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Abstract 

 Galactofuranose (Galf) is a carbohydrate residue essential for pathogenic 

organisms, such as Mycobacterium tuberculosis, that is not found in mammalian 

systems. Therefore, tools that recognize Galf specifically would be useful for diagnostic 

purposes and the development of targeted therapeutics. In addition, the biosynthetic 

enzyme UDP-galactopyranose mutase (UGM) essential for Galf incorporation is an 

attractive antibiotic target.  

To examine how Galf is recognized, the structures of microbe-binding intelectins 

were investigated. Because no structure of any protein in the intelectin family was 

available, a crystal structure of Xenopus embryonic epidermal lectin (XEEL) was 

determined using experimental phasing. The XEEL structure enabled solution of the 

structure of human intelectin-1 (hIntL-1) as well as structures of XEEL and hIntL-1 

bound to their carbohydrate ligands. These structures revealed intelectins to be 

structurally distinct from other lectins. They also showed that intelectins use an unusual 

ligand recognition mechanism, a protein-bound calcium ion is chelated by the exocyclic 

vicinal diol on the ligands. These structures expanded our appreciation of lectin 

diversity, and could aid in rational engineering of intelectins for microbe detection and 

elimination. 

In addition to Galf detection, inhibition of the essential Galf biosynthesis enzyme 

UGM was investigated. Triazolothiadiazine inhibitors discovered through virtual 

screening showed low micromolar inhibitory constants and were effective against 

virulent strains of Mycobacterium tuberculosis. A structure of a triazolothiadiazine 

inhibitor bound to Corynebacterium diphtheriae UGM (CdUGM) was determined. The 
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structure not only shows the first small molecule, non-substrate inhibitor bound to UGM, 

but also suggests the role of UGM conformation in inhibitor design. Additional CdUGM 

and Mycobacterium smegmatis UGM (MsUGM) structures were also determined to 

examine structural dynamics and rationalize inhibitor affinity across UGM homologs. 

The inhibitor-bound CdUGM structure, and various forms of CdUGMs and MsUGMs, 

should enable development of next generation inhibitors that could target a wide range 

of UGMs.  
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1.1 Abstract 

 Virtually all cells are covered in a carbohydrate coat composed of 

polysaccharides, glycoproteins, and glycolipids (glycans). Surface glycans are involved 

in several crucial biological processes such as cellular attachment, embryonic 

development, and immune defense. Molecular recognition events of these surface 

glycans are mediated through carbohydrate binding proteins or lectins. Because 35 and 

over 700 monosaccharide building blocks are used in mammalian and microbial glycan 

synthesis, respectively1, 2, there is also great diversity of lectins that recognize these 

carbohydrate residues. In animals, lectins are generally classified according to structural 

similarities, which usually reflect the scope of their carbohydrate ligands. Knowledge of 

lectin structures and ligand specificity is not only crucial in understanding their biological 

function but lectin-specific recognition could also be used as tools for cell identification 

and targeting. This introductory chapter summarizes the biological roles of glycans in 

animals with emphasis on the recognition of glycans by lectins. The background 

information highlights recent progress in understanding structures, ligand recognition 

mechanisms, and biological function of animal lectins.  

1.2 Biological roles of glycans  

 Glycans are carbohydrate polymers attached to proteins or lipid molecules on the 

cell surface. These surface glycoconjugates participate in crucial biological processes 

such as embryonic development and recognition of foreign cells3. The biological 

function of glycans could be broadly divided into three overlapping categories: structural 

roles, regulatory functions, and molecular recognition markers.    
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 Unlike plant or bacteria, animal cells lack rigid cell walls. However, animal cells 

are covered with the glycocalyx which provide structural integrity4. In addition, heavily 

glycosylated proteins called proteoglycans are part of the extracellular matrix that help 

maintain tissue integrity5. Mutations in proteoglycans are associated with connective 

tissue diseases. For example, mutations in the proteoglycan aggrecan causes cartilage 

matrix deficiency and aberrant skeletal development6, 7. In addition to providing 

structural framework, these glycan also provide binding sites for cell adhesion 

molecules for tissue organization. Neural cell adhesion molecule (NCAM) binds heparan 

sulfate proteoglycan and is crucial for cell-cell adhesion and formation of neural tissue8, 

further highlighting the structural roles of glycans.   

 In addition to structural roles, glycans also provide regulatory function for cells 

that interact with them. For example, basic fibroblast growth factor (bFGF) signaling is 

enhanced when heparan sulfate proteoglycan is present as a co-receptor9. Extracellular 

matrix glycans are also attachment sites for various growth factors. These growth 

factors are important for pattern formation by modulating morphogen gradient during 

embryonic development. It is proposed that proteoglycan controls diffusion of Wg 

morphogen gradient essential in wing disc formation in Drosophila10. In addition to 

regulatory function by spatially modulating signaling pathways, attachment of glycans to 

protein can also help in proper protein folding and localization. Several 

glycosyltransferases and glycohydrolases modify N-glycan structure in the endoplasmic 

reticulum (ER) to direct the folding pathway or divert the misfolded protein for 

degradation pathways11. Thus, the interaction of glycans to other macromolecules or 

cells provides regulatory function in addition to structural support. 
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 The structural and regulatory roles of glycans depend also on their ability to 

participate in molecular recognition of glycans. For example, calnexin and calreticulins 

are ER chaperones that bind monoglucosylated intermediate of N-linked glycan and 

recruit other chaperones for proper protein folding12. Such molecular recognition of 

glycans are mediated by carbohydrate binding proteins or lectins. In a broader context, 

lectins are key players in vital biological processes that involve interactions between 

glycan and cells or other biological molecules. For instance, the adhesion of 

lymphocytes to epithelial cells requires selectins as adhesion molecules13. Oligomeric 

C-type lectins in viper and cobra venoms crosslink platelet receptors and induce blood 

clots in the prey14. However, the most studied aspect of animal lectins is their role in the 

immune system, both adaptive and innate. Antigen-presenting cells such as dendritic 

cells express several receptors containing C-type lectin domains15. These receptors are 

known to interact with pathogens16. Galectins bind bacteria in the gut and modulate 

mucosal immune response17. Ficolins and serum mannose-binding lectins recognize 

microbes and initiate the lectin complement pathway18. Given the diverse biological 

roles of lectins, lectins are attractive targets for scientific investigation not only because 

of their intriguing structural and ligand-specificity diversity but also their potential as 

biological probes or therapeutics. 

1.3 Animal lectin classification and carbohydrate recognition mechanism 

 The diversity of lectins reflects the variety of biological processes that they are 

involved in and of the glycan structures present in each system. Mammals use 

approximately 35 monosaccharide building blocks for glycan biosynthesis2; however, 

bacteria utilize over 700 monosaccharide1. Recognition of these glycans by animal 



5 
 

lectins are crucial in both normal physiological processes and recognition of foreign 

epitopes. Animal lectins are classified based on sequence and structural homology. 

Generally, the homology within each lectin family implies the recognition of a similar 

ligand. For example, galectins share eight highly conserved residues at the ligand 

binding site19. As a result, galectins generally bind β-galactosides, hence the name 

galectins. There have been at least 16 families of animal lectins characterized to date. 

Most lectins are well-characterized structurally with the exception of the X-type lectin 

family, in which no 3-dimensional structure is available prior to this thesis. The 

remainder of this chapter provides background information for the structure and function 

of known animal lectin families.   

1.3.1 Annexins 

 Annexins are scaffolding proteins involved in membrane organization through 

interactions with negatively charged phospholipids20. Thus, annexins regulate 

endocytosis, exocytosis, and membrane homeostasis in various organelles21. However, 

annexin A2 and annexin A4 are secreted proteins that interact with heparin and heparan 

sulfate. The complex acts as a docking site for tissue plasminogen activator to regulate 

coagulation and fibrinolysis22, 23. Annexin A2 binds its ligand in a calcium dependent 

manner22. The structure of annexin A2 consists of four homologous repeats, each 

containing five helices24. The structure of annexin A2 with heparin tetrasaccharide 

reveals that it binds its ligand on the convex face (Figure 1.1 A)24. The sulfate groups of 

heparin interact with a protein-bound calcium ion (Figure 1.1 B). Negatively charged 

protein residues around the binding site also form additional salt bridges to the heparin 

ligand.  
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Figure 1.1: (A) Overall structure of annexin A2. (B) Ligand binding site of annexin A2 
with bound calcium ions (green). 

1.3.2 Calnexin and Calreticulin 

 Calnexin and calreticulin are chaperones that assist the folding of N-linked 

glycoproteins in the ER12. Calnexin is a type I membrane protein with a single 

transmembrane helix whereas calreticulin is a soluble protein25. Both proteins share 

about 40% sequence identity and recognize monoglucosylated oligosaccharide of N-

liked glycoproteins26. The monoglucosylated oligosaccharide is a signature of 

improperly folded protein. Thus interaction of calnexin and calreticulin results in ER 

retention and recruitment of other chaperone to assist folding or disposal of misfolded 

protein27. Both calnexin and calreticulin contain a globular lectin domain and an 

elongated arm domain (Figure 1.2 A)28, 29. The globular lectin domain of calreticulin 

contains a shallow carbohydrate binding site with hydrogen bonding between ring 

hydroxyl groups and polar side chains (Figure 1.2 B)29. Hydrophobic protein side chains 

also interact with the hydrophobic face of the carbohydrate ring. Although a calcium ion 

is present in the globular lectin domain, the calcium ion is remote from the ligand 

binding site, thus presumably has structural role.  
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Figure 1.2: (A) Structure of calnexin showing globular and arm domains. (B) Ligand 
binding site of calreticulin in the globular lectin domain. 

1.3.3 Chitinase-like lectins 

 Chitinase-like lectins are expressed in various animal tissues30. However, their 

biological function is poorly understood. Human cartilage glycoprotein-39 (chitinase 3-

like protein 1 or YKL-40) is proposed to participate in tissue remodeling and 

inflammation31. Ym1 is a murine protein secreted by macrophages upon nematode 

infection, and may have anti-inflammatory properties32. Oviductin is secreted by 

mannalian oviductal epithelial cells and may play a role in fertilization and early 

embryonic development33. Although the exact physiological function of these lectins is 

not known, structural information is available for YKL-40 and Ym1. These chitinase-like 

lectins are catalytically inactive members of the glycoside hydrolase family 18 with a 

triose-phosphate isomerase fold34. The structure of YKL-40 in complex with GlcNAc 

oligosaccharide reveals a deep groove with extensive hydrogen bonding from the 

protein residue side chain to the carbohydrate hydroxyl groups35. There are also several 

tryptophan residues that stack onto the CH face of the carbohydrate residues.  
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Figure 1.3: Structure of YKL-40 with GlcNAc oligosaccharide bound. 

1.3.4 C-type lectins 

 C-type lectins require calcium ion for ligand binding36. The C-type lectin domain 

is ubiquitous in nature, usually in combination with other protein domains. Classification 

of C-type lectin, as well as C-type lectin-like domains, into at least 14 groups based on 

structural organization has been proposed37, 38. C-type lectins are involved in several 

biological processes, notably in the immune system39. Serum mannose-binding lectin 

binds microbes and activates the complement system18. The selectin family is involved 

in cell adhesion and localization of immune cells to the site of inflammation13. Antigen-

presenting cells express several C-type lectin receptors which are responsible for 

pathogen recognition, or sometimes exploited by pathogens for dissemination15. The C-

type lectin domain of a dendritic cell C-type lectin receptor DC-SIGN in complex with 

tetramannose shows three calcium ions (Figure 1.4 A)40. One of these calcium ions is 

held in a loop and is coordinated by the equatorial O(3) and (O4) of a terminal mannose 

residue (Figure 1.4 B)40. The protein residues that coordinate the calcium ion in the 
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ligand binding site also form hydrogen bonds with mannose ring hydroxyl groups. Other 

mannose residues on tetramannose interact with DC-SIGN through hydrogen bonds. 

 

Figure 1.4: (A) Structure of a C-type lectin DC-SIGN with calcium ions (green). (B) 
Ligand binding site of DC-SIGN with tetramannose bound. 

1.3.5 F-box lectins 

 The F-box lectin domain is found in several proteins in the ubiquitin-proteasome 

system involved in glycoprotein degradation41. The domain recognize GlcNAc 

disaccharide which is directly attached to glycoproteins and is usually covered in the 

folded protein. However, this disaccharide motif is accessible in unfolded glycoprotein 

exported from the ER42. Recognition of the GlcNAc disaccharide leads to ubiquitin 

attachment and degradation of misfolded protein43. The structure of Fbs1 shows a β-

sandwich fold with ligand binding loop on one side and two short capping helices on the 

opposite side44. Unlike ligand binding sites in other lectins that are defined pockets, the 

ligand binding site of Fbs1 is a loop that fits in between the monosacchride unit of 

GlcNAc disaccharide44. The backbone amide of the loop forms hydrogen bonds with the 
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carbohydrate hydroxyl groups. Stacking of the carbohydrate CH onto the π face of a 

tryptophan indole ring is observed.  

 

Figure 1.5: (A) Structure of an F-box lectin domain of Fbs1. (B) Ligand binding site of 
Fbs1 with bound GlcNAc disaccharide. 

1.3.6 Ficolins 

 Ficolins are soluble immune lectin that bind N-acetyl sugars, as well as galactose 

and fucose, on microbes45. Upon microbe binding, the complex either activate the 

complement system or acts as an opsonin for phagocytosis of targeted microbe46. 

Humans have three ficolins: L-ficolin, H-ficolin, and M-ficolin47. L- and H-ficolins are 

serum proteins48, 49, whereas M-ficolin is found in the secretory granules of monocytes 

and neutrophils50, 51. Their function and mode of action are similar. The collagen-like 

domain in ficolins mediates assembly of the carbohydrate recognition domains into 

higher-order oligomers52.  The carbohydrate recognition domain contains a fibrinogen-

like domain (FBD) proposed to be a signature of innate immune defense protein53. The 
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carbohydrate recognition domain of L-ficolin contains a structural calcium ion (Figure 

1.6 A)54. The ligand binding site appear to vary depending on the ligand identity54. The 

galactose binding site is the cleft formed by the twisted β-sheet of the FBD54. The ring 

hydroxyls of galactose is recognized by several acidic residues as well as an arginine 

and a serine. 

 

Figure 1.6: (A) Structure of L-ficolin with a structural calcium ion (green). (B) A putative 
ligand binding site with galactose bound. 

1.3.7 F-type lectins 

 F-type lectins or fucolectins bind a fucose residue55. The lectin family scatter 

throughout evolutionary tree from bacteria to fishes, but seems to have lost its 

expression in mammals. The F-type lectin domain is often found in multi-domain 

proteins with diverse domain architectures56. These proteins are implicated in microbe 

binding and the innate immune response57. A striped bass F-type lectin, FBP32, is 

upregulated during inflammation58, 59.  F-type lectin was first characterized in eels60. 
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Anguilla anguilla agglutinin (AAA) is an F-type lectin from the European eel that binds a 

fucose residue in the H blood group antigen, thus AAA is used in blood typing61. The 

structure of AAA shows a β jellyroll fold with a structural calcium ion (Figure 1.7 A)62. 

The oligomeric state of the protein is controversial, but it is likely trimeric based on the 

crystal structure62. The ligand binding site is highly positively charged with histidine and 

arginine residues forming hydrogen bonds with hydroxyl groups of the fucose ring62. 

The binding site also features a disulfide bond formed by two consecutive cysteines. 

 

Figure 1.7: (A) Structure of AAA monomer with a structural calcium ion (green). (B) 
Ligand binding site of AAA with bound fucose. 

1.3.8 Galectins 

 Galectin is a large galactoside-binding lectin family that is ubiquitous among 

animals19. Galectins are involved in various biological processes such as cell signaling, 

cell adhesion, development, and cell death63-66. Thus, galectins are important targets for 

immunomodulation and cancer therapy67, 68. Galectins have various molecular 

arrangements and are categorized into three classes: prototypical, chimeric, and 

tandem-repeat69. Prototypical galectins (e.g. galectin-1) contain a single carbohydrate 
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recognition domain that may be homodimeric. Chimeric galectins (e.g. galectin-3) 

contain other unrelated domains in addition to the carbohydrate recognition domain. 

Tandem-repeat galectins (e.g. galectin-1) have multiple carbohydrate recognition 

domains in a single polypeptide chain. The carbohydrate recognition domain adopts a 

β-sandwich structure (Figure 1.8 A)70. The ligand binding site contains eight highly 

conserved residues that interact with galactosides19. The galactose ring stack onto the 

π face of a tryptophan residue. Other conserved binding site residues form a shallow 

pocket around the galactoside and form hydrogen bonding network with the 

carbohydrate ring hydroxyl groups.  

 

Figure 1.8: (A) Structure of galectin-3. (B) Ligand binding site with bound lactose. The 
eight protein side chains that are conserved among most galectins are shown. 

1.3.9 H-type lectins 

 H-type lectins or hyaladherins binds hyaluronan, a polysaccharide in the 

extracellular matrix composed of repeating [D-glucuronic acid β(1-3) D-GlcNAc β(1-4)] 

units71. H-type lectins are involved in matrix adhesion, cell-cell interaction, and cell 
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migration72. However, structural information of H-type lectins is limited. An NMR 

structure of TSG-6, which is expressed in inflammatory diseases and may have anti-

inflammatory roles73, reveal a globular lectin domain containing two β sheets and two α 

helices74. Previous mutagenesis studies75 and NMR titration74 reveal the hyaluronan 

binding site in a groove between protein loops. 

 

Figure 1.9: H-type lectin domain of TSG-6 with hyaluronan binding residues identified 
by site-directed mutagenesis shown in magenta. Additional hyaluronan binding residues 
identified by NMR spectroscopy are not shown for clarity.  

1.3.10 I-type lectins 

 I-type lectins have an immunoglobulin-like fold76. The best characterized I-type 

lectins are membrane-bound siglecs that recognize sialic acid. Most siglecs are 

expressed in immune cells77. CD33 (siglec-3) and related proteins are likely involved in 

regulation of leukocyte function78. CD22 (siglec-2) is found on B cells, where it act as 

both an adhesin and a modulator of B cell signaling79. Siglec-7, which recognize α(2,8)-

linked disialic acid80, is expressed on natural killer cells where it suppresses cell-

mediated cytolytic activity81. The structure of siglec-7 shows a β-sandwich 
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immunoglobulin fold (Figure 1.10 A)82. The carboxylate of the sialic acid forms a salt 

bridge to a conserved arginine residue82 (Figure 1.10 B). The acetamide NH forms a 

hydrogen bond with the protein backbone whereas the acetamide carbonyl is 

recognized by a tyrosine side chain. The exocyclic triol moiety of sialic acid stacks on to 

the indole ring of a tryptophan residue with additional hydrogen bonding with a lysine 

side chain.  

 

Figure 1.10: (A) Structure of siglec-7 with GT1b oligosaccharide bound. (B) Ligand 
binding site showing only the terminal sialic acid in GT1b.  

