUGM, in the bacterial enzymes the length of the linker play a 

major role in binding with longer linkers increasing the affinity, further demonstrating that the 

active site architecture is varied among the UGM enzymes.  We selected 3 as the FP probe for 

further characterization of the binding assay. 
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Figure B.5 FP binding assay to determine Kd of the chromophores. (a) Chromophores 1 ( ) and 
2 ( ) (excitation at 492 nm and emission at 524 nm). (b) Chromophores 3 ( ) and 4 ( ) 
(excitation at 544 nm and emission at 584 nm). 
 
 
Table B.1 Kd of the UDP-fluorescent probes on AfUGM. 

Chromophore Kd on AfUGM 
( M) 

Kd on MtUGM 
( M) 

1 17 ± 3 > 30 
2 16 ± 3 0.10 ± 0.01 
3 2.6 ± 0.2 0.73 ± 0.07 
4 3.0 ± 0.7 > 30 
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3.3 Determination of competitive binding using FP assay. FP competitive inhibition binding 

assay was conducted to confirm that the FP probes bind to the active site on AfUGM. First, the 

Z  factor as a function of AfUGM was determined to establish the proper enzyme concentration 

to be used in the assay. The Z  factor is a statistical parameter that reports on the quality of the 

assay [18]. As shown in Fig. 6, the FP assay exhibits excellent quality at an AfUGM 

concentration higher than 2 M with a Z  factor above 0.8. The minimum value (2 M) in this 

range was selected as the optimal assay concentration.    

The Kd for UDP was determined using the FP assay by titrating AfUGM with serial dilutions 

of UDP. A value of 9.0 ± 1.7 μM was obtained, which is in good agreement with the Kd (33 ± 9 

μM) previously determined by directly monitoring the flavin fluorescence (Fig. 7A) [7].  

UDP-Galp was the second ligand tested in the FP inhibition assay, and a Kd value of 495 ± 

66 μM was calculated (Fig. 7B), indicating that UDP-Galp is a poor ligand for AfUGM, which 

agrees well with the observation previously reported by Oppenheimer et al [7].  

Recently, a series of prokaryotic UGM inhibitors were identified from chemical libraries by 

high-throughput screening (HTS) [19]. In our FP assay, we tested two of the best prokaryotic 

UGM inhibitors, compound 7 and compound 8 (Fig. 8). Interestingly, they behaved differently 

on AfUGM. Compound 7 turned out to be a poor ligand for AfUGM with a Kd of 140 ± 9 μM 

(Fig. 9A). In contrast, compound 8 exhibits much better binding to AfUGM (Fig. 9B) and its Kd 

was found to be 11 ± 0.4 μM (Table 2). We also tested these two compounds in a secondary 

assay, directly monitoring the activity of AfUGM to see if these molecules function as inhibitors.  

The HPLC chromatograms (Fig. 10) indicated that both of the compounds inhibit the activity of 

AfUGM. These results confirm that the FP assay identifies ligands that bind to the active site of 
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AfUGM and that these molecules inhibit the activity of the enzyme in a secondary assay that 

directly measures product formation.  

Figure B.6 Determination of optimal AfUGM concentration to use in the FP assay with 
chromophore 3 ( ) and chromophore 4 ( ).   
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Figure B.7 FP competitive binding assay with UDP (A) and UDP-Galp (B). 
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Figure B.8 Structures of known inhibitors of bacterial UGM [18]. 
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Figure B.9 FP inhibition assay with compounds 7 (A) and 8 (B).  
 
 
Table B.2 Kd values of AfUGM ligands. 

Ligand Kd on AfUGM ( M) Kd on MtUGM ( M) 
UDP 9.0 ± 1.7 15 ± 2 

UDP-Galp 495 ± 66 563 ± 75 
7 140 ± 9 21 ± 1 
8 11 ± 0.4 25 ± 2 
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Figure B.10 AfUGM activity assay. The HPLC chromatograms at 262 nm are shown. A) 
AfUGM activity in the absence of inhibitor. B) In the presence of 7 (500 M). C) In the presence 
of 8 (50 M).  
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3.4 FP assay quality. The Z  factor value using chromophore 3 was calculated to be 0.79 ± 0.02. 

An assay with a Z  factor greater than 0.5 is considered a good assay, therefore, our FP assay is 

suitable for HTS (Fig. 6). We also estimated the tolerance of the FP assay to DMSO by 

calculating the Z  factors at various DMSO concentrations, because a majority of compounds in 

HTS libraries are dissolved in DMSO. The Z  factors were plotted against DMSO concentrations 

to generate a DMSO calibration curve (Fig. 11), and our assay maintains excellent quality with 

DMSO concentration up to 5% (v/v).  
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Figure B.11 Tolerance to DMSO.  
 
 
4.  Conclusion 

In conclusion, four fluorescently labeled UDP derivatives (1-4) were synthesized and tested 

for binding to AfUGM. Different from the bacterial UGM, the nature of the chromophore 

enhanced binding to AfUGM while the length of the linkers did not. UDP-TAMRA analogs (3 

and 4) bind to AfUGM with high affinities. Binding of chromophore 3 to the active site of 

AfUGM was demonstrated by a competition experiment using UDP and UDP-Galp. 

Furthermore, binding of known inhibitors of bacterial UGM were tested against AfUGM and it 
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was found that these compounds bound AfUGM, however, with lower affinities. Inhibition of 

AfUGM, measuring product formation by HPLC, was demonstrated with compounds 7 and 8. A 

Z’ factor of 0.79 was calculated and the assay was shown to exhibit good tolerance to DMSO. 

We expect the FP assay described here will allow fast identification of AfUGM inhibitors from 

chemical libraries. We believe that inhibitors of AfUGM that block the biosynthesis of Galf 

could lead to novel therapeutics against A. fumigatus related diseases.  
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