1.3.11 L-type lectins 

 L-type lectin domain are structurally similar to leguminous plant lectin such as 

concanavalin A83. Mammals have four L-type lectins: ERGIC-53, ERGL, VIP36, and 

VIPL84-87. All of these proteins are membrane-bound, with a single transmembrane 

helix. The lectin domain are found in the lumen of the ER and the Golgi apparatus. L-

type lectins are proposed to participate in glycoprotein secretion and trafficking88. The 

structure of rat ERGIC-53 shows a β-sandwich fold with two bound calcium ions (Figure 
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1.11). Although a ligand-bound structure is not available, it is known that L-type lectins 

bind mannose like their plant counterpart. Thus, the ligand-binding mechanism is 

proposed to be similar. 

 

Figure 1.11: Structure of rat ERGIC-53 with bound calcium ions (green) surrounded by 
protein residues and ordered water molecules (red). 

1.3.12 M-type lectins 

 M-type lectins are related to α-mannosidase which belongs to the glycoside 

hydrolase family 4789. These lectins are found in the ER and the Golgi apparatus where 

they are involved in degradation of incorrectly folded proteins90. When a protein fails to 

fold from interactions with calnexin and calreticulin, the terminal mannose residue is 

trimmed and the protein is recognized by M-type lectins. The misfolded protein is then 

exported from the ER for degradation by the proteasome91-93. No structure of M-type 

lectins is available, but they are likely to adopt a barrel-like structure as seen in closely 

related α-1,2-mannosidase (Figure 1.12 A). Complex with a thiodisaccharide substrate 

analog reveal a deep ligand binding site in the middle of the helical barrel94. Vicinal ring 

hydroxyls on mannose (O(2) and O(3)) coordinate a protein bound calcium ion. The 
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binding site is hydrophilic with multiple hydrogen bonds between ring hydroxyls and 

protein side chains (Figure 1.12 B).   

 

Figure 1.12: (A) Helical barrel-like structure of human α-1,2-mannosidase. (B) Ligand 
binding site containing a substrate analog. 

1.3.13 P-type lectins 

 P-type lectins are specific for mannose 6-phosphate95. The most studied P-type 

lectins are mannose 6-phosphate receptors which bind mannose 6-phosphate tagged 

glycoproteins and direct the proteins to the lysosome96. Cation-dependent mannose 6-

phosphate receptor uses a manganese (II) ion for ligand binding97, although some 

cation-independent mannose 6-phosphate receptors do not require a metal ion for 

ligand binding98. The structure of bovine cation-dependent mannose 6-phosphate 

receptor reveals a binding site in a cleft between two β sheets (Figure 1.13 A)97. All ring 

hydroxyls are recognized by polar protein side chains. The phosphate group is 

recognized by the manganese (II) ion and the histidine side chain (Figure 1.13 B). 
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Figure 1.13: (A) Overall structure of bovine cation-dependent mannose 6-phosphate 
receptor. (B) Ligand binding site with bound mannose 6-phosphate and a manganese 
(II) ion (purple). 

1.3.14 R-type lectins 

 The structure of R-type lectin domain resembles, and is named after, the toxic 

protein ricin99. The R-type lectin domain generally recognizes galactose or its derivative 

and is found in numerous animal lectins. GalNAc transferase enzymes contain an R-

type domain that may recognize the glycan and help with processivity of the enzyme100. 

The domain is also found in combination with C-type lectin as a part of the multi-domain 

mannose receptor family101. The R-type domain has a β-trefoil structure102 (Figure 1.14 

A). The structure GalNAc-4-sulfate bound R-type domain reveal stacking of the 

galactose ring into the π face of a tryptophan residue (Figure 1.14 B)102. The ring 

hydroxyl groups form hydrogen bonds with the polar protein residue side chains. The 

sulfate group of GalNAc is recognized by asparagine residues and the backbone 

amides.  
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Figure 1.14: (A) Overall structure of the cysteine-rich R-type domain of mouse 
mannose receptor. (B) Ligand binding site with GalNAc-4-sulfate bound.  

1.3.15 Tachylectins 

 Tachylectins are found in the hemolymph of the Japanese horseshoe crab 

(Tachypleus tridentatus)103. Unlike conventional lectin classification based on sequence 

and structural homology, each tachylectin is distinct. However, they all recognize foreign 

epitopes and are suggested to be a part of the innate immune system of the horseshoe 

crab103. At least 5 tachylectins have been identified. Tachylectin-1 binds 

lipopolysaccharide (LPS) through the 2-keto-3-deoxyoctonate (KDO) residue104. 

Tachylectin-2 binds GlcNAc and GalNAc on LPS and staphylococcal lipoteichoic 

acids105. Tachylectin-3 and -4 (F-type lectin) are specific to S-type LPS, thus they likely 

interact with carbohydrate residues in the O antigen106. Tachylectin-5 recognize acetyl 

group-containing ligands107. Interestingly, tachylectin-5 is similar in sequence and 

structure to mammalian ficolins108. Other than tachylectin-5, tachylectin-2 is the only 

tachylectin with available structural information. The structure of tachylectin-2 displays a 

five-bladed β-propeller architecture (Figure 1.15 A)105. The ligand binding site is formed 
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by two large loops with amino acid side chains forming a pocket (Figure 1.15 B). The N-

acetyl group stacks onto the π system of a tryptophan residue. Ring hydroxyls of the 

ligand is recognized by the amide carbonyls or NHs of the backbone. 

 

Figure 1.15: (A) Five-bladed β-propeller structure of tachylectin-2. (B) Carbohydrate 
binding site of tachylectin-2 with GlcNAc bound. 

1.3.16 X-type lectins 

 X-type lectins, or intelectins, were first isolated from Xenopus laevis egg as 

calcium-dependent galactose-binding lectins109, 110. Homologs of intelectins are found in 

chordates, from tunicates to mammals111, 112. Like ficolins, intelectins contain a 

fibrinogen-like domain (FBD)113. Because intelectins are upregulated upon microbial 

exposure and bind microbes, they are proposed to have immune defense roles114-118. 

Specifically, human intelectin-1 (hIntL-1)119 does not bind mammalian glycans, but 

interacts with microbe-specific glycans120. Biological consequence of intelectin-microbe 

interaction is not known. In addition, only the first 50 amino acids of intelectin, 

corresponding to FBD, align with any known protein. Thus, very little is known about the 

structure of intelectins. The first part of this thesis is devoted to the de novo structure 
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determination of Xenopus and human intelectin as well as the discovery of a unique 

ligand binding mechanism of intelectins compared to other lectins. 

1.4 Conclusions 

 Animals possess lectins with diverse structure and function. Most lectins are 

secreted proteins, many of which contain disulfide bonds. A variety of mechanisms is 

employed for carbohydrate-ligand recognition. Lectins recognize their carbohydrate 

ligands using their protein structure alone without additional non-protein factors. Metal 

ions, such as calcium ion, is occasionally used for coordination of hydroxyl groups on 

the carbohydrate ligand. All lectins recognize hydroxyl groups on carbohydrate rings, 

often with extensive interactions on the entire carbohydrate residue. Therefore, a given 

lectin is generally specific for limited carbohydrate structures as the ring hydroxyls 

determine carbohydrate identity and linkage type. Examination of lectin structures not 

only reveal the molecular basis for ligand recognition but also guide lectin engineering 

for specific targeting of cargo in biological systems. 
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Chapter 2 

Structural and biophysical characterization of Xenopus embryonic epidermal 

lectin 
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2.1 Abstract 

 Intelectins (X-type lectins) are widely distributed throughout chordates, and they 

have been implicated in innate immunity. Xenopus laevis embryonic epidermal lectin 

(XEEL) is an intelectin secreted by developing X. laevis embryo into environmental 

water, and is postulated to function as a defense against microbes. XEEL is a homolog 

(64% identical) of human intelectin-1 (hIntL-1) previously shown to bind microbial 

glycans and may function as an innate immune defense protein. However, the structure 

and ligand binding mechanism of this protein family is unknown. This chapter details 

structure elucidation of XEEL, which was then used as a molecular replacement search 

model to solve the structure of hIntL-1. Despite lacking the intermolecular disulfide bond 

found in hIntL-1, the carbohydrate recognition domain of XEEL (XEELCRD) is trimeric in 

solution. The full length XEEL is a disulfide-linked dimer of trimeric XEELCRD mediated 

by an N-terminal peptide. XEEL contains three bound calcium ions in each monomer: 

two in a structural site and one in the ligand binding site. The structure of D-glycerol 1-

phosphate-bound XEEL reveals direct coordination of a vicinal diol to the calcium ion in 

the ligand binding site. The ligand specificity and quaternary structure of XEEL predicts 

an agglutination activity, which was confirmed by agglutination of Streptococcus 

pneumoniae. These results provide a foundation for the structural characterization of 

intelectins.  

2.2 Introduction 

 Cells are covered in a carbohydrate coat that is essential for distinguishing self 

from non-self121. Recognition of carbohydrate residues is mediated by carbohydrate-

binding proteins or lectins. C-type lectins and ficolins are immune lectins found 
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throughout the animal kingdom, highlighting the importance of carbohydrate recognition 

in the immune system18, 122. Intelectins, also known as X-type lectins111, have been 

proposed to bind microbes and function as an immune lectin113. However, little is known 

about the structure and function of intelectins. 

 Homologs of intelectin are found across diverse species from tunicates to 

human112. Data from various intelectin homologs support their roles in host defense. For 

example, tunicate intelectin functions as an opsonin for phagocytosis by hemocytes123. 

Amphioxus intelectin agglutinate bacteria in vitro124, 125. In organisms where intelectin 

function has not been examined, there is often a correlation between intelectin 

expression levels and microbial exposure. For example, rainbow trout and zebrafish 

intelectins are upregulated upon infection117, 118, 126. Sheep and mice increase intelectin 

expression after infection by intestinal parasitic nematodes114, 127, 128. Because several 

intelectins bind microbes and are upregulated upon microbial exposure, it is likely that 

intelectins function as a conserved immune defense lectins.  

 To elucidate the conserved function of intelectins, characterization of intelectins 

from multiple organisms is required. Since intelectin was first discovered in Xenopus 

laevis109, 110, 129, at least five intelectins from X. laevis has have since been described. X. 

laevis cortical granule lectins (XCGL-1 and XCGL-2) are found in oocytes and 

developing embryos130, where they participate in formation of the fertilization envelope 

to block polyspermy109, 129. X. laevis serum lectins (XSL-1 and XSL-2) are expressed 

upon lipopolysaccharide exposure, suggesting their roles in immune response116, 131. X. 

laevis embryonic epidermal lectin (XEEL) is secreted during various developmental 

stages, highest around hatching, and has been proposed to recognize microbes132, 133. 
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XEEL is produced by the goblet cells of the epidermis, which has similar property as the 

human mucosal epithelia134. These parallels suggests XEEL may also function in innate 

immunity.  

 Humans express two intelectins, hIntL-1 and hIntL-2. hIntL-1 is found at mucosal 

barriers such as the lung while hIntL-2 expression is limited to the intestine119. Although 

the biological function of hIntLs has not been fully elucidated, several lines of evidence 

suggest that hIntL-1 is involved in the innate immune defense system. For example, it 

was suggested that hIntL-1 binds furanoses such as ribose and galactofuranose (Galf) 

found on microbial glycans113. Additionally, we recently found that hIntL-1 does not bind 

any human glycan in an array of over 600, but binds a variety of microbial glycans120. 

Specifically, hIntL-1 interacts with microbe-specific carbohydrate residues such as β-

Galf, D-glycerol 1-phosphate (GroP), and 3-deoxy-D-manno-oct-2-ulosonic acid (KDO).  

In addition, hIntL-1 binds Streptococcus pneumoniae cell surfaces, supporting the role 

of hIntL-1 in microbial recognition and innate immunity.  

Little is known about the structure of intelectins and their ligand binding 

mechanism. XEEL and other intelectins share high sequence similarity, including a 

conserved fibrinogen-like domain (FBD) also found in ficolins112. However, sequence 

alignment suggests that FBD only correspond to merely 45 of the 300 amino acid 

residues. Similar to a C-type lectin, intelectins require a calcium ion for ligand binding, 

but the primary sequences of intelectins lack the C-type lectin motif, suggesting that 

intelectins are structurally distinct109, 119, 135. Moreover, the oligomeric state and relative 

orientation of intelectin carbohydrate recognition domain (CRD) are not well 

characterized. Thus, structural investigation of XEEL will not only elucidate how 
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intelectins bind diverse ligands, but will also enable analysis of structural and functional 

conservation of intelectins across species. In addition, biophysical characterizations of 

XEEL in solution could provide clues to domain organization of intelectins. 

 This chapter describes the biophysical properties and crystal structure of the 

complete CRD of XEEL (XEELCRD) with and without bound GroP. XEEL binds GroP by 

direct calcium ion coordination of the vicinal diol in GroP. Despite lacking the 

intermolecular disulfide bonds present in full length XEEL, XEELCRD is trimeric in 

solution. In light of the previously described disulfide-linked, hexameric state of full 

length XEEL132, we propose that XEEL is a dimer of trimers. This molecular 

arrangement suggests that XEEL may possess agglutination activity, a hypothesis 

supported by Streptococcus pneumoniae agglutination. Along with the structure of 

hIntL-1120 (Chapter 3), structural characterization of XEEL will guide further research 

into biological function and ligand specificity of intelectins.    

2.3 Material and Methods 

2.3.1 Expression and purification of Xenopus laevis embryonic epidermal lectin 

(XEEL) 

 The cDNA for XEEL (GenBank accession number BC087616) was purchased 

(Source BioScience) and amplified with primer A (5’-

TTTTTGCACTTGCATTTCCAGCAGGGCACGCTGGTTCATGGAGCCATCCGC-

AGTTTGAAAAGGGTTCATGTGAACAAGCTTCAATTTCTG-3’) and primer B (5’- 

GGTACCAAGCTCATTAACGGTAGAAGAGCATCACAGCTGCC-3’). The PCR product 

was diluted and further amplified with primers B and C (5’-

GCGCGGATCCATGTTGTCATATAGCCTGTTGCTTTTTGCACTTGCATTTCCAGCAG
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GG-3’). The resulting product was digested with BamHI and KpnI then ligated into a 

digested pFastBac1 vector (Life Technologies). The N-terminus of the protein product is 

expected to be (residue 4) MLSYSLLLFALAFPAGHA (residue 22) GSWSHPQFEK 

(residue 22) GSCEQASIS; where the expressed protein begins with residue 4, the 

second methionine in the annotated sequence. The underlined amino acids are the 

predicted secretion signal peptide and the bold amino acids denote the Strep-tag® II 

used for purification. The vector was then transformed into DH10Bac to generate a 

recombinant baculovirus according to the manufacturer protocol (Bac-to-Bac 

Baculovirus Expression System, Life Technologies). The resulting baculovirus genomic 

DNA was transfected (Insect GeneJuice, Novagen) into Sf21 insect cells to produce the 

first generation (P1) of recombinant baculovirus. The amplified P2 baculovirus was 

produced using P1 virus to infect suspension culture of Sf21 cells grown in SF900-II-

SFM (Life Technologies). The amplified virus supernatant was harvested by 

centrifugation and fetal bovine serum was added to 2% to stabilize the baculovirus. 

 XEEL was produced as a secreted protein using High Five cells (Life 

Technologies), a derivative of Trichopulsia ni. For expression of selenomethionine (Se-

Met) labeled XEEL used for experimental phasing, High Five cells were suspension 

cultured in 921 Delta Series, methionine deficient medium (Expression Systems, cat. 

no. 96-200, 200 mL) supplemented with 1x antibiotic-antimycotic (Life Technologies) 

and 10 μg/mL gentamicin (Life Technologies). Cells were infected when they reached a 

density of at least 2X106 cells/mL by addition of 0.5 μL of P2 baculovirus per 1X106 

viable cells. After the first addition of L-SeMet (10 mg) at 12 hours post infection, 

additional portions (10 mg) were added every 24 hours until medium harvest. Cells 
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producing XEEL were cultured for 5 days at 22 ºC in a baffled flask with shaking at 90 

rpm. Conditioned culture medium was harvested by centrifugation and filtered through a 

0.22 μM filter then stored at 4 °C for at least one week. This incubation period is crucial 

for successful crystallization of XEEL. Unlabeled XEEL was produced using the same 

conditions except using Express Five SFM media (Life Technologies) supplemented 

with 1x antibiotic-antimycotic, 10 μg/mL gentamicin, and 4 mM glutamine. 

Conditioned media was dialyzed extensively against 20 mM Bis-Tris (pH 6.7), 

150 mM NaCl, and 1 mM EDTA. The media was slowly adjusted to pH=6.7, and CaCl2 

was added to 10 mM from a 1 M stock. In addition, avidin (Calbiochem) was added to 

the conditioned media (28 µg/mL) to absorb excess biotin, per the manufacturers 

protocol (IBA GmbH). The solution was then cleared by centrifugation. Strep-tag® II 

XEEL was purified using Strep-Tactin® Superflow resin (IBA GmbH, cat. no. 2-1206-

002). The column was washed with 20 mM Bis-Tris (pH 6.7), 150 mM NaCl, 10 mM 

CaCl2 and then 20 mM Bis-Tris (pH 6.7), 150 mM NaCl, 0.5 mM EDTA. Protein was 

eluted with 5 mM d-desthiobiotin (Sigma Aldrich) in 20 mM Bis-Tris (pH 6.7), 150 mM 

NaCl, 0.5 mM EDTA then concentrated using a 10,000 MWCO Amicon Ultra Centrifugal 

Filter. During concentration, large sheet-like crystals began to form. Crystals were 

harvested by centrifugation at 2,000 RPM and washed 2 times with 20 mM Bis-Tris (pH 

6.7), 150 mM NaCl, 0.5 mM EDTA. The crystals were resuspended in 20 mM Bis-Tris 

(pH 6.7), 150 mM NaCl, 0.5 mM EDTA prior to addition of CaCl2 to 5 mM. Within one 

minute, the crystals completely redissolved. Purity of the re-crystallized protein 

assessed by SDS-PAGE and Coomassie blue staining and was >95 %. The 

concentration of XEEL was determined using absorbance at 280 nm with an 
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estimated136 ε=75,455 cm-1M-1 for the monomer and a calculated molecular mass of 

36,258 Da, post signal peptide removal. Typical yields were 0.5 mg per 50 mL of 

conditioned media.  

2.3.2 Expression and purification of thioredoxin-fused XEEL (residues 22-47) 

The expression construct was synthesized as a gBlock (Integrated DNA 

Technologies) then cloned into the MfeI and BamHI sites of pMAL-c5x (New England 

Biolabs). The sequence coding for maltose-binding protein was excised in the process 

and replaced with the expression construct. The expected protein sequence 

corresponds to full-length thioredoxin (underlined) followed by a linker, a histidine tag, 

and an enterokinase cleavage site (bold) fused to residues 22-47 of XEEL (italics): 

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLN

IDQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHH

HHHHSSGTDDDDKGSCEQASISEKKEKILNLLACWTEGN 

The plasmid was transformed into SHuffle Express Escherichia coli (New England 

Biolabs). Bacteria were grown in Terrific Broth at 30 ºC until OD600 reached 0.6 when 

the temperature was lowered to 15 ºC. Induction of protein expression was achieved by 

addition of IPTG to 0.1 mM and fermentation was allowed to proceed for 16 hours. The 

cells were lysed and the protein purified using Ni-NTA using a previously described 

protocol137. 

2.3.3 X-ray crystallography  

SeMet-labeled XEELCRD was concentrated to 2 mg/mL and crystallized (hanging-

drop vapor-diffusion) by mixing 1 µL of the protein solution and 1 µL of well solution 
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(100 mM Tris, pH 7.0, 20-24% PEG 400). Crystals appeared in 2-3 hours and grew to 

full size within 2-3 days. For cryoprotection, crystals were briefly dipped in well solution 

containing 30% PEG 400 and vitrified in liquid nitrogen.  

 Unlabeled XEELCRD protein was used to obtain the crystal structure with bound 

GroP (Sigma Aldrich catalog number G7886). Crystals were grown under similar 

conditions to Se-Met-labeled XEEL, with 50 mM GroP present during crystal growth and 

cryoprotection.  

 Single crystal X-ray diffraction experiments were performed at the Life Sciences 

Collaborative Access Team beamline 21-ID-D at the Advanced Photon Source, 

Argonne, IL. For experimental phasing and structure determination of Se-Met XEELCRD, 

diffraction data were collected at the Se K-edge (12661.38 eV). Integration, scaling, and 

merging were performed with HKL2000 138. The structure was solved using PHENIX by 

Se-SAD phasing with AutoSol139. The substructure search yielded 39 out of the 42 

expected sites. Figures of merit were 0.28 and 0.66 before and after density 

modification, respectively. The GroP-bound XEELCRD structure was solved by molecular 

replacement using Phaser using monomeric Se-Met XEELCRD as a search model 140. 

Both structures were adjusted and refined with Coot and phenix.refine respectively 141, 

142. The structural restraint for GroP was generated using PRODRG 143. MolProbity was 

used for validation 144. Data collection and refinement statistics are presented in Table 

2.1. Structure figures were generated using PyMOL145. 
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Table 2.1: Data collection and refinement statistics for Se-Met XEELCRD and XEELCRD-
GroP complex. 

Data collection statistics Se-Met XEELCRD XEELCRD-GroP complex 
Wavelength (Å) 0.97924 0.97856 
Resolution range (Å)* 30.10 - 2.30 (2.38 - 2.30) 30.2 - 2.20 (2.28 - 2.20) 
Space group P 21  P 6 

Unit cell (Å) 123.6  111.1  123.6 
90  119.7  90 

124.6  124.6  55.6  
90  90  120 

Total reflections 991049 285681 
Unique reflections 129043 (12885) 25366 (2526) 
Multiplicity 7.7 (7.7) 11.3 (11.1) 
Completeness (%) 100 (100) 100 (100) 
Mean I/σ(I) 13.7 (2.6) 19.4 (3.2) 
Wilson B-factor (Å2) 21.0 29.6 
R-merge  0.168 (0.625) 0.127 (0.755) 
R-meas 0.180 (0.670) 0.133 (0.792) 
R-pim 0.065 (0.241) 0.040 (0.237) 
Refinement Statistics   
Resolution range (Å) 
R-factor 

30.10 - 2.30 (2.38 - 2.30) 
0.1597 (0.2152) 

29.93 - 2.20 (2.25 - 2.20) 
0.1515 (0.1977) 

R-free (5%) 0.1881 (0.2673) 0.1692 (0.2363) 
Number of atoms   
       Protein 12927 2151 
       Calcium 
       GroP 

18 
- 

3 
10 

       Water 1470 166 
Protein residues 1662 277 
RMSD (bonds, Å) 0.011 0.010 
RMSD (angles, °) 
Est. coordinate error (ML, Å) 

1.170 
0.21 

1.089 
0.17 

Ramachandran favored (%) 96.1 95.7 
Ramachandran outliers (%) 0 0 
Average B-factor (Å2)   
       Protein 13.01 24.18 
       Calcium 
       GroP 

7.83 
- 

17.28 
38.03 

       Solvent 24.36 33.71 
*Statistics for the highest-resolution shell are shown in parentheses. Coordinates and structure 
factors of Se-Met XEELCRD and XEELCRD-GroP complex were deposited at the Protein Data 
Bank under accession code 4WMO and 4WN0, respectively. 

 

2.3.4 Surface plasmon resonance 

Analysis of XEELCRD using surface plasmon resonance (SPR) was conducted on 

a ProteOn XPR36 (Bio-Rad) by Darryl A. Wesener at the University of 

Wisconsin−Madison Department of Biochemistry Biophysics Instrumentation Facility. To 
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measure XEELCRD binding, ProteOn NLC sensor chips (NeutrAvidin coated sensor chip) 

(Bio-Rad, cat. no. 176-5021) were used to capture biotinylated carbohydrate ligands. All 

experiments presented here were conducted at surface saturated levels of ligand, ~200 

response units (R.U.). In all experiments, captured biotin was used in flow cell one as a 

control. Samples containing purified XEELCRD were prepared by serial dilution into SPR 

running buffer (20 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM CaCl2, and 0.005 % 

Tween-20). Surfaces were regenerated with short injections of solutions of 10 mM 

hydrochloric acid (HCl). Data were referenced using the biotin reference channel, and 

processed using the Bio-Rad ProteOn software package. Glycerol competition 

experiments were performed by adding glycerol to the SPR running buffer that purified 

XEELCRD was diluted in. Data were analyzed on Prism6 (GraphPad). For determination 

of the glycerol IC50, SPR data were fit to a one site competition model in Prism6. The 

top of the fit was constrained to 110 R.U. based on the equilibrium response in the 

presence of 1 mM CaCl2. 

2.3.5 Chemical crosslinking 

XEELCRD aliquots (1 mg/mL, 2 µL) were mixed with 1 µL of 

bis(sulfosuccinimidyl)suberate crosslinker (Pierce) stock solutions to achieve final 

crosslinker concentration of 0 – 5 mM. The buffer for all components was 20 mM Bis-

Tris (pH 6.7), 150 mM NaCl, 0.5 mM EDTA, and 5 mM CaCl2. Crosslinking was 

performed for 30 minutes at room temperature. Each reaction was diluted by adding 7 

µL of the reaction buffer and denatured by adding 2 µL of 6X SDS loading buffer (350 

mM Tris pH 6.8, 30% glycerol, 10% SDS, 9.3% DTT, and 0.06% bromophenol blue) 
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then heated at 95 ºC for 3 minutes. The crosslinking products were analyzed by SDS-

PAGE stained with Coomassie blue.    

2.3.6 Small-angle X-ray scattering 

Scattering data of a 2 mg/mL (63 µM monomer) solution of XEELCRD  were 

collected on a Bruker NANOSTAR SAXS system. Background scattering (20 mM Bis-

Tris (pH 6.7), 150 mM NaCl, 0.5 mM EDTA, and 5 mM CaCl2) was subtracted from the 

data. Preliminary analysis was performed using the ATSAS suite (PRIMUS and 

GNOM)146-148. Predicted scattering curves from the crystal structure of XEELCRD were 

generated using CRYSOL149. DAMMIF was used to generate 15 dummy atom models 

in the fast mode, which were then averaged by DAMAVER 150, 151. The resulting model 

was refined with DAMMIF in a slow mode. The final dummy atom model was aligned 

with the trimeric XEELCRD crystal structure by SUPCOMB152. 

2.3.7 Sedimentation equilibrium analytical ultracentrifugation 

Recrystallized XEELCRD samples were prepared by dilution to concentrations of 

9.0 μM (trimer), 5.2 μM, and 2.6 μM for analysis by sedimentation equilibrium analytical 

ultracentrifugation. Equilibrium data were collected at 20 °C in a Beckman Optima XLA 

Analytical Ultracentrifuge using 1.2-cm double sector charcoal-filled Epon centerpieces. 

Protein gradients were recorded at 276 nm every 2-3 h until two or more were 

superimposable. Equilibrium data were collected at speeds of 6,000, 8,000, 9,600, 

11,500, 13,200, and 15,900 rotations per minute (rpm). After the 15,900 rpm run, the 

contribution from non-sedimenting absorbance was determined by high speed depletion 

of the protein; this absorbance was ≤0.006 for the three samples. After depletion, 

subsequent re-equilibration at 11,500 rpm resulted in a gradient essentially 
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superimposable on the original gradient at this speed, indicating no significant loss of 

protein to irreversible aggregation during the course of the experiment. 

The solvent density (ρ) of 1.004 g/mL was computed from density increments 153, 

except that the BIS-TRIS buffer was not included as it is not in the available table. The 

calculated partial specific volumes (υ) of intact XEEL and XEELCRD are the same and 

based on the amino acid sequences, are 0.719 mL/g. The monomeric masses based on 

sequence (Ms) are 36,258 and 31,652, respectively. 

Analysis of the equilibrium data followed an approach similar to that previously 

described154 and was performed by Darrell R. McCaslin (University of 

Wisconsin−Madison, Department of Biochemistry, Biophysics Instrumentation Facility). 

The analysis utilized programs developed in Igor Pro (Wavemetrics Inc., Lake Oswega, 

OR) by Darrell R. McCaslin. The measured non-sedimenting absorbance for each 

sample was included as a fixed parameter. The data from the three concentrations and 

five speeds were globally fit to models consisting of one or two macromolecular species.  

However, the single species model describes the complete data set adequately, and 

thus a single species model was used. The reduced molecular weight (Mr) was used as 

the fitting parameter as this removes the impact of ambiguities in υ and ρ on the fit. The 

reduced molecular weight is defined as Mr = Mw(1-υρ), where Mw is, in the single 

species case, the molecular weight of the macromolecular complex; and furthermore, it 

must be an integral multiple of the sequence weight Ms thus Mr = nMs(1-υρ), where n is 

equal to the oligomeric state of the protein. 
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2.3.8 Streptococcus pneumoniae agglutination assay 

Formaldehyde-fixed S. pnemoniae serotypes were prepared as previously 

described120. Hexameric XEEL was expressed in High Five cells in a similar manner as 

the monomeric XEELCRD except that fetal bovine serum was added to 1% during 

expression and SIGMAFAST protease inhibitor (Sigma Aldrich, S8820) was added after 

media collection to suppress proteolysis of XEEL. Each bacterial suspension was mixed 

with hexameric XEEL and imaged using a 40X objective lens on a Nikon TE2000 

inverted microscope equipped with an Andor IXON camera. Images were acquired with 

MetaMorph. Scale bar was added using ImageJ with the scale of 0.162 µm/pixel. 

2.4 Results  

2.4.1 Mapping of intermolecular disulfide bonds in XEEL 

Insect cell expression system was used to produce XEEL both because of its 

ability to yield large quantities of protein needed for biophysical characterization and 

because it can be used to incorporate selenomethionine (Se-Met) into protein for 

crystallographic structure determination. The expression construct was engineered to 

contain a Strep-tag II purification tag inserted between the predicted signal peptide155 

and the mature XEEL. Cleavage of the signal peptide should yield XEEL with a two 

amino acid linker followed by an eight amino acid Strep-tag II at the N-terminus. After 

purification using Strep-tactin affinity chromatography156, the protein was further 

characterized by mass spectrometry. Although the expected mass of the expressed 

construct is 36230 Da, MALDI and ESI-TOF analysis returned masses of 32884 Da and 

32802 Da, respectively. Without glycosylation taken into account, the observed mass 

difference indicated a truncation by secondary proteolysis of at least 30 residues. N-
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terminal sequencing (ABI 494, Tufts University Core Facility) revealed the first five 

amino acids to be RSGGS. Therefore, the XEEL construct used in this study 

corresponds to residue 54 to 342. We refer to this as XEELCRD to denote the 

carbohydrate recognition domain. Because XEELCRD lacks the Strep-tag II purification 

tag, we speculate that XEELCRD has significant affinity to agarose resin, and was eluted 

by EDTA present in wash and elution buffers. The production of this truncated protein 

provided the opportunity to examine the role of the N-terminal sequence in 

oligomerization. 

 The N-terminal sequence of intelectins are not conserved, and previous studies 

suggest that this region controls intelectin oligomeric state112. XEELCRD lacks the 

intermolecular disulfide bonds present in hIntL-1. Consistently, XEELCRD is monomeric 

in molecular weight on reducing and non-reducing SDS-PAGE (Figure 2.1 A). However, 

expression of the equivalent XEEL construct in HEK293T cells yielded a full length 

protein that migrates as a monomer under reducing conditions, but as a disulfide-linked 

hexamer under non-reducing conditions, as previously observed132. These results 

suggest that the N-terminal peptide, truncated during expression and conditioning of the 

spent insect cell media, is responsible for the disulfide-linked oligomerization of the full-

length XEEL. Cysteines C24 and C42 are located within this peptide and are likely to 

form the intermolecular disulfide bonds. To test this hypothesis, we created a 

recombinant construct in which residues 22-47 of XEEL were fused to the C-terminus of 

thioredoxin. When expressed and purified under non-reducing conditions, the 

recombinant protein forms disulfide-linked dimers and hexamers (Figure 2.1 B). Thus, 

this 26 amino acid peptide is an oligomerization domain of XEELCRD. 
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Figure 2.1: (A) Western blot of XEELCRD expressed by High Five and HEK293T cells in 
both reducing (R) and non-reducing (oxidized, O). hIntL-1 is included for comparison. 
The hIntL-1 antibody used (Proteintech, 11770-1-AP) cross-reacts with XEEL. (B) SDS-
PAGE of thioredoxin-fused XEEL (residues 22-47) under reducing and oxidizing 
conditions.  

2.4.2 Crystal structure of XEEL 

To analyze the structure and ligand binding mechanism of intelectins, we 

pursued crystal structure determination of XEELCRD. Crystals of native XEELCRD, that 

diffracted to 2 - 2.3 Å, were readily obtained. However, molecular replacement attempts 

using ficolins, FBD-containing proteins, as search models did not yield a solution. 

Because no structure of other intelectin homologs were available, the phase problem 

had to be solved experimentally. Se-Met labeled XEELCRD was produced and Se-Met 

substitution was confirmed by mass spectrometry. Both native and Se-Met labeled 

XEELCRD crystals grew under similar conditions. The structure of monoclinic Se-Met 

labeled XEELCRD crystal was successfully solved by Se-SAD (with 67.5% solvent 
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content) and refined to 2.3 Å resolution. The asymmetric unit consists of two trimers 

related to one another by a pseudotranslation vector (55.6 Å) approximately parallel to 

the b axis (Figure 2.2 A). The first resolvable N-terminal residue is G66. The rest of the 

protein chain was traceable without a gap. The C terminus is clearly resolved in the 

electron density map. 

 The XEELCRD is a globular structure that does not resemble other known protein 

families. The fibrinogen-like lobe contains a twisted 7-stranded β-sheet. The inserted 

carbohydrate-binding, intelectin-specific region is predominantly a random coil with a 3-

stranded curved β-sheet, and three distinct calcium ion binding sites. XEELCRD is also 

encircled by 12 short solvent-exposed α helices.  
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Figure 2.2: (A) Crystal structure of Se-Met-labeled trimeric XEELCRD. The second trimer 
in the asymmetric unit is removed for clarity. (B) Structural calcium site with two calcium 
ions (green) and four ordered water molecules (red). (C) Ligand binding site with one 
calcium ion (green) and four ordered water molecules (red). 

Three well-ordered calcium ions are organized into two groups. Two calcium ions 

are buried deep in the protein core and are presumed to play a structural role (Figure 

2.2 B). The structural calcium ion closer to the protein surface is coordinated by two 

water molecules and five protein-derived interactions: the side chains of E116 and 

D127, and the backbone carbonyls of N118 and G121. N117 forms additional hydrogen 

bonds to calcium-bound water molecules through both its side chain and backbone 

amide NH. The structural calcium ion located farther inside the trimeric protein is 

coordinated directly by the side chains of D162 and D311, backbone amide carbonyls of 

H115 and G126, and two water molecules.  The side chain of H115 also forms a 

hydrogen bond with a calcium-bound water molecule. No single amino acid nor water 

molecule coordinates both calcium ions directly  

The remaining calcium ion is surface exposed and is later identified as a ligand 

binding site (Figure 2.2 C). This calcium ion is directly coordinated by N289, E291, 

E303, and four ordered water molecules. The pocket geometry is characterized by a 

dense network of hydrogen bonds among the calcium ion, the aforementioned residues, 

the four water molecules, S272, E273, and H292. The side chains of W306 and W326 

form the back wall of the ligand binding site. 

 2.4.3 XEELCRD binds ligands containing a 1,2 terminal diol 

 The ability of hIntL-1 to bind β-Galf has been reported113, 120. However, it is not 

known whether this ligand specificity is conserved between XEEL and hIntL-1. 

Therefore we examined the XEELCRD ligand binding properties using SPR (Figure 2.3 
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A). XEELCRD exhibit concentration-dependent binding to immobilized β-Galf with rapid 

on and off rates, indicating minimal structural reorganization upon ligand binding. To 

quantify the binding affinity of XEELCRD towards immobilized β-Galf, we performed 

equilibrium binding analysis of the SPR data (Figure 2.3 B). The apparent affinity of the 

trimeric XEELCRD for β-Galf is 4.1±0.5 µM. Minimal binding was observed to β-

galactopyranose (β-Galp) or β-ribofuranose (β-Ribf) suggesting that, like hIntL-1, XEEL 

does not bind furanosides, but instead recognize a specific epitope on β-Galf. Because 

hIntL-1 also binds GroP, it is likely that the vicinal diol on β-Galf is the epitope 

recognized by XEELCRD.  

To test whether the exocyclic vicinal diol on β-Galf is the epitope recognized by 

XEELCRD, we demonstrated that soluble glycerol is an inhibitor of β-Galf binding to 

XEELCRD in a concentration-dependent manner (Figure 2.3 C). These experiments 

suggest that XEEL binds β-Galf and GroP through their common exocyclic vicinal diol 

epitope. From the inhibition data, the IC50 value of glycerol was determined to be 

0.6±0.6 mM. The glycerol inhibition data fit well with a one-site competition model 

suggesting that XEELCRD binds as a single species, with no cooperative assembly of the 

monomers. Therefore, the IC50 value can be used as an estimate of the Kd of a 

exocyclic vicinal diol-containing ligand for a single XEEL binding site.  
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Figure 2.3: (A) SPR sensograms of XEELCRD binding to immobilized carbohydrates. (B) 
Equilibrium binding analysis of XEELCRD to immobilized β-Galf. (C) Inhibition of 
XEELCRD binding to β-Galf by glycerol. 

2.4.4 Glycerol phosphate recognition by XEELCRD 

 The crystal structure of Gro-P bound XEELCRD was obtained by co-crystallization. 

The structure reveals direct calcium ion coordination by GroP hydroxyl groups, 

displacing two ordered water molecules in the ligand-binding site (Figure 2.4). This 

ligand binding mechanism is identical to what has been observed in the hIntL-1-β-Galf 

complex structure120. The diol binds in a pocket formed by the side chain of W317 and 

W326. The indole NH of W326 forms a hydrogen bond with the phosphate group of 

GroP. Electron density around the phosphate group elongates toward the indole NH of 

W317, suggesting dynamic equilibrium of hydrogen bonding between the phosphate 

group and the side chain of W317 and W326. The primary hydroxyl group of GroP also 

forms a hydrogen bond with the imidazole side chain of H292. In addition to calcium ion 

coordination, the side chain of E303 forms a hydrogen bond with the secondary 
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hydroxyl group of GroP. Alignment of Se-Met XEELCRD and Gro-P bound XEELCRD 

reveals an RMSD value of 0.17 Å over 276 Cα atoms, suggesting no significant 

structural changes upon either Se-Met labeling or ligand binding. No significant 

movement of residues in the ligand binding site is observed upon GroP binding. This 

observation is consistent with rapid binding kinetics observed from SPR. 

 

Figure 2.4: Crystal structure of XEELCRD-GroP complex. Calcium ion and ordered water 
molecules are shown in green and red respectively. The cyan mesh represents the 
mFo-DFc map contoured at 3σ after refinement without GroP. 

2.4.5 Intelectins and ficolins are structurally divergent 

Intelectins have been proposed to be part of the ficolins structural family due to the 

presence of FBD. The structure of XEELCRD shows significant divergence between 

intelectin and ficolins despite the shared FBD. Topology diagrams of XEELCRD and L-

ficolin54 (PDB ID 2J3U) highlight these differences (Figure 2.5) and explain why our 

attempts at molecular replacement using ficolin structures as search models did not yield 

interpretable maps. Compared to XEELCRD, L-ficolin has three deletions: one between 

strands 5 and 6 of XEEL, one between strands 6 and 7 of XEEL, and the XEEL ligand-

binding site (XEEL strands 9 and 10 as well as a large loop). In L-ficolin, a single structural 
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calcium site lies between helices E and F, which differ in location and structure to helices 

K and L in XEELCRD. The structural calcium site residues in XEELCRD are clustered 

between strands 3 and 4 with the exception of D311, located in the ligand binding site. 

Strand 4’ in L-ficolin does not have an equivalence in the XEELCRD structure because 

D162 in XEELCRD is a part of the structural calcium site and this interactions disrupt the 

secondary structure found in L-ficolin. The ligand binding residues of XEELCRD are located 

between strands 9 and 11, whereas in L-ficolin the residues in the ligand binding site are 

dispersed. L-ficolin does not contain calcium ion in the ligand binding site. Therefore, 

while XEELCRD contains a FBD, the ligand binding and structural calcium sites are distinct 

from other lectins. Thus, intelectins represent a novel class of lectins with unique structure 

and function.  

 

Figure 2.5: Topology diagram of (A) XEELCRD and (B) L-ficolin (PDB ID 2J3U). The 
residues in the structural calcium sites are labeled in blue and the ligand binding sites 
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are in green. Regions found in XEELCRD but not in L-ficolin correspond roughly to brown 
traces in XEELCRD. The diagrams were generated by Pro-origami157. 

2.4.6 XEELCRD is trimeric in solution 

 Despite lacking the N-terminal region that engages in disulfide bond formation, 

the structure of XEELCRD suggests it forms a non-covalent trimer. Although two head-to-

tail trimers are observed in the asymmetric unit of the XEELCRD structure, there are only 

a few contacts between the trimers. This weak crystal packing is consistent with the 

macroscopic observation that XEELCRD crystals tends to separate into thin sheets when 

mishandled. Thus, this particular hexameric arrangement is unlikely to be biologically 

relevant. We next examined whether trimeric XEELCRD could be observed in solution. 

 To determine whether the trimeric XEELCRD persists in solution, chemical 

crosslinking was performed using bis(sulfosuccinimidyl)suberate (Figure 2.6). No 

species larger than trimeric XEELCRD were observed by SDS-PAGE. Because the 

crosslinking agent only targets amino groups, this chemical limitation may have 

prevented crosslinking of higher order species. Therefore, small angle x-ray scattering 

(SAXS) was performed on XEELCRD solution to obtain additional structural information. 

A Gunier plot of the data was linear, indicating monodispersity with no interactions 

between scattering particles (Figure 2.7 A). The radius of gyration (Rg) was 27.9±0.2 Å 

which is consistent with the calculated Rg of 27.2 Å from the trimeric XEELCRD crystal 

structure. The calculated Rg for monomeric and hexameric XEELCRD (18.7 and 39.1, 

respectively) do not agree with the experimental data. Comparison of the simulated 

scattering curve for trimeric or head-to-tail hexameric XEELCRD with the experimental 

data revealed a superior fit for trimeric XEELCRD (Figure 2.7 B). Therefore, SAXS 

indicates that XEELCRD is trimeric in solution. 
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Figure 2.6: Crosslinking of XEELCRD with bis(sulfosuccinimidyl)suberate. The final 
crosslinker concentrations are 0, 0.1, 0.25, 0.5, 1, 2.5, and 5 mM respectively. The 
expected masses are 31.6, 63.2, and 94.8 kDa for monomer, dimer, and trimer, 
respectively. 

 

Figure 2.7: SAXS of XEELCRD confirms trimeric assembly. (A) Gunier plot. (B) 
Simulated scattering curve of timer (green) and hexamer (blue) in the crystal structure 
compared with the experimental data (black). (C) Pair-distance distribution plot with total 
probability normalized to unity. (D) Molecular envelope based on dummy atom model 
with docked trimeric XEELCRD. 

 Because the protein concentration used in SAXS is relatively high, it is not clear 

whether the interaction between monomers is high in affinity. XEELCRD was further 
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characterized by equilibrium analytical ultracentrifugation. The absence of curvature in 

the ln(Absorbance) vs radial position squared plots indicated that only a single 

molecular species is present (Figure 2.8). The reduced mass (Mr) obtained was 27,120 

Da over XEELCRD trimer concentrations ranging from 0 to 28.5 µM. The calculated 

molecular mass was 96,811 Da, which corresponds to an aggregation number of 3.08, 

based on the molecular mass of the XEELCRD. This results is consistent with the SAXS 

data suggesting trimeric XEELCRD. Moreover, the centrifugation data indicate that 

assembly of the XEELCRD trimer proceeds with high affinity because no free monomeric 

XEELCRD was observed at any point during the experiment. Therefore, XEELCRD forms a 

stable trimer in solution despite lacking intermolecular disulfide bonds. 

 

Figure 2.8: Sedimentation equilibrium analytical centrifugation of XEELCRD. The 
ln(Absorbance) vs radial position squared (cm2) plot of XEELCRD at 6,000 and 13,200 
RPM for each XEELCRD concentration (2.6, 5.2, and 9.0 µM). Only every third raw data 
point is shown for clarity. The solid lines represent the single species fit of the data that 
was used to calculate the reduced mass. 

Analysis of the interfaces in the XEELCRD structure indicates that the trimer has 

the total buried surface area of 4,715 Å2. Each monomer has an average buried surface 
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area of 1,5712 Å2. The interface surfaces are polar, but not highly charged. Interactions 

between each monomer are include 18-19 hydrogen bonds and 1-3 salt bridges. Amino 

acid sequences at the interface are not highly conserved as determined by ConSurf158. 

With the large buried surface area and the only two unique intelectin structures 

available to date, the relationship between sequence variation in the monomer interface 

and the oligomeric state of intelectins remains to be explored.   

2.4.7 Full length XEEL is a dimer of trimers, suggesting agglutination activity 

 Because full length XEEL is a disulfide-linked hexamer but XEELCRD is trimeric, 

the structure of full length XEEL likely exists as a tail-to-tail dimer of trimeric XEELCRD. 

We hypothesize that residues 22-47 function as a dimerization domain. Secondary 

structure predictions of this sequence strongly suggest a helical structure159. Therefore, 

we propose that the dimerization domain is an anti-parallel six-helix bundle held 

together by six disulfide bonds. A consequence of this molecular arrangement is the 

presentation of three ligand-binding sites on once face, and another three on the 

opposite face (Figure 2.9). This barbell-like model suggests that XEEL may bind two 

microbial surfaces simultaneously, thus possessing agglutination activity. To validate 

this hypothesis, we tested whether full length XEEL can agglutinate serotypes of S. 

pneumoniae with and without XEEL ligands in their capsular polysaccharide (Figure 

2.10). Indeed, S. pneumoniae serotype 43 (which contains GroP) and serotypes 20 and 

70 (which contain β-Galf) were agglutinated by full length XEEL. Furthermore, this 

agglutination activity requires calcium ion, as inclusion of excess EDTA abolished 

agglutination. No agglutination was observed with serotype 8 which lacks an exocyclic 

vicinal diol in its capsular polysaccharide. 
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Figure 2.9: The predicted structure of full length XEEL. The ligand binding site on each 
monomer (derived from the crystal structure of XEELCRD) is marked by a calcium ion 
(green). The predicted structure of the disulfide-linked dimerization domain (derived 
from PDB ID 2SIV160) is shown as a helical bindle with two of the six C24-C42 disulfide 
bonds labeled.  
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Figure 2.10: Agglutination of Streptococcus pneumoniae serotypes by full length 
hexameric XEEL. Structure of glycan epitopes for each strain161 are depicted with β-Galf 
highlighted in red and GroP in blue. 

2.5 Discussion and Conclusions 

 Intelectins are soluble lectin found in organisms ranging from tunicates to 

humans, and they have been suggested to participate in innate immunity. Despite this 

proposal and the high sequence similarity in the intelectin family, little is known 

regarding intelectin function. An understanding of structure and carbohydrate-binding 

specificity can illuminate intelectin functional roles. The human intelectin hIntL-1 binds a 

range of microbe-specific epitopes120. To examine whether other homologs share 

similar binding modes and oligomeric states, we determined the structure of the 

carbohydrate-recognition domain of the Xenopus homolog, XEEL, alone and complexed 

to GroP. 

The X-ray crystal structure of XEELCRD indicates that the intelectins are a 

discrete lectin class. Though the intelectins and ficolins share an FBD, our X-ray 

structures show that they are structurally divergent. Intelectins, ficolins and many C-type 

lectins possess structural calcium ions. Still, the structural calcium site of XEEL bears 

no resemblance to the single structural calcium site present in ficolins nor to the two 

structural calcium ions in the C-type lectin DC-SIGN (Figure 2.11). The structural 

calcium ions of intelectins are buried, which contrasts with the solvent-exposed site in L-

ficolin. In addition, intelectins use protein residues from three loops (Figure 2.5) to 

coordinate their structural calcium ions while ficolins employ side chains within a short 

single loop 54. The intelectin site is also distinct from the two non-conserved structural 

calcium ions in the C-type lectin DC-SIGN, which are solvent-exposed and are 

coordinated by two protein loops 40, 162.  
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Figure 2.11: Comparison of lectin structures. A) XEEL from this work (PDB ID 4WN0). 
B) L-ficolin CRD (PDB ID 2J3U) 54. C) DC-SIGN (PDB ID 1SL4) 40. Calcium ions are 
represented by green spheres and the carbohydrate ligands are shown in cyan. 
 

The ligand-binding site of the intelectins is also different from that of other lectins. 

In the intelectin structures solved to date, a calcium ion directly coordinates an exocyclic 

vicinal diol present in the carbohydrate epitopes. Ficolin structures show no direct 

interactions between the calcium ion and the ligand. Alternatively, C-type lectins, such 

as DC-SIGN, recognize their carbohydrate ligands through calcium coordination to 

adjacent secondary hydroxyl groups within a pyranose ring (Figure 2.11). As would be 

anticipated from its ability to coordinate to two secondary hydroxyl groups, the ligand-

binding site of DC-SIGN contains no electron-rich aromatic residues that surround the 

calcium-coordinated ligand, as observed in hIntL-1 and the XEELCRD. These 

observations underscore that intelectins are a distinct lectin class. 

We attribute the ligand binding specificity of XEELCRD to W317 and W326, which 

form a tight box around the vicinal diol and impose steric constraints during ligand 

binding (Figure 2.4). The structure of GroP-bound XEELCRD confirms that GroP does 
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indeed bind in the same site as β-Galf on hIntL-1. Both hIntL-1 and XEEL contain an 

aromatic residue (W326 in XEEL, Y297 in hIntL-1) in the binding site that serves an 

aromatic wall, a steric barrier that prevents the binding of more substituted diols. 

Moreover, the placement of the aromatic residue suggests it can engage in a CH-π 

interaction with the methylene group of the 1,2-diol-containing ligands 163. Coordination 

of the diol to a calcium ion should increase the strength of the CH-π interaction 164. We 

anticipate that intelectins with this dual aromatic residue signature will show similar 

ligand-binding modes and specificities.  

The oligomeric state of intelectins appears to vary among family members. For 

example, hIntL-1 is a disulfide-linked trimer, whereas XEEL is a disulfide-linked 

hexamer. We show that XEELCRD is trimeric in solution despite lacking intermolecular 

disulfide bonds. The intermolecular disulfide bonds that exist in full length XEEL can be 

mapped to C24 and C42, the only two cysteine residue missing from the XEELCRD 

studied for much of this work. Thus in XEEL, the intermolecular disulfide bonds may be 

required for forming stable high-order hexamers, but is not required for trimerization of 

the XEELCRD. Previous studies have explored the significance of intelectin oligomeric 

states in biological activities by altering these N-terminal cysteines, and subsequently 

confirming the monomeric state by denaturing SDS-PAGE165, 166. This experimental 

design cannot reveal high affinity, non-covalent oligomeric states. The work presented 

here suggests that additional solution phase techniques such as crosslinking, SAXS, or 

equilibrium analytical ultracentrifugation are required to establish the true oligomeric 

state of an intelectin prior to biochemical studies.  
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Intermolecular disulfide bonds are found in several important proteins such as 

antibodies, hormones, and growth factors 167-169. Their presence is shown to provide 

stability and is often crucial for the biological function 170. For example, TGF-β3, in which 

the intermolecular disulfide bond was mutated, is monomeric and has diminished 

biological activity 169. It has been suggested that disulfide bonds are conserved once 

acquired through evolution, and the acquisition of disulfide bond is associated with 

organismal complexity 171. Whether this trend is observed for all intermolecular disulfide 

bonds is not clear, as we did not find a systematic evolutionary study relating the 

acquisition or loss of an intermolecular disulfide bond to protein oligomeric state. With 

regard to intelectins, mouse intelectins do not contain intermolecular disulfide bonds, 

but their oligomeric state is not yet known. Given our work on XEELCRD and the large 

sequence variation in the N-terminus of intelectins, we suggest that biophysical 

characterization of intelectin oligomeric state in solution in combination with sequence 

analysis could provide insight into intermolecular disulfide bond evolution.    

 The structure of XEELCRD presented here allows prediction of the structure of full 

length XEEL. We hypothesize that the structure is a dimer of trimers held together by 

the N-terminal helical bundle that was removed by proteolysis in our experimental 

system. Because the bundle would align the two XEELCRD faces in opposite directions, 

this barbell-like structural features suggests that XEEL could agglutinate bacteria.  This 

hypothesis was validated by showing that full length XEEL agglutinates S. pneumoniae 

in a ligand- and calcium ion-dependent manner. This agglutination activity could be 

further optimized and utilized for pathogen detection applications. The work presented 
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in this chapter establishes a foundation for crystallographic analysis of hIntL-1 (Chapter 

3) and evolutionary analysis of intelectins (Chapter 4). 
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Chapter 3 

Structural basis of carbohydrate recognition by human intelectin-1 
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3.1 Abstract 

 Human intelectin-1 (hIntL-1) is expressed in mucosal barriers and has been 

proposed to function in the innate immune system. We used glycan arrays to show that 

hIntL-1 did not interact with human glycan epitopes but bound microbe-specific glycan 

containing β-D-galactofuranose (β-Galf), D-glycerol 1-phosphate (GroP), heptoses, D-

glycero-D-talo-oct-2-ulosonic acid (KO) and 3-deoxy-D-manno-oct-2-ulosonic acid 

(KDO) residues. Structural information was needed to understand how hIntL-1 can 

recognize ligands with such diverse structures. X-ray crystallography of hIntL-1 in 

complex with β-Galf revealed that hIntL-1 used a bound calcium ion to coordinate 

exocyclic vicinal diol, an epitope common to all hIntL-1 ligands. Modeling studies 

suggested that steric clashes and electrostatic repulsion likely excluded N-acetyl 

neuraminic acid (Neu5Ac), an exocyclic vicinal diol-containing residue prevalent in the 

human glycans, from the hIntL-1 binding site. Structural insight into the oligomeric 

assembly and ligand recognition mechanism of hIntL-1 provides a platform that not only 

suggests the biological function of hIntL-1, but will also enable intelectin engineering for 

microbial detection and targeted therapeutics development.  

3.2 Introduction 

 Cell surface glycans serve as identity markers in numerous biological events, 

especially in distinguishing self from non-self172, 173. These glycans are recognized by 

carbohydrate-binding proteins or lectins174. For example, mannose-binding lectin binds 

mannosylated glycans on invading microbes and activates the complement system, 

leading to pathogen clearance18, 175. Ficolins, galectins, and collectins have also been 
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demonstrated as immune lectins122, 172, 176. One group of lectins whose immune function 

has been proposed but remain poorly characterized is intelectins. 

 The first intelectin described was isolated from Xenopus laevis oocyte, thus the 

intelectin family is also called the X-type lectin family110, 111. In the years following, 

homologs of this intelectin have been identified throughout chordates, including 

tunicates, fishes, and mammals112. Intelectins are homo-oligomers of 35 kDa monomers 

that, like C-type lectins, require calcium ion to bind carbohydrates despite lacking a C-

type lectin sequence motif135. However, intelectins contain a fibrinogen-like domain 

(FBD) also present in immune lectins such as ficolins113. Thus, based on sequence 

similarity intelectin has been proposed as an immune lectin. In support of this, 

mammalian intelectins are expressed at mucosal barriers such as lung and intestine 

where they encounter microbes113, 177, 178. In mice and sheep, intelectin is upregulated 

upon parasitic nematode infection, further supporting the role of the intelectin family in 

immune defense115, 127. Moreover, human intelectin-1 (hIntL-1) is found in asthmatic 

mucus179, 180. In addition, hIntL-1 was shown to be a lactoferrin receptor181 and may also 

be involved in modulating insulin sensitivity182.      

 Given that hIntL-1 has diverse functions, we hypothesize that thorough 

examination of hIntL-1 ligand specificity might provide clues to hIntL-1 function. hIntL-1 

was shown to bind furanose residues such as ribofuranose (Ribf) and β-galactofuranose 

(β-Galf)-containing disaccharides113, 183. Using an ELISA  (Figure 3.1 A), we showed 

that hIntL-1 binds β-Galf (Figure 3.1 B) with apparent Kd of 85±14 nM (8.0±1.3 µg/mL) 

(Figure 3.1 C). However, binding to galactopyranoside (Galp) and Ribf was not detected 

using this approach. These results suggest that hIntL-1 is not a general furanoside 
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binder, but is rather specific for β-Galf. Given the limited scopes of ligand tested, a more 

extensive screen is required to truly assess ligand specificity.  

 

Figure 3.1: (A) Schematic for an ELISA used to detect binding of hIntL-1 to glycosides. 
(B) Structure of biotin-linked carbohydrate used in the ELISA assay. (C) Binding curve 
from the ELISA showing specific interaction between hIntL-1 and β-Galf. 

Using the mammalian glycan microarray v5.1 generated by the Consortium for 

Functional Glycomics184, we discover that hIntL-1 does not bind any of the more than 

600 glycans present on the array (Figure 3.2 A). However, hIntL-1 binds β-Galf-

containing glycans printed on a control array (Figure 3.2 B). These results suggest that 

hIntL-1 is functional and the detection method is valid, but no intelectin ligand is present 

in the mammalian glycan. Given the proposed role of intelectin in recognizing microbes, 

it is conceivable why hIntL-1 may not interact with mammalian glycans. Therefore, we 

further explore the ligand scope of hIntL-1 using a pathogen glycan array consisting of 

more than 300 oligosaccharides185. In contrast to the mammalian array, the results from 

the pathogen glycan array reveal several ligands for hIntL-1 (Figure 3.2 C). Considering 

the top 15 ligands, four ligands from Klebsiella pneumoniae and Streptococcus 
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pneumoniae contain β-Galf residue. Surprisingly, other ligands do not contain the β-Galf 

epitope. The top five hits are glycans from S. pneumoniae, Proteus mirabilis, and 

Proteus vulgaris, sharing a common D-glycerol 1-phosphate residue. Other ligands from 

the top 15 hits contain heptose, KO, and KDO residues representing glycans from 

Yersinia pestis and S. pneumoniae. Structure of all these ligand residues, which are 

widely distributed among bacteria2, are shown in Figure 3.2 D. The results from the 

pathogen glycan array indeed suggest that hIntL-1 binds microbe-specific glycan. 

However, the structures of hIntL-1 ligands are diverse. It is not clear how hIntL-1 can 

recognize such disparate ligands. Therefore, structural information is needed to 

understand the molecular basis of ligand recognition. Such knowledge will additionally 

shed light on the structure and function of intelectins in general. 

 

Figure 3.2: (A) Mammalian glycan array showed no signal from hIntL-1 binding. (B) 
Control array displaying positive controls (β-Galf-containing ligands) and negative 
controls (arabinofuranose (Araf), ribofuranose (Ribf), lacto-N-neotertraose (LNnT), and 
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asialo, glycosylated biantennary N-linked glycan (NA2)). (C) Microbial glycan array 
results showed multiple hits for hIntL-1 binding. (D) Structure of common residues 
shared among hIntL-1 ligands.  

3.3 Material and Methods 

 hIntL-1 was expressed with an N-terminal Strep-tag II and purified using a similar 

procedure as XEELCRD (Chapter 2). The protein was concentrated to 1.5 mg/mL and 

CaCl2 added to 10 mM. Crystallization was achieved using hanging-drop vapor diffusion 

by mixing 1 µL of the protein solution with 1 µL of well solution (100 mM Bis-Tris pH 6.0 

and 25% PEG 3350). Crystals grew to full size in two weeks. Crystals of apo-hIntL-1 

were cryoprotected by transferring to well solution containing 35% PEG 3350 for 1 min 

then vitrified in liquid nitrogen. The allyl-β-Galf-hIntL-1 complex was formed by soaking 

of apo-hIntL-1 crystals in the cryoprotection solution supplemented with 50 mM allyl-β-

D-Galf for two weeks. 

Single crystal X-ray diffraction experiments were performed at beamline 21-ID-D 

(Life Sciences Collaborative Access Team), Advanced Photon Source, Argonne 

National Laboratory. Integration, scaling, and merging were performed with HKL2000138 

(Table 3.1). The structure was solved using the PHENIX suite186. The monomeric 

structure of Se-Met XEELCRD was used as a search model to determine the structure of 

apo-hIntL by molecular replacement using Phaser140. Because the apo-hIntL and allyl-β-

D-Galf-bound hIntL-1 data are isomorphous, the structure of A-Galf-bound hIntL-1 was 

solved by a difference Fourier method using apo-hIntL as a starting model for rigid-body 

refinement with phenix.refine141. Chemical restraint for allyl-β-D-Galf was generated 

using PRODRG143. Crystallographic refinement was performed using phenix.refine. 
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Model adjustment was made in Coot142 and validation was performed with 

MolProbity144. Structure figures were generated using PyMOL145. 

Table 3.1: Data collection and refinement statistics for apo-hIntL-1 and Galf-bound 
hIntL-1. 

Data collection statistics Apo-hIntL-1 Galf-bound hIntL-1 
Wavelength (Å) 0.97924 1.00394 
Resolution range (Å)* 22.00-1.80 (1.86-1.80) 28.59-1.60 (1.66-1.60) 
Space group P 21 3 P 21 3 

Unit cell (Å) 118.4 117.9 
Total reflections 573173 801024 
Unique reflections 51379 (5062)  71869 (7134) 
Multiplicity 11.2 (10.1) 11.1 (10.9) 
Completeness (%) 100 (100) 100 (100) 
Mean I/σ(I) 19.6 (3.7) 29.4 (3.0) 
Wilson B-factor (Å2) 12.89 17.63 
R-merge 0.119 (0.495) 0.078 (0.773) 
R-meas 0.125 (0.521) 0.082 (0.811) 
R-pim 0.037 (0.162) 0.024 (0.245) 
Refinement Statistics   
Resolution range (Å) 
R-factor 

22.00-1.80 (1.86-1.80) 
0.1331 

28.59-1.60 (1.66-1.60) 
0.1544 

R-free (5%) 0.1664 0.1793 
Number of atoms   
       Protein 4562 4606 
       Calcium 
       Galf 

6 
0 

6 
30 

       Water 670 619 
Protein residues 564 564 
RMSD (bonds, Å) 0.010 0.010 
RMSD (angles, °) 1.102 1.126 
Ramachandran favored (%) 96.3 96.9 
Ramachandran outliers (%) 0 0 
Average B-factor (Å2)   
       Protein 13.26 19.39 
       Calcium 
       Galf 

9.39 
0 

14.66 
32.73 

       Solvent 25.69 31.95 
*Statistics for the highest-resolution shell are shown in parentheses. Coordinates and structure 
factors of apo-hIntL-1 and Galf-bound hIntL-1 were deposited at the Protein Data Bank under 
accession code 4WMQ and 4WMY, respectively. 
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3.4 Results and Discussion 

3.4.1 Structure of apo-hIntL-1 

 An apo-hIntL-1 crystal diffracted X-ray to 1.8 Å. The cubic apo-hIntL-1 crystal has 

solvent content of 38.9% with Matthews coefficient187 of 2.01. Two chains (monomers) 

of hIntL-1 were identified in the asymmetric unit. Each chain is a part of a distinct trimer 

that could be generated by crystallographic symmetry. The two chains are similar in 

conformation, but not identical (Cα RMSD of 0.65 Å). In chain A, the peptide connecting 

each monomer and forming an intermolecular disulfide bond is resolved (Figure 3.3). 

The intermolecular disulfide bond consists of C31 from one monomer and C48 from the 

neighboring monomer forming a cyclic disulfide-linked trimer. C31 is the first resolvable 

residue in the electron density map in chain A. In chain B, the peptide linking each 

monomer is not visible. However, W29-C31 is traceable and the rest of the monomer 

stars from S36. In both chains, the C terminal arginine is entirely resolved. 

 

Figure 3.3: Structure of disulfide-linked trimeric hIntL-1.  Box A indicates ligand binding 
site and Box B indicates structural calcium site. The disulfide linking between monomers 
is shown in Box C. 
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 Each monomer of hIntL-1 is similar in conformation to monomeric XEELCRD after 

refinement. (Cα RMSD of 0.48 Å). Like XEELCRD, each monomer of hIntL-1 contains 

three bound calcium ions: one in the ligand binding site and two in the structural calcium 

site (Figure 3.3). The overall coordination environment of these calcium ions are 

identical to those in XEELCRD. Four ordered, calcium-bound water molecules in the 

ligand binding site are clearly resolved.  

3.4.2 Structure of hIntL-1 in complex with β-allyl-Galf 

 To determine the mechanism of ligand binding by hIntL-1, we determined the 

structure of allyl-β-D-Galf-hIntL-1 complex by soaking an apo-hIntL-1 crystal in the 

ligand solution. Allyl-β-D-Galf molecules were identified in the binding site of both 

monomers in the asymmetric unit. Each allyl-β-D-Galf sits in the ligand binding site on 

the same face of the hIntL-1 trimer (Figure 3.4). This mode of binding indicates that 

hIntL-1 can bind multiple ligand simultaneously. The multivalent binding mode explains 

high avidity of hIntL-1 for immobilized ligand shown in ELISA. The Cα RMSD of 0.12 Å 

between the asymmetric unit of apo- and allyl-β-D-Galf-bound hIntL-1 suggests minimal 

structural changes upon ligand binding.      

 

Figure 3.4: Structure of trimeric hIntL-1 in complex with allyl-β-D-Galf (black). 
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 Binding of allyl-β-D-Galf displaces two calcium-bound water molecules. The O(5) 

and O(6) hydroxyls of Galf coordinate directly to the binding site calcium ion (Figure 

3.5). The primary O(6) hydroxyl also hydrogen bonds to H263. No direct interactions 

between other oxygen atoms on allyl-β-D-Galf and hIntL-1 is observed. The exocyclic 

vicinal diol sits in a hydrophobic box formed by W288 and Y297. The resolution of the 

structure (1.6 Å) and quality of the map is high enough to assign the conformation of 

allyl-β-D-Galf unambiguously (Figure 3.6). The exocyclic vicinal diol chelating the 

calcium ion is a gauche conformation with dihedral angles of 45° and 51° for chain A 

and B, respectively. Using the Altona-Sundaralingam pseudorotation model188, 189, the 

calculated pseudorotational phase angles for allyl-β-D-Galf in chain A and B are 105° 

(1T0) and 57° (4E) respectively. The conformational variation is consistent with the 

flexibility of furanosides190.  

 

Figure 3.5: Wall-eyed stereo image of hIntL-1 ligand binding site containing allyl-β-D-

Galf.  
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Figure 3.6: (A) Electron density map (mFo-DFc, 3σ) calculated after allyl-β-D-Galf 
residues were removed and structure re-refined. (B) Comparison of allyl-β-D-Galf 
structure in chain A and B. (C) Comparison of conformational parameters for the 
furanoside ring of allyl-β-D-Galf in chain A and B.  

3.4.3 Alignment of ligand-bound hIntL-1 and trimeric XEELCRD structures 

 Monomeric XEELCRD was used successfully as a search model for solving hIntL-

1 structure by molecular replacement, thus the tertiary structures are highly conserved 

between the two proteins. Indeed, the Cα RMSD of the refined monomeric XEELCRD 

and hIntL-1 is 0.54 Å confirming that these two proteins are similar in structure. 

However, due to the lack of amino acid conservation at the trimeric interfaces as 

mentioned in Chapter 2, it is unclear whether the trimeric architecture and the position 
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of the ligand binding site are conserved in three dimensional space. Superposition of 

the trimeric ligand-bound hIntL-1 and XEELCRD reveals no significant structural 

differences (Cα RMSD = 0.71 Å) (Figure 3.7 A). The ligand binding sites are almost 

identical in position (Figure 3.7 B). These results highlight structural conservation 

among intelectins which are discussed in greater detail in Chapter 4. 

 

Figure 3.7: (A) Alignment of trimeric hIntL-1 (wheat) and XEELCRD (light blue). (B) 
Superposition of the ligand binding sites from trimeric hIntL-1 and XEELCRD. 

3.5 Conclusions 

 The structure of trimeric hIntL-1 reveals disulfide linkage between monomers. 

This observation is consistent with non-reducing SDS-PAGE analysis indicating trimeric 

molecular weight. The ligand binding sites are on the same face of the trimer suggesting 

multivalent mode of binding. The results of this study explain how hIntL-1 binds 

carbohydrates with various structures by recognizing the exocyclic vicinal diol epitope 

common among Galf, GroP, heptoses, KO, and KDO. This recognition mode is 

conserved between hIntL-1 and XEELCRD. Direct calcium ion coordination of hydroxyls 

is also utilized by C-type lectins135. However, C-type lectin recognizes hydroxyl groups 

on the pyranose rings of mannose, fucose, and galactose191. The binding pocket of 



66 
 

hIntL-1 is selective for exocyclic vicinal diol containing a terminal primary hydroxyl group 

because W288 and Y297 forms a tight hydrophobic box excluding more substituted 

diols from the binding site. These features suggests that ligand binding mechanism of 

intelectins is unique among other known lectins. 

 Given that hIntL-1 recognizes exocyclic vicinal diol, it is intriguing why hIntL-1 

does not bind any Neu5Ac-containing glycans192 in the mammalian glycan array. Using 

the electron density of the exocyclic diol as an anchor point, the lowest energy 

conformation of Methyl-α-Neu5Ac (as found in PDB ID 2BAT, 2P3I, 2P3J, 2P3K, 2I2S, 

1KQR, 1HGE, and 1HGH)193-196 was docked into the ligand binding site of hIntL-1 

(Figure 3.8 A). In addition, methyl-α-KDO, a known hIntL-1 ligand, was docked as a 

control (Figure 3.8 B). Methyl-α-KDO is readily accommodated on the binding site. 

However, methyl-α-Neu5Ac shows both steric clashes and electrostatic repulsion 

between its carboxylate and the carboxylate of E274 side chain. Conformational change 

in methyl-α-Neu5Ac to relieve these interactions likely results in steric clashes of the 

bulky C(5) N-acetyl group with hIntL-1 surface. Thus, modeling studies provide 

compelling rationale for selectivity against Neu5Ac binding. Further experiments with 

hIntL-1 mutagenesis and Neu5Ac analogs will help validate these hypotheses. The 

ability of hIntL-1 to discriminate between microbial vs human exocyclic vicinal diol-

containing saccharides provide further support for hIntL-1 as an innate immune defense 

protein.  
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Figure 3.8: Model of methyl-α-Neu5Ac (A) and methyl-α-KDO (B) docked into the ligand 
binding site of hIntL-1. 

The structure of hIntL-1 is crucial for elucidation of its biological function. 

Genome-wide association studies (GWAS) have linked hIntL-1 to asthma197 and 

Crohn’s disease198. The hIntL-1 structure revealed that the V109D mutation associated 

with asthma197 is located at the monomer-monomer interface, remote from the ligand 

binding site. The V109D mutation likely affects the interaction of hIntL-1 with other 

proteins, but may not affect ligand binding properties. Genome-wide association studies 

(GWAS) have yet to link hIntL-1 to acute infection. However, many GWAS studies to 

date have focused on chronic diseases199 which may not be able to correlate hIntL-1 

with acute infectious diseases. Although GWAS were performed to examine 

susceptibility to viral infections200-203. Viruses still use host cell machinery to glycosylate 

their proteins. Thus, further GWAS examining microbes that contain hIntL-1 ligand may 

shed more light into the role of hIntL-1 in infectious diseases.  

 Exocyclic vicinal diols are a small epitope found in several carbohydrate 

residues, thus affording hIntL-1 a broad residue specificity and likely allowing it to bind a 
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broad range of microbes. These properties further support the role of hIntL-1 as a 

microbe sensor. The orientation of the ligand binding sites on the same face of hIntL-1 

may also provide the available remaining surfaces for recruiting other proteins to the 

microbial surface. One such candidate protein is lactoferrin which was previously shown 

to bind hIntL-1 and to have antimicrobial properties204-207. Any synergistic effects of 

hIntL-1 and lactoferrin in eliminating microbes remain to be explored. The structure of 

hIntL-1 also suggests that the N terminus, which faces the opposite direction of the 

ligand binding site, could be engineered for tag insertion or attachment of other 

biologically active moieties. Therefore, it may be possible to utilize microbe-specific 

binding of hIntL-1 for immobilization and detection of microbes, or for targeted therapy 

of microbial infection. 
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Chapter 4 

Preliminary characterization of intelectins from various model organisms 
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4.1 Abstract 

 The structures of XEELCRD and hIntL-1 enable assignment of residue function 

and allow evolutionary analysis of intelectins. Sequence alignment shows that residues 

in the structural calcium site is highly conserved among intelectins, suggesting that all 

intelectins contains two calcium ions in the structural calcium site. In contrast, significant 

sequence variation is observed in the ligand binding site, both in the calcium binding 

residues and in the aromatic box proposed to determine ligand specificity in XEELCRD 

and hIntL-1. This observation identifies intelectin homologs that could potentially have 

unique ligand specificity and novel function. To investigate biochemical properties of 

these intelectins, efficient expression strategies need to be established. However, 

intelectins can only be expressed in higher eukaryotic systems, such as insect or 

mammalian cells. In addition, stability and yield differences were observed with hIntL-1 

in these expression systems. Thus, it is necessary to screen different expression 

constructs of intelectin homologs in both insect and mammalian protein expression 

systems. This chapter presents preliminary expression and purification of various 

intelectins in common model organisms. Signal peptide cleavage sites were also 

determined experimentally, so that purification tag could be inserted. These results 

should serve as a platform for further investigation of intelectin structure and function in 

human and various model organisms. 

4.2 Introduction 

 Intelectins are found throughout the evolutionary tree of chordates112. Previous 

analysis showed a highly conserved carbohydrate recognition domain containing a 

fibrinogen-like domain111, 112. However, lack of structural information prevent further 
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analysis of residue function. With the availability of XEELCRD and hIntL-1 structures, 

sequence alignment and conservation can be examine in much greater detail. Analysis 

of sequence alignment in structural context will not only reveal the evolution of 

functional residues, but will also enable identification of suitable homologs in model 

organisms for further studies to reveal physiological roles of intelectins.  

 Intelectins from Xenopus laevis (XEEL, XCGL-1, XCGL-2, XSL-1, and XSL-2), 

human (hIntL-1 and hIntL-2), mouse (mIntL-1 and mIntL-2), and zebrafish (DrIntL-1 and 

DrIntL-2) were aligned using Clustal W2 and important residues from the structure were 

mapped (Figure 4.1). With the exception of N118, the structural calcium site is 

completely conserved among all the intelectins examined, compared to XEEL. 

However, N118 coordinates the calcium ion through its backbone amide, thus the 

identity of the amino acid may not be crucial. The majority of the structural calcium site 

residues cluster between amino acids 115-127 with the consensus sequence of 

HENXXXGXCTXGD. C123 is a conserved cysteine in the intelectin fold, but does not 

participate in calcium ion binding. D162 and D311 are also completely conserved in the 

structural calcium site, but these residues are further down toward the C-terminus from 

the signature motif. The highly conserved nature of the structural calcium site suggests 

that most, if not all, intelectins contain two calcium ions in the structural calcium site.   
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Figure 4.1: Sequence alignment of intelectins found in common model organisms 
highlighting residues in the structural calcium site (purple) and residues in the ligand 
binding site (green).GenBank accession number is provided in parentheses. 

 In contrast to the structural calcium site, the ligand binding site residue displays 

lower sequence conservation within and across species. Among the five X. laevis 

intelectins, residues that directly coordinate the ligand binding site calcium ions are 

completely conserved. W317 and W326, which form a box around the exocyclic vicinal 

diol ligand, are conserved among XEEL, XSL-1, and XSL-1. These observation 

suggests that these intelectins share similar ligand specificity. Intriguingly, XEEL, XSL-

1, and XSL-2 are proposed to participate in microbe recognition. By contrast, the 

corresponding residues in XCGL-1 and XCGL-2 are phenylalanine and asparagine, 

respectively. Because XCGL-1 and XCGL-2 are involved in fertilization membrane 

formation, they likely recognize self carbohydrate epitopes109, 110. Indeed, an 

unpublished glycan array results (Consortium for Functional Glycomics, 

primscreen_758) suggest that XCGL-1 binds Galα(1-3)GalNAc, although the biological 

relevance of the interaction has yet to be established208. Further evidence for specificity 

determination by W317 and W326 can be found when comparing XEEL and hIntL-1. 

W326 in XEEL is replaced by a tyrosine residue in hIntL-1. This conservative 

substitution preserves the β-Galf and GroP binding activity of these proteins. These 
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results suggests that the W317 and W326 equivalence in intelectins are major 

determinants of carbohydrate specificity. In addition, they might be indicators for 

intelectins that function as innate immune proteins versus intelectins with other 

biological functions. 

 Several other poorly studied intelectins have more dramatic substitutions at 

positions W317 and W326. For example in hIntL-2, W326 is substituted with a polar 

serine residue. Furthermore negatively charged E303, which directly coordinates the 

calcium ion in the ligand binding site of XEEL and hIntL-1, is a glutamine residue in 

hIntL-1. This substitution results in one fewer acidic residue for calcium ion coordination. 

The effect of these substitutions on metal ion and ligand specificity of hIntL-2 remains to 

be explored. Non-conservative substitution of W317 is also observed in mIntL-2. Further 

sequence variations in the ligand binding site are seen in DrIntLs. Ligand specificity of 

these poorly studied intelectins remains unknown. Thus at present, it is not possible to 

understand the effect of these non-conservative substitutions.  

 Sequence alignment predicts that intelectins may have much broader ligand 

scope and metal ion diversity in the ligand binding site than previously assumed. To 

examine the ligand scope and biochemical properties of other intelectin homologs, it is 

necessary to identify appropriate expression construct and expression systems. Thus 

far, active XEEL and hIntL-1 can only be obtained when expressed in higher eukaryotic 

expression systems such as insect and mammalian cells. Better stability of hIntL-1 is 

observed when expressed from HEK293T cells, whereas superior yield is observed 

when XEEL is expressed in insect cells. Therefore, it is necessary to explore both insect 

and HEK293T expression systems for other intelectin homologs. In addition because 
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intelectins are secreted proteins. It is crucial to determine the signal peptide cleavage 

site for further purification tag insertion or protein engineering. This chapter presents 

preliminary expression and purification of intelectins from various model organisms. 

This study will not only enable discovery of novel intelectin properties, but will also allow 

identification of a suitable model organism in which biological function of intelectin could 

be elucidated.   

4.3 Material and Methods 

4.3.1 Expression constructs 

 Open reading frames containing wild-type intelectins including the native signal 

peptide (Source Biosystems or Genscript) were cloned into pFastBac1 (Table 4.1) to 

create recombinant baculovirus for expression in High Five insect cells or pcDNA4 

(Table 4.2) for expression in HEK293T cells. pcDNA4 mIntL-1 was previously made by 

Darryl A. Wesener. Proteins were expressed according to manufacturer instruction for 

each systems (Life Technologies). In case of Strep-tag II insertion, the tag was added 

by site-direct mutagenesis two amino acids after the signal peptide cleavage site. 

Table 4.1: Primers for cloning intelectins into pFastBac1 

Construct Forward Primer Reverse Primer 

BamHI-XCGL-1-SalI GCGCGGATCCATGCTGGTGCACA
TTCTTCTCCTGCTG 

CTACGTCGACTCATTATAGATAGA
AAAGTAATACAGCGGCCTCAGTTA
TCTCTAT 

BamHI-XSL-1-SalI GCGCGGATCCATGTTTGTGCACA
GTCTGGTTCTTCTGTCC 

CTACGTCGACTCATTAGCGGTAAA
AGAGGAGTACAGCAGCCTCTG 

BamHI-mIntL-1-HindIII GCGCGGATCCATGACCCAACTGG
GATTCCTGCTGTTTATCATGGTTG
CTACCAGAGGTTGCAGT 

TACCAAGCTTTCATTAGCGATAAA
ACAGAAGCACAGCTGCTTCAG 

BamHI-mIntL-2-SalI GCGCGGATCCATGACCCAACTGG
GCTTCCTGCTG 

CTACGTCGACTCATTAGCGATAAA
ACAGAAGCACAGCTGCTTCAG 
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BamHI-hIntL-2-SalI GCGCGGATCCATGCTGTCCATGC
TGAGGACAATGACC 

CTACGTCGACTCATTATCTATAGA
ACAAGAGTACAGCCGCCTCCGTT 

BamHI-DrIntL-1-KpnI GCGCGGATCCATGATGCAGTCAG
CTGGTTTTCTTCTGTTGTGTGTGC
CACTCATTAGTCTACTCTGTGAAT
CGATATTGTCATTGCC 

GGTACCAAGCTCATTAGCGGTAG
AAAATAAATACAGCCGCATT 

BamHI-DrIntL-2-SalI GCGCGGATCCATGGGAATGGCTG
CCTTTCTTACAAAAATG 

CTACGTCGACTCATTAGCGATAAA
ATAGAAGCACAGCTGCTTCAATT 

 

Table 4.2: Primers for cloning intelectins into pcDNA4 

Construct Forward Primer Reverse Primer 

KpnI-XCGL-1-BamHI GCTTGGTACCATGCTGGTGCACA
TTCTTCTCCTGC 

GCTCGGATCCTCATTATAGATAGA
AAAGTAATACAGCGGCCTCAGTTA
TCTC 

KpnI-XSL-1-BamHI GCTTGGTACCATGTTTGTGCACAG
TCTGGTTCTTCTGTC 

GCTCGGATCCTCATTAGCGGTAAA
AGAGGAGTACAGCAGCCT 

HindIII-mIntL-2-BamHI AGTTAAGCTTCACCATGACCCAAC
TGGGCTTCCTGCTG 

GCTCGGATCCTCATTAGCGATAAA
ACAGAAGCACAGCTGCTTCAG 

HindIII-hIntL-2-BamHI AGTTAAGCTTCACCATGCTGTCCA
TGCTGAGGACAATGACC 

GCTCGGATCCTCATTATCTATAGA
ACAAGAGTACAGCCGCCTCCGTT 

KpnI-DrIntL-1-BamHI GCTTGGTACCATGATGCAGTCAG
CTGGTTTTCTTCTG 

GCTCGGATCCTCATTAGCGGTAG
AAAATAAATACAGCCGC 

KpnI-DrIntL-2-BamHI GCTTGGTACCATGGGAATGGCTG
CCTTTCTTACAAAAATG 

GCTCGGATCCTCATTAGCGATAAA
ATAGAAGCACAGCTGCTTCAATTA
TC 

 

4.3.2 Purification of intelectins 

 Intelectins that were examined for resin binding were dialyzed against 20 mM 

Bis-Tris pH 6.5, 150 mM NaCl, and 0.5 mM EDTA. The media was then dialyzed 

against 20 mM HEPES pH 7.5, 150 mM NaCl, and 0.5 mM EDTA. Prior to resin binding, 

CaCl2 was added to 10 mM. After loading of intelectin solution on the an appropriate 

resin, the column was washed with 20 mM HEPES pH 7.5, 150 mM NaCl, and 10 mM 
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CaCl2. Intelectins were then eluted with 20 mM HEPES pH 7.5, 150 mM NaCl, and 10 

mM EDTA. Western blot analysis of intelectin was performed using a pan-intelectin 

antibody (Proteintech, 11770-1-AP). Edman degradation was performed at Tuft 

University Core Facility.  

 Galactose and sorbitol resins were produced by immobilization of the 

carbohydrate onto divinylsulfone-activated Sepharose 6B according to a published 

protocol for lactosyl-Sepharose209. Common in carbohydrate literature, and in contrast 

to macromolecule immobilization, large excess of ligand is used so that quenching of 

unreacted sites is not necessary. Therefore, quencher that contains hydroxyl groups, 

such as Tris, were avoided to eliminate potential secondary binding events from their 

carbohydrate-like structures that can obscure binding results. 

4.4 Results and Discussion 

4.4.1 XCGL-1 and XSL-1 

 XCGL-1 and XSL-1 expresses as ladder of multiple oligomeric species in insect 

cells as evident in non-reducing SDS-PAGE, consistent with previous reports116, 129 

(Figure 4.2). Abnormal-shaped bands that do not enter the SDS-PAGE gel well were 

also observed for both XCGL-1 and XSL-1. All the oligomeric states collapse into a 

single band in the reducing conditions, suggesting that the oligomeric species observed 

under non-reducing conditions are disulfide-linked. XCGL-1 expression in HEK293T 

cells also yields similar results. However, no expression of XSL-1 was observed in 

HEK293T.  
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Figure 4.2: Expression of XCGL-1 and XSL-1 in High Five insect cells and HEK293T 
cells. R = reducing, O = oxidizing (non-reducing). 

 XCGL-1 expressed in High Five cells was further tested for binding to various 

resins. Galactose-Sepharose 6B was selected because most intelectins to date were 

discovered using galactose-functionalized resin113, 116. Sorbitol-Sepharose 6B was 

included as hIntL-1 and XEEL were shown to bind exocyclic vicinal diols. XCGL-1 binds 

galactose and sorbitol functionalized column, but not the resin itself (Figure 4.3). 

Because the protein was eluted with a quarter of the volume of the input protein, 

enrichment was expected and this was indeed observed after purification. These results 

suggest that galactose and sorbitol resin could be used to purify XCGL-1. Following 

larger scale purification on galactose resin, purified XCGL-1 was subjected to 5 cycles 

of Edman degradation to determine its N-terminal sequence. The first degradation cycle 

did not reveal a product, but the subsequent cycles revealed EPVV as the sequence. 

These results are consistent with CEPVV as the N-terminal sequence. Edman 
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degradation product of cysteine is known to be unstable210, thus giving rise to the blank 

result in the first sequencing cycle.  

 

Figure 4.3: EDTA elution fraction of XCGL-1 trial purification using galactose- and 
sorbitol-Sepharose 6B. Protein input and Sepharose 6B were included as controls. 

4.4.2 mIntL-1 and mIntL-2 

 Expression of mIntL-1 is detectable in High Five cells, but an insignificant amount 

was observed in HEK293T cells. In contrast, mIntL-2 expresses well in both High Five 

and HEK293T cells. Both mIntL-1 and mIntL-2 travel as monomers in non-reducing 

SDS-PAGE suggesting that if they are oligomeric in solution, they are not disulfide-

linked. 

 

Figure 4.4: Expression of mIntL-1 and mIntL-2 in High Five insect cells and HEK293T 
cells. R = reducing, O = oxidizing (non-reducing). 
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 A Strep-tag II was inserted two amino acids after the predicted signal peptide in 

mItnL-1, and the protein was purified in a similar fashion as hIntL-1. Because all the 

residues in the binding site of mIntL-1 and hIntL-1 are identical, mIntL-1 is expected to 

have the same ligand specificity as hIntL-1. Indeed, of the limited saccharides examined 

for mIntL-1 binding by SPR (Figure 4.5), only β-Galf showed significant interaction. At 

present, the low protein yield of mIntL-1 precludes more extensive analysis. 

 

Figure 4.5: SPR analysis of mIntL-1 binding to surfaces with immobilized 
monosaccharide. SPR analysis was performed by Darryl A. Wesener. 

 As mentioned above the XEEL W317 equivalent in mIntL-2 is an alanine. Thus 

one might hypothesize that such a drastic substitution would likely perturb ligand 

specificity. To purify mIntL-2 for further investigation, binding of mIntL-2 to various 

resins was examined (Figure 4.6). Surprisingly, mIntL-2 could be purified using 

galactose, sorbitol, and Galf-functionalized resin. Larger scale purification was 
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performed with Galf agarose. Edman degradation of the purified mIntL-2 revealed 

AEENL as the first five amino acids. Knowledge of the signal peptide cleavage site 

enables insertion of the Strep-tag II for further purification and detection of mIntL-2 in 

various binding assays. Insertion of the Strep-tag II does not alter the expression levels 

of mIntL-2 (Figure 4.7).  

 

Figure 4.6: Fractions of mIntL-2 trial purification using galactose- and sorbitol-
Sepharose 6B, and Galf-agarose. I = input control, FT = column flow-through. 

 

Figure 4.7: Expression of mIntL-2 and Strep-mIntL-2 in High Five insect cells. R = 
reducing, O = oxidizing (non-reducing). 
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4.4.3 hIntL-2 

 Expression of hIntL-2 is observed in both High Five and HEK293T cells (Figure 

4.8). However, the expression levels is less in HEK293T. Disulfide-linked trimer was 

observed when hIntL-2 was expressed in High Five insect cells. The disulfide-linked 

trimeric state of hIntL-2 is expected because the responsible cysteines are conserved 

between hIntL-1 and hIntL-2. Signal peptide cleavage site predicted by Phobius155 is 

…TSGCSA/AAASSLEMLSR… (cleavage site indicated by /). However, insertion of the 

Strep-tag II two residues after the cleavage site results in reduced expression. 

 

Figure 4.8: Expression of hIntL-2 and Strep-hIntL-2 in High Five insect cells and 
HEK293T cells. R = reducing, O = oxidizing (non-reducing). 

 To determine whether reduced expression is due to suboptimal tag insertion site, 

it is necessary to determine the signal peptide cleavage site. Therefore, trial purification 

to find suitable resin was performed (Figure 4.9). Binding to galactose and sorbitol 

resins was observed. However, EDTA elution with 25% of the input volume did not 

enrich for hIntL-2; instead less protein was obtained. Under the conditions tested, these 
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results suggest that these two carbohydrates are not likely ligands for calcium-bound 

hIntL-2. As mentioned above, there is a possibility that hIntL-2 does not use a calcium 

ion in the ligand binding site. Thus, more metal ions need to be tested. Larger scale 

purification yielded enough hIntL-2 for Edman degradation. The N-terminal sequence 

was SSLEM. Thus, the experimentally determine signal peptide cleavage site is three 

amino acids further into the protein than the predicted site. These results should guide 

further construct optimization. 

 

Figure 4.9: EDTA elution fraction of hIntL-2 trial purification using galactose- and 
sorbitol-Sepharose 6B. Protein input and Sepharose 6B were included as controls. 

4.4.4 DrIntL-1 and DrIntL-2 

 Robust expression of DrIntL-1 and DrIntL-2 in High Five cells was observed 

(Figure 4.10). However, these protein do not express well in HEK293T cells. DrIntL-1 

appears predominantly as a monomer under both reducing and non-reducing SDS-

PAGE. However, most of DrIntL-2 is a disulfide-linked dimer; although some higher 

disulfide-linked oligomeric states may exist as well.  
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Figure 4.10: Expression of DrIntL-1 and DrIntL-2 in High Five insect cells and HEK293T 
cells. R = reducing, O = oxidizing (non-reducing). 

 Because disulfide-linked dimeric intelectin has not been previously reported, the 

cysteines responsible for forming the intermolecular disulfide bond in DrIntL-2 were 

investigated. Two cysteines are present near the N terminus: C25 and C43. The 

sequence in this region is …LFSVTLS|LWFCEA/KSMGAMYVIQETETPCINI…, where 

the two cysteines are in bold. The predicted signal peptide cleavage site by 

SignalP4.1211 and Phobius are indicated with | and /, respectively. Because C25 falls in 

between the two contradicting predicted signal peptide cleavage site, it was unclear 

whether one or both cysteines are involved in the intermolecular disulfide bond. 

Therefore mutagenesis and Strep-tag II insertion at both sites were performed (Figure 

4.11). Mutation of C25A does not affect the oligomeric state whereas C43A renders 

DrIntL-2 monomeric under non-reducing, denaturing SDS-PAGE. Therefore, the C43A 

is the only cysteine responsible for forming disulfide-linked dimer in DrIntL-2. Insertion 

of Step-II tag two residues after the first site predicted by SignalP4.1 results in reduced 
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protein expression whereas tag insertion after the second site predicted by Phobius 

retained expression levels. Collectively these results suggest that C25 is a part of the 

signal peptide and does not participate in disulfide-linked oligomerization. In addition the 

signal peptide cleavage site predicted by Phobius is likely correct for DrIntL-2.  

 

Figure 4.11: Mutagenesis of DrIntL-2 to identify the cysteine involved in disulfide-linked 
dimerization. WT = wide-type, Strep A = Strep-tag II insertion after the signal peptide 
cleavage site predicted by SignalP 4.1. Strep B = Strep-tag II insertion after the signal 
peptide cleavage site predicted by Phobius. 

4.5 Conclusions 

 Examination of intelectin expression in both insect and human cells reveals 

dramatic differences in several cases. mIntL-1 does not express well in HEK293T 

compared to High Five cells. Trimeric hIntL-2 is only observed when expressed in High 

Five cells. Both DrIntL-1 and DrIntL-2 express better in High Five cells. However, higher 

expression levels do not necessary indicate that the proteins are properly folded and 

correctly posttranslationally modified. Previous work with hIntL-1 suggest that although 

hIntL-1 could be expressed in High Five cells, the protein was more prone to 

precipitation than hIntL-1 expressed from HEK293T cells. Therefore for a given 

intelectin, it may be necessary to test both systems for both expression and purification. 
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 Despite limited ligand specificity information, several intelectins binds to 

galactose and sorbitol resins. These properties could be utilized for purification of 

intelectins for initial characterizations. This method allows N terminal sequencing of 

intelectins. The signal peptide cleavage site of intelectins are summarized in Table 4.3. 

Because N terminal tagging of intelectin will be required for detection and 

functionalization in multiple assays, signal peptide cleavage sites identified in this 

chapter will aid construct design and engineering of intelectins.  

Table 4.3: Summary of signal peptide cleavage site of intelectins (indicated by /) 

Intelectins Predicted by Phobius Observed 

XEEL MLSYSLLLLALAFPAGHA/GSCE Phobius is likely correct. Strep-tag II 
insertion two amino acids after the 
predicted site gave the expected Edman 
degradation results. 

XCGL-1 MLVHILLLLVTGGLSQS/CEPV MLVHILLLLVTGGLSQS/CEPV 

XSL-1 MFVHSLVLLSILITVRFS/AGCD Not determined 

hIntL-1 MNQLSFLLFLIATTRG/WSTDEAN MNQLSFLLFLIATTRGWST/DEAN113 

hIntL-2 MLSMLRTMTRLCFLLFFSVATSGCSA/A

AASSLE 
MLSMLRTMTRLCFLLFFSVATSGCSAAA
A/SSLE 

mIntL-1 MTQLGFLLFIMVATRGCSA/AEEN Assumed to be the same as mIntL-2 

mIntL-2 MTQLGFLLFIMIATRVCSA/AEEN MTQLGFLLFIMIATRVCSA/AEEN 

DrIntL-1 MMQSAGFLLLCVPLISLLCESILS/LPTG Not determined 

DrIntL-2 MGMAAFLTKMLLGFLFSVTLSLWFCEA/

KSMG 
Not determined, but Phobius is likely 

correct 

 

Characterization of intelectins from multiple species can help elucidate intelectin 

function and evolution. For example, binding site residues in mIntL-1 is identical to 

hIntL-1. Among saccharides tested by SPR, mIntL-1 has the same ligand specificity as 

hIntL-1. It remains to be determined whether mIntL-1 and hIntL-1 share the same ligand 
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specificity using glycan arrays. Sequence variation in the ligand binding site of mIntL-2 

suggest that it may have a unique ligand specificity. Ligand and metal ion specificity of 

hIntL-2 has also yet to be explored. Preliminary characterization of DrIntL-2 revealed a 

unique disulfide-linked dimeric state. Given the diversity of intelectin structure and 

function predicted by sequence alignment, preliminary expression and characterization 

should enable further studies of intelectin biochemistry. Characterization of ligand 

specificity of an intelectin coupled with genetic manipulation in a model organism will 

likely provide conclusive evidence for biological function of intelectins.  
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Chapter 5 

Structural characterization of Klebsiella pneumoniae and Corynebacterium 

diphtheriae UGM in complex with a triazolothiadiazine inhibitor 
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5.1 Abstract 

 Galactofuranose residue (Galf) is found in pathogenic microbes and parasites, 

however the residue is not found in mammalian systems. In addition, the biosynthetic 

enzyme UDP-galactopyranose mutase (UGM) is essential for these pathogens. Thus, 

UGM is an attractive antibiotic target. Through virtual screening, a class of 

triazolothiadiazine inhibitors was identified as a promising UGM inhibitor scaffold. To 

validate the proposed binding mode for further inhibitor development, X-ray 

crystallography was employed. Crystals of Klebsiella pneumoniae UGM (KpUGM) and 

Corynebacterium diphtheriae (CdUGM) grown with the UGM6.7 inhibitor were 

examined. The KpUGM crystal showed pseudotranslation coupled with lattice-

translocation disorder. After intensity corrections, electron densities that fit UGM6.7 

were observed, but could not be correctly modeled. The active site of CdUGM contains 

UGM6.7 bound in a shallow hydrophobic pocket. The conformation of UGM and the 

inhibitor is distinct from the structure predicted by virtual screening. These results 

highlight conformational flexibility of UGM and allow further development of next 

generation inhibitors.  

5.2 Introduction 

 D-galactofuranose (Galf) is an essential cell wall and virulence factor component 

of several pathogens such as Mycobacterium tuberculosis212, 213, Klebsiella 

pneumoniae214, Aspergillus fumigatus, Leishmania major215, and parasitic 

nematodes216-218. Galf glycoconjugates are synthesized using the sugar donor UDP-

galactofuranose (UDP-Galf) synthesized from UDP-galactopyranose (UDP-Galp) by 

UDP-galactopyranose mutase (UGM)219-221. Because UGM is not found in mammalian 



89 
 

systems, the enzyme is an attractive target for developing antibiotics that could be 

useful for several classes of microbes222. 

 Multiple efforts have been made to develop UGM inhibitors223-234. Substrate 

analogs that show inhibitory effects in vitro have been identified227-234. Although they 

function well as mechanistic probes, these UDP analogs cannot cross the cell 

membrane and, thus show low growth inhibition activity. In addition, these compounds 

are likely to be non-specific and can potentially inhibit other enzymes utilizing UDP 

sugars. Non-substrate inhibitors of UGM have been identified using high-throughput 

screens. However, thiazolidinone225 hits from the high-throughput screen are prone to 

conjugate addition in biological systems235. Optimizations yielded a 2-aminothiazole 

inhibitor which had IC50 value of 7.2 µM against K. pneumoniae UGM (KpUGM) and 37 

µM against M. tuberculosis UGM (MtUGM)224. However, the inhibitor is poorly soluble 

and shows toxicity towards mammalian cells223. An additional screen for new scaffolds 

yielded one lead with low activity (IC50 > 250 µM) against MtUGM (PubChem AID 

504439). Because high-throughput screens only explore limited chemical space, new 

approaches were needed to obtain potent inhibitors that retained potency in biological 

systems.  

 To expand the chemical space and discover novel UGM inhibitor scaffolds, we 

employed virtual screening with DOCK3.6236, 237. After screening a library of 4.6 million 

commercially available compounds238, 239 against a structure of KpUGM in the 

catalytically active, closed conformation, a class of competitive triazolothiadiazine 

inhibitors was identified (Figure 5.1 A). UGM6 was the initial hit from virtual screen 

(Figure 5.1 B). The inhibitor was expected to bind in the active site space below the 
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closed lid and form ionic interactions with R280, previously shown to be essential for 

catalytic activities240. A commercial analog, UGM6.7, was identified to be more potent 

than UGM6 in KpUGM inhibition studies (Table 5.1). UGM6.7 was also a potent inhibitor 

against UGM from Corynebacterium diphtheriae (CdUGM), MtUGM, and 

Caenorhabditis elegans (CeUGM). Subsequently, other triazolothiadiazine analogs that 

were active against M. tuberculosis in cell culture were identified. These results suggest 

that virtual screening is a valuable tool for identifying novel inhibitor scaffolds for UGMs. 

 

Figure 5.1: (A) Chemical structures of UGM6 and UGM6.7. (B) Complex of UGM6 and 
KpUGM from virtual screening. 

Table 5.1: Affinity (Ki, µM) for competitive inhibition by UGM6 and UGM6.7 towards 
UGM homologs. 

 UGM6 UGM6.7 

KpUGM 78±31 8±3 

CdUGM  77±37 

MtUGM  31±18 

CeUGM  25±8 
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Because no structure of non-substrate inhibitors bound to UGM is available, we 

envisioned that the new scaffold identified through virtual screening might provide an 

opportunity to obtain a structure of UGM-inhibitor complex. Not only would such a 

structure help in understanding the molecular basis of UGM-inhibitor interactions, the 

structure would also enable rational design of more potent inhibitors. Focusing on 

UGM6.7, co-crystallization trials were performed against KpUGM and CdUGM. KpUGM 

crystals exhibited translational non-crystallographic symmetry coupled with lattice-

translocation disorder, obscuring model building. After intensity corrections241, a putative 

inhibitor location was identified, but the data was not of sufficient quality for accurate 

modeling. CdUGM crystals do not contain pathologies observed in the KpnUGM 

crystals. Thus, electron density of UGM6.7 could be identified and modeled. The 

UGM6.7-bound CdUGM is in an open conformation, in contrast to the KpUGM used in 

virtual screening. Although UGM6.7 occupies the same general pocket of the active 

site, the ligand pose is quite different in each case. The only exception is the ionic 

interactions between the carboxylate group from UGM6.7 and R288 (R280 in KpUGM). 

These results suggest that conformational dynamics of the enzyme might play an 

important role in inhibitor affinity. The first structure of nonsubstrate inhibitor bound to 

UGM presented in this chapter serves as a foundation for designing next generations of 

potent and selective antibiotics.     

5.3 Material and Methods 

5.3.1 Expression, purification, and crystallization of KpUGM with UGM6.7 

 Sequence encoding residues 1-384 of KpUGM was amplified from a pGEM-T 

Easy cloning vector219 and cloned into a modified pMALc5x vector. The resulting 
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construct contained an N-terminal His tag that is cleavable by TEV protease. The 

cleavage product should only contain a single extra glycine residue at the N terminus. 

Expression was performed in E. coli ER2523 by induction with 0.1 mM IPTG at 15 °C 

after the culture reached OD600 of 0.6. A previously reported protocol for purification of 

KpUGM was employed137. The protein was dialyzed against 20 mM Tris (pH 7.0) and 

captured onto a HiTrap Q HP anion exchange column. The protein was eluted with a 

linear gradient of 0 - 600 mM NaCl. Fractions containing pure KpUGM, as judged by 

SDS-PAGE, were pooled together and dialyzed against 20 mM Tris (pH 7.0).  

KpUGM was concentrated to 10 mg/mL based on the FAD content (absorbance 

at 450 nm using an extinction coefficient of 11300 M-1cm-1) and UGM6.7 was added to 5 

mM from a 50 mM stock in DMSO. The final protein concentration was 9 mg/mL. 

Crystallization was achieved by hanging drop vapor diffusion using 2 µL of protein 

solution and 2 µL of well solution (100 mM BES (pH 6.5), 200 mM ammonium sulfate, 

24% PEG 3350, 15% glycerol). The drop was equilibrated against 1000 µL of well 

solution at room temperature. Crystals appeared and grew to full size in 2-5 days. The 

crystals were vitrified without further cryoprotection and stored in liquid nitrogen. 

Single crystal diffraction data was acquired using a MAR 300 CCD at beamline 

21-ID-G of Advanced Photon Source, Argonne National Laboratory. Precession 

photography was reconstructed using labelit.precession_photo242. Indexing and 

integration was performed with MOSFLM243. AIMLESS244 and POINTLESS245, 246 were 

used for scaling and preliminary space group determination, respectively (Table 5.2). 

Molecular replacement was carried out with Phaser140 using a previously reported 

KpUGM structure247 (PDB ID 3INT) as a search model. Refinement and model 
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adjustment were performed using REFMAC5248 or phenix.refine141 and Coot142, 

respectively. A previously reported demodulation script241 was used for intensity 

correction as a result of lattice translocation disorder. The Patterson map was 

calculated using CCP4249. 

Table 5.2: Data collection and refinement statistics for a KpUGM crystal grown with 
UGM6.7 

Data collection statistics  
Wavelength (Å) 0.97856 
Resolution range (Å)* 80.04 - 2.50 (2.58 - 2.50) 
Space group P 43 21 2 
Unit cell (Å) 157.7 157.7 114.9 
Total reflections 1,500,118 (137,679) 
Unique reflections 50674 (4597) 
Multiplicity 29.6 (29.9) 
Completeness (%) 100.0 (100.0) 
Mean I/σ(I) 15.1 (4.5) 
Wilson B-factor (Å2) 34.07 
R-merge  0.155 (0.867) 
R-meas 0.158 (0.881) 
R-pim 0.029 (0.161) 
Refinement statistics  Before intensity correction After intensity correction 
Resolution range (Å) 78.91 – 2.50 (2.55 – 2.50) 78.91 – 2.5 (2.57 – 2.50) 
R-factor 0.2618 (0.3166) 0.2098 (0.2810) 
R-free (5%) 0.3116 (0.3920) 0.2525 (0.3640) 
Number of atoms   
       Protein 6246 6248 
       FAD 106 106 
       Water 421 210 
       Sulfate  10 
Protein residues 766 766 
RMSD (bonds, Å) 0.009 0.0086 
RMSD (angles, °) 1.179 1.248 
ML est. coordinate error (Å) 0.33 0.164 
Ramachandran favored (%) 96.84 97.8 
Ramachandran outliers (%) 0.53 0.0 
Average isotropic B-factor (Å2)   
       Protein chain A 36.19 41.07 
       Protein chain B  34.30 38.31 
       FAD chain A 36.46 38.88 
       FAD chain B 33.85 35.55 
       Water 36.93 34.08 
       Sulfate  59.26 

*Statistics for the highest-resolution shell are shown in parentheses. 
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5.3.2 Expression, purification, and crystallization of CdUGM with UGM6.7 

 Sequence encoding residues 1-387 of CdUGM was amplified from genomic DNA 

of C. diphtheriae NCTC 13129 (ATCC). The PCR product was cloned into a modified 

pMALc5x vector, resulting in an N-terminally His-tagged UGM cleavable with a TEV 

protease. The TEV cleavage product should only leave a single glycine residue at the N 

terminus. The expression plasmid was transformed into E. coli ER2523. After culturing 

at 37 °C until OD600 reached 0.6, the temperature was lowered to 15 °C and protein 

expression induced with 0.1 mM IPTG. CdUGM was purified using the same protocol as 

KpUGM described earlier. 

 Purified CdUGM was dialyzed against 20 mM Tris-HCl (pH 7.0) and concentrated 

to 10 mg/mL based on the FAD content (absorbance at 450 nm using an extinction 

coefficient of 11300 M-1cm-1). UGM6.7 (50 mM stock in DMSO) was added to the 

concentrated CdUGM solution to achieve final concentration of 5 mM and 9 mg/mL 

CdUGM. Crystallization was achieved by hanging drop vapor diffusion using 2 µL of 

protein solution and 2 µL of well solution (100 mM Bis-Tris (pH 6.5), 2 M ammonium 

sulfate). The drop was equilibrated against 500 µL of well solution at room temperature. 

Crystals appeared and grew to full size in 2 weeks. The crystals were cryoprotected by 

a brief swipe through 100 mM Bis-Tris (pH 6.5), 2.5 M ammonium sulfate, and 15% 

glycerol, then vitrified and stored under liquid nitrogen. Single crystal diffraction data 

were collected on a DECTRIS PILATUS 6M detector at beamline X25 of the National 

Synchrotron Light Source, Brookhaven National Laboratory. Data reduction was 

performed with HKL2000 (Table 5.3)138. Molecular replacement was performed with 

Phaser140, 186 using a previously reported E. coli UGM structure221 (PDB ID 1I8T) as a 
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search model. FAD and UGM6.7 coordinates and restraints were generated using 

eLBOW250. Model adjustment and refinement were performed in Coot142 and 

phenix.refine141, respectively (Table 5.3). The model was validated using MolProbity144. 

Structure figures were generated with PyMOL145. 

Table 5.3: Data collection and refinement statistics for a CdUGM crystal grown with 
UGM6.7 

Data collection statistics  
Wavelength (Å) 1.1 
Resolution range (Å)* 48.77 – 2.65 (2.74 – 2.65) 
Space group P 64 2 2 

Unit cell (Å) 179.4 179.4 145.2 
Total reflections 391794 
Unique reflections 40032 (3895) 
Multiplicity 9.8 (9.7) 
Completeness (%) 99.2 (98.6) 
Mean I/σ(I) 25.9 (2.1) 
Wilson B-factor (Å2) 70.74 
R-merge  0.076 (0.717) 
R-meas 0.080 (0.834) 
R-pim 0.025 (0.265) 
Refinement Statistics  
Resolution range (Å) 
R-factor 

48.77 – 2.65 (2.74 - 2.65) 
0.1821 (0.3073) 

R-free (5%) 0.2269 (0.3908) 
Number of atoms  
       Protein 
       FAD 

6365 
106 

       UGM6.7  50 
       Water 79 
Protein residues 772 
RMSD (bonds, Å) 0.009 
RMSD (angles, °) 1.300 
ML est. coordinate error (Å) 0.45 
Ramachandran favored (%) 95.2 
Ramachandran outliers (%) 1.3 
Average isotropic B-factor (Å2)  
       Protein 
       FAD 

76.63 
84.38 

       UGM6.7 Chain A 
       UGM6.7 Chain B 

106.29 
97.15 

       Solvent 98.96 
UGM6.7 occupancy 
      Chain A 
      Chain B 

 
0.81 
0.87 
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UGM6.7 real space correlation 
      Chain A 
      Chain B 

 
0.791 
0.897 

*Statistics for the highest-resolution shell are shown in parentheses. The coordinate and 
structure factors have been deposited to the Protein Data Bank under accession code 4XGK 
5.4 Results and Discussion 

5.4.1 Pseudotranslation and lattice translocation disorder in KpUGM crystals 

grown with UGM6.7 

 Tetragonal KpUGM crystals diffracted to around 2.5 Å. However, the diffraction 

pattern showed directional streaking. After initial indexing, precession photographs were 

reconstructed from oscillation photographs to identify the crystal pathologies. Diffraction 

pattern viewed along c* axis showed normal reflection shape (Figure 5.2 A). However, 

reflections showed periodic streaking in c* direction with maximum streaking roughly at l 

= 8n (Figure 5.2 B). Periodic streaking suggests lattice-translocation disorder with 

directional domain shift along the c direction251. 

 

Figure 5.2: Reconstructed precession photographs. (A) hk0 plane (B) 0kl plane. 
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 Patterson map calculated from scaled data revealed two sets of significant off-

origin peaks (Figure 5.3). The peak closer to origin is weaker (26.5% of origin height) 

and is 13.6 Å along the w direction. Because the vector length is relatively short 

compared to the size of a protein, this origin satellite was attributed to lattice-

translocation disorder along the c direction in real space252. Another set of peaks are 

stronger (66.4% of origin height) and are a 0.5, 0.5, 0.44 vector (122.5 Å). These strong 

peaks are a result of pseudotranslation or translational non-crystallographic symmetry 

(tNCS).  

   

Figure 5.3: Native Patterson map of KpUGM plotted with 25-250σ and contoured at 5σ 
intervals. (A) v = 0 section (B) v = 0.5 section.  

 Molecular replacement was performed with tNCS taken into account. There are 

two molecules in the asymmetric unit with solvent content of 70.2% and Matthews 

coefficient187 of 4.13. Although the two molecules are related by tNCS, they also 

correspond to the biological dimer related by a two-fold non-crystallographic symmetry 

(NCS) (Figure 5.4 A). The refined structure shows significant mFo-DFc map peaks with 

no recognizable shapes throughout the unit cells (Figure 5.4 B). These peaks are a 

result of lattice-translocation disorder. The peaks in the active site cavity obscure 
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interpretation of the map, thus it was uncertain whether UGM6.7 was present in the 

active site. Therefore, intensity correction to remove the effect of lattice-translocation 

disorder needed to be applied to allow map interpretation.      

 

Figure 5.4: (A) Molecular replacement solution of KpUGM featuring tNCS between 
each subunit of the biological dimer. (B) Refined structure of KpUGM. The mFo-DFc map 
at 3 σ shows significant peaks (green = positive, red = negative) throughout the unit cell. 
The active site cavity (shown in box) also contains numerous peaks obscuring map 
interpretation.  



99 
 

 Intensity correction based on a two-lattice model has been developed and 

previously applied successfully252, 253. However, lattice-translocation disorder was the 

sole problem, with no coupling with tNCS, in these previously reported cases. 

Demodulation of intensities a by grouping and scaling (DIGS) algorithm was previously 

shown to be effective when both tNCS and lattice translocation disorder are present241. 

This protocol relies on an accurate reference model for recalculation and scaling of 

structure factors. Using the refined KpUGM as a reference model, DIGS was performed 

to remove spurious peaks from the electron density map. The resulting mFo-DFc map 

has fewer strong peaks. The active site still contained a set of peaks that could 

correspond to UGM6.7 (Figure 5.5 A). However, the low quality the map did not allow 

unambiguous fitting of UGM6.7, which could be due to low ligand occupancy. 

Interestingly, KpUGM was crystallized in an open conformation, not the closed 

conformation used for virtual screening. The crystallized enzyme conformation could 

influence the binding affinity of the ligand. To determine whether the DIGS algorithm 

produced a reliable map, other peaks in the map were examined as independent 

evidence. In many regions where no positive difference peaks were previously 

observed, DIGS produced peaks that could correspond to water with the expected peak 

shape and hydrogen bond lengths (Figure 5.5 B). These results suggested that DIGS 

corrected the intensities appropriately. 

With low quality of data and several crystal pathologies, another crystal form of 

KpUGM is desirable. However, additive screens yielded the same crystal form. 

Additionally, mutagenesis of KpUGM at the packing interface did not produce crystals, 
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even when a new crystallization screen was performed. Therefore, CdUGM was 

employed in further structural characterization as an alternative homolog.  

 

Figure 5.5: (A) The mFo-DFc map (3 σ) after DIGS. The active site (box) retained a set 
of strong peaks that could correspond to UGM6.7. (B) Appearance of a water peak with 
appropriate shape and hydrogen bond lengths after DIGS suggests the algorithm was 
properly applied.  

5.4.2 Structure of UGM6.7-bound CdUGM 

 Unlike KpUGM, CdUGM diffraction and data collection statistics are normal, with 

no indication of twinning. Molecular replacement yielded two molecules in the 
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asymmetric unit with solvent content of 67.3% and Matthews coefficient187 of 3.76. The 

asymmetric unit corresponds to the biological dimer of CdUGM (Figure 5.6). Both 

monomers are in the open conformation and each monomer contains one bound 

UGM6.7. 

 

Figure 5.6: Structure of dimeric CdUGM. FADs are shown in yellow and UGM6.7 in 
black. 

 In chain A, UGM6.7 occupancy was refined to 0.81 with real space correlation of 

0.791. The presence of an out-of-plane, forked density served as an anchor point to 

model the carboxylate group of UGM6.7 (Figure 5.7). In chain B, UGM6.7 occupancy 

was refined to 0.87 with real space correlation of 0.897. The density of the carboxylate 

in this chain is not clear, but the ring density is more defined. Conformations of UGM6.7 

in both chains are similar. The triazolothiadiazine ring stacks onto Y364. The 
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chlorophenyl ring stacks onto Y326 with chlorine occupying a pocket formed by W162, 

S315, and methylenes of N161 and R257 side chains. The thiophene ring occupies an 

open space above the active site. The carboxylate group form ionic interactions with 

R288 in chain A, but the interaction is not obvious in chain B.  

 

Figure 5.7: Structure of UGM6.7 bound in the active site of CdUGM (A) chain A. (B) 
chain B. The meshes represent simulated annealing mFo-DFc map with ligands 
removed (2 σ). 

5.5 Discussion and Conclusions 

 Although UGM inhibitors generally have higher affinity towards KpUGM, no 

structure of inhibitor-bound KpUGM has been obtained thus far. In our case, lattice-

translocation disorder obscured map interpretation. After intensity corrections, electron 

densities that could correspond to UGM6.7 were identified, but was not of high enough 

quality to allow accurate model building. CdUGM was found to be a suitable homolog 

that yielded a structure of the complex. The inhibitor densities found in CdUGM 

appeared in the same location of the active site as in the demodulated KpUGM map. 

These results suggest that demodulation was mostly successful, but current 

technologies do not yet allow complete treatment of such data. 
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 The CdUGM structure obtained is in an open conformation, whereas the KpUGM 

structure used in virtual screening was in a closed conformation247. The conformation 

and pose of the inhibitor was also significantly different (Figure 5.8 A). The carboxylate 

group of the docked ligand is in an endo conformation, while the crystal structure shows 

an exo conformation. The rings of the inhibitor occupy distinct spaces of the active site 

in each case. The only common feature is the ionic bond between the carboxylate and 

R288. Because UGM6.7 has higher affinity towards KpUGM, these structural 

discrepancies could explain the affinity difference. Superposition of the closed KpUGM 

structure reveals that UGM could also accommodate the inhibitor in the closed 

conformation (Figure 5.8 B). Even though there is a steric clash between a lid arginine, 

the interactions could be relieved by flexibility of the side chain. Therefore, it is possible 

that UGM6.7 binds KpUGM in a closed conformation with higher affinity than other 

UGMs. This hypothesis is further supported by the obscured ligand density in the 

structure of opened KpUGM. Because UGM have been crystallized in both opened and 

closed forms233, it is possible that the free energy difference between the opened and 

closed forms is low. Indeed, positive peaks above the inhibitor in the CdUGM structure 

could indicate a residual closed lid conformation (Figure 5.9). Therefore, both the 

docked KpUGM structure and the CdUGM crystal structure could be relevant. Even 

though several nonsubstrate UGM inhibitors have been reported224-226, 254, 255, no 

structure of a complex has been reported until this work. Thus, the structures presented 

could provide starting points for inhibitor optimization.     
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Figure 5.8: (A) Overlay of UGM6 (cyan) from the docked KpUGM structure and 
UGM6.7 (black) in the active site of CdUGM. (B) Alignment of KpUGM (wheat) and 
CdUGM (grey) structures with ligands bound. 

 

 

Figure 5.9: Simulated annealing mFo-DFc map (3 σ) with ligand removed. The box 
indicated positive peaks that could correspond to partial closing of the lid (orange). 
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Chapter 6 

Conformational states of Corynebacterium diphtheriae UGM and potential 

implications on affinity of inhibitors 
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6.1 Abstract 

 UDP-galactopyranose mutase (UGM) is a key biosynthetic enzyme for 

generating galactofuranose (Galf)-containing glycoconjugates. Because UGM is an 

essential protein in various pathogens and is not found in mammalian systems, UGM is 

an ideal antibiotic target. We recently reported a structure of Corynebacterium 

diphtheriae UGM (CdUGM) in complex with a triazolothiadiazine inhibitor. The structure 

suggests an alternative conformation of the protein-inhibitor complex. Therefore, we 

screened additional protein constructs (CdUGM-His6 and GSG-CdUGM) and inhibitors 

to reveal the inhibitor complex structure in greater detail. Two additional crystals forms 

were identified. Tetragonal CdUGM-His6 (1.95 Å) was crystallized in an opened 

conformation and contains a sodium and a citrate ion from buffer bound in the active 

site. Monoclinic GSG-CdUGM (2.15 Å) was obtained in a closed conformation and 

contains a UDP in each active site. Although these structures do not contain inhibitors, 

the tetragonal CdUGM-His6 has vastly improved structure geometry and the citrate 

binding site could be exploited for inhibitor design. The monoclinic GSG-CdUGM 

provides additional insight into the active site conformation and helps explain inhibitor 

affinity. Together with the previously reported inhibitor-bound CdUGM structure, these 

additional CdUGM structures will help guide design of next generation inhibitors.  

6.2 Introduction 

 UDP-galactoyranose mutase (UGM) catalyzes interconversion of UDP-

galactopyranose (UDP-Galp) and UDP-galactofuranose (UDP-Galf)219-221. The latter 

serve as an activated sugar donor used by various glycosyltransferases to synthesize 

Galf glycoconjugates. Galf forms a galactan layer found in Mycobacterial cell wall212, 213. 
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Virulence factors of Leishmania contain Galf residues215. Nematodes also express 

UGM216-218, but Galf glycans in nematodes have yet to be identified. Despite its ubiquity 

in pathogenic organisms, Galf residues and UGM are not found in mammalian 

systems222. In addition, UGM knock downs or knock outs are often lethal212, 213. These 

observations suggest UGM is an attractive antibiotic target. 

 Several attempts have been made to discover potent UGM inhibitors. Many 

characterized inhibitors are charged UDP-Galf analogs which exhibit potency in vitro, 

but are ineffective in vivo227-234. Our group has identified a potent 2-aminothiazole 

inhibitor224 (Figure 6.1 A), but the inhibitor suffers from poor solubility and toxicity to 

mammalian cells223. Through virtual screening, we recently discovered a family of 

triazolothiadiazines (Figure 6.1 B) which have better physical properties and are active 

against live Mycobacterium tuberculosis256. Therefore, structural insight into how these 

small molecules inhibit UGMs will guide the design of more effective inhibitors. 

 

Figure 6.1: Structures of (A) 2-aminothiazole and (B) triazolothiadiazine inhibitors. 

 We have obtained a crystal structure of a triazolothiadiazine inhibitor bound to 

Corynebacterium diphtheriae UGM (CdUGM)256. The triazolothiadiazine inhibitor binds 

in the same general area of the active site as predicted by virtual screening, although 

the pose is different than the docked pose. Interestingly, the CdUGM is in an opened 

conformation in contrast to the structure of Klebsiella pneumoniae UGM (KpUGM) used 
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in virtual screening. In addition, there are unexplained electron densities under the 

opened lid that could close over the active site. These results suggest that there could 

be multiple conformations of UGM-inhibitor complexes. Furthermore, all known small 

molecule inhibitors appear to be more potent towards KpUGM compared to other 

UGMs224, 256. For example, the Ki values of the triazolothiadiazine inhibitor against 

KpUGM, CdUGM and Mycobacterium tuberculosis (MtUGM), are 8±3, 77±37, and 

31±18µM, respectively. However, it is not obvious from the triazolothiadiazine inhibitor-

bound CdUGM structure why such discrepancies exist. It is possible that the difference 

in inhibitor affinities could be explained if multiple conformations of CdUGM could be 

compared.    

 We screened for additional crystal forms of CdUGM using two different protein 

constructs (CdUGM-His6 and GSG-CdUGM). In addition to the triazolothiadiazine 

inhibitor, the 2-aminothiazole inhibitor was also included in the screen because no 

structural information of the 2-aminothizole inhibitor-bound UGM is available. If 

successful, fragments of the 2-aminothiazole inhibitor could later be combined with the 

triazolothiadiazine inhibitor to generate a next generation of inhibitors. Co-crystallization 

of CdUGM with UDP-Galp was also performed to explore the possibility of exchanging 

UDP-Galp with inhibitors by soaking. This effort yielded two new crystal forms of 

CdUGM.    

 Co-crystallization of the 2-aminothizole inhibitor with CdUGM-His6 yielded a 

tetragonal CdUGM. Instead of the inhibitor bound in the active site, a citrate ion from the 

crystallization buffer was observed. A sodium ion was also identified in the active site. 

This structure suggest that the pocket occupied by the citrate ion could be further 
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exploited for inhibitor design. The monoclinic GSG-CdUGM was in a closed 

conformation, explaining the inability to exchange the ligand, with UDP from hydrolyzed 

UDP-Galp bound. Alignment of the closed GSG-CdUGM with the opened structure of 

G-CdUGM with the triazolothiadiazine inhibitor bound reveals a residue movement not 

observed in KpUGM. The residue movement upon lid closure could generate steric 

clashes that may explain the differential affinity of the triazolothiadiazine inhibitor toward 

UGMs. The two CdUGMs in different conformations reported in this work will not only 

aid in designing more potent inhibitors, but also shed light on structural dynamics of 

UGM which could be crucial in inhibition strategies.  

6.3 Material and Methods 

 Both CdUGM constructs were purified using a previously reported protocol137, 256.  

HKL2000 was used for data reduction138. Molecular replacement was performed with 

Phaser140. Restraints for small molecule ligands were generated using eLBOW250. 

Model adjustment and refinement were performed with Coot and phenix.refine, 

respectively141, 142. The model was validated using MolProbity144. Figures were 

generated with PyMOL145. 

6.3.1 CdUGM-His6 in complex with sodium citrate 

 Sequence encoding residues 1-387 of CdUGM was amplified using primers: 

CGAGCAATTGACCAACAAGGACCATAGATTATGTCTGACTTTGATCTGATCGTGGT

AGGT and 

ATTCGAGCTCTCATTAATGGTGATGGTGGTGATGTTTCAGGGCGTCGACAAGCTTG

TTAT. The PCR product was then cloned into the MfeI and SalI sites of pMALc5x.  The 

resulting construct coded for CdUGM with a C-terminal His6 tag without any linker 
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(CdUGM-His6). Protein was dialyzed against 20 mM Tris pH 7.0 and concentrated to 10 

mg/mL. A 2-aminothiazole inhibitor224 was added to a final concentration of 1 mM (from 

40 mM stock in isopropanol). Crystals were grown by hanging drop vapor diffusion 

using 2 µL of protein solution and 2 µL of well solution (100 mM sodium citrate pH 5.6, 

15% isopropanol, and 16-18% PEG 5000 MME). Crystals grew to full size within a few 

days. Crystal were cryoprotected by briefly soaking in well solution containing 20% 

ethylene glycol before vitrification and storage in liquid nitrogen. Single crystal X-ray 

diffraction data were collected at beamline 21-ID-F (LS-CAT) at Argonne National 

Laboratory using a MAR225 CCD detector. Molecular replacement was performed 

using a previously reported Klebsiella pneumoniae UGM (KpUGM) structure (PDB ID 

2BI7)257. 

 For potassium citrate soaking, crystals were grown as described above. The 

crystal was then briefly washed and soaked for 24 hours in 100 mM potassium citrate 

pH 5.6, 15% isopropanol, and 18% PEG 5000 MME. Cryoprotection was achieved as 

described above, but sodium citrate was substituted with potassium citrate. Single 

crystal X-ray diffraction data were collected at beamline 14-1 at Stanford Synchrotron 

Radiation Lightsource using a MAR325 CCD detector. Data collection and refinement 

statistics are shown in Table 6.1.    
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Table 6.1: Data collection and refinement statistics for CdUGM-His6 in complex with 
sodium citrate 

Data collection statistics Sodium Citrate Potassium Citrate Soak 
Wavelength (Å) 0.97872 1.18080 
Resolution range (Å)* 46.72 - 1.95 (2.02 - 1.95) 49.01 – 2.35 (2.43 - 2.35) 
Space group P 41 21 2 P 41 21 2 
Unit cell (Å) 98.3 98.3 126.2 98.0 98.0 126.3 
Total reflections 1,075,063 (89,525) 378,033 (33,333) 
Unique reflections 45,492 (4,454) 26,343 (2,584) 
Multiplicity 23.6 (20.1) 14.4 (12.9) 
Completeness (%) 99.9 (99.6) 100.0 (100.0) 
Mean I/σ(I) 36.3 (3.6) 24.0 (3.0) 
Wilson B-factor (Å2) 29.30 37.05 
R-merge  0.103 (0.756) 0.127 (0.971) 
R-meas 0.105 (0.775) 0.123 (>1) 
R-pim 0.020 (0.164) 0.035 (0.280) 
Refinement Statistics   
Resolution range (Å) 
R-factor 

46.73 – 1.95 (2.02 – 1.95) 
0.1528 (0.1982) 

 

R-free (5%) 0.1895 (0.2267)  
Number of atoms   
       Protein 3302  
       FAD 
       Citrate 

53 
13 

 

       Na+ 2  
       Water 458  
Protein residues 386  
RMSD (bonds, Å) 0.008  
RMSD (angles, °) 
Est. coordinate error (ML, Å) 

1.05 
0.17 

 

Ramachandran favored (%) 98.8  
Ramachandran outliers (%) 0  
Average Isotropic B-factor (Å2)   
       Protein 31.61  
       FAD 
       Citrate 

26.51 
32.31 

 

       Na+ 30.19  
       Water 41.19  

*Statistics for the highest-resolution shell are shown in parentheses. The coordinates and 
structure factors have been deposited to the Protein Data Bank under accession code 5BR7. 
 

6.3.2 GSG-CdUGM in complex with UDP 

Site directed mutagenesis was performed on a previously reported CdUGM 

construct (G-CdUGM)256 to add a two amino acids (SG) after the glycine of TEV 
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cleavage site for more efficient cleavage (GSG-CdUGM). The primers used were 

AGCGAAAACCTGTATTTTCAGGGTAGCGGCATGTCTGACTTTGATCTGATCGTGGT

AG and 

CTACCACGATCAGATCAAAGTCAGACATGCCGCTACCCTGAAAATACAGGTTTTCG

CT. Protein was dialyzed against 20 mM Tris pH 7.0 and concentrated to 10 mg/mL. 

UDP-galactopyranose (UDP-Galp) was added to 10 mM (from 100 mM stock in water). 

Crystals were grown by hanging drop vapor diffusion using 2 µL of protein solution and 

2 µL of well solution (100 mM Bis-Tris pH 5.5, 200 mM lithium sulfate, and 21% PEG 

3350). Crystal grow to full size in 1-2 weeks. Cryoprotection was achieved by brief 

soaking in well solution with PEG 3350 supplemented to 35%. Crystals were then 

vitrified and stored in liquid nitrogen. Single crystal X-ray diffraction data were collected 

at beamline 21-ID-G (LS-CAT) at Argonne National Laboratory using a MAR300 CCD 

detector. Molecular replacement was performed using a previously reported 

Mycobacterium smegmatis UGM (MsUGM) structure (PDB ID 5EQD). Data collection 

and refinement statistics are shown in Table 6.2.     
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Table 6.2: Data collection and refinement statistics for GSG-CdUGM in complex with 
UDP 

Data collection statistics  
Wavelength (Å) 0.97856 
Resolution range (Å)* 29.1 - 2.15 (2.23 – 2.15) 
Space group C2 
Unit cell 115.6 82.7 108.6 90 112.6 90 
Total reflections 376,968 (26,894) 
Unique reflections 50,316 (4,637) 
Multiplicity 7.5 (5.8) 
Completeness (%) 97.5 (90.5) 
Mean I/sigma(I) 27.4 (2.8) 
Wilson B-factor (Å2) 41.90 
R-merge 0.064 (0.419) 
R-meas 0.069 (0.458) 
R-pim 0.025 (0.181) 
Refinement Statistics  
Resolution range (Å) 28.25 – 2.15 (2.22 – 2.15) 
R-factor 0.1765 (0.2485) 
R-free (5%) 0.2281 (0.3009) 
Number of atoms  
       protein 6,344 
       FAD 106 
       UDP 50 
       water 228 
Protein residues 771 
RMSD (bonds, Å) 1.192 
RMSD (angles, Å) 0.008 
Est. coordinate error (ML, Å) 0.25 
Ramachandran favored (%) 98.4 
Ramachandran outliers (%) 0 
Average Isotropic B-factor (Å2)  
      Chain A  
            protein 48.14 
            FAD 52.05 
            UDP 37.35 
            water 49.55 
      Chain B  
            protein 69.60 
            FAD 85.26 
            UDP 56.75 
            water 51.71 

*Statistics for the highest-resolution shell are shown in parentheses. The coordinates and 
structure factors have been deposited to the Protein Data Bank under accession code 5EQF. 
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6.4 Results and Discussion 

6.4.1 CdUGM-His6 in complex with sodium citrate 

 To obtained structures of CdUGM in complex with the 2-aminothiazole inhibitor, 

crystallization screen was performed with CdUGM-His6 pre-incubated with the inhibitor. 

Tetragonal CdUGM-His6 crystals were obtained. This crystal form has one molecule in 

the asymmetric unit (Figure 6.2), corresponding to a monomer of the biological UGM 

dimer, with solvent content of 64.3% and Matthews coefficient187 of 3.45. The molecule 

is in an open conformation (Figure 6.3). A sodium ion is observed at a site remote from 

the active site surrounded by residues S126-S131 and S143. The sodium ion is 

assigned based on the bond length of around 2.4 Å and the near perfect octahedral 

coordination geometry258. The Na+-O bond length is restrained to 2.43 Å with tolerance 

of 0.25 Å. The axial ligands are a water molecule and the backbone carbonyl of S126. 

The axial water is also hydrogen bonded to the side chain of S131, which in turn is 

positioned by hydrogen bonding to the side chain of S143.  The equatorial ligands are 

two water molecules and backbone carbonyls of I129 and S143. One equatorial water is 

hydrogen bonded to the side chain of S126. The other equatorial water hydrogen bond 

to both the backbone carbonyl of A127 and the side chain of D130.     
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Figure 6.2: Overall structure of CdUGM-His6 in complex with sodium citrate. The lid 
(arrows) is in an opened conformation and does not cover the FAD-containing active 
site (Box A). Box B indicates a position of a remote sodium ion binding site.  
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Figure 6.3: Structure of the remote sodium ion binding site in CdUGM-His6 with Na+-O 
bond distances from restrained refinement.  

 The active site of CdUGM-His6 does not contain a density corresponding to the 

2-aminothiazole inhibitor. Instead, citrate ion from the crystallization buffer is observed 

(Figure 6.4). The citrate ion forms salt bridges with the side chains of R288 and H290. 

The citrate ion also interacts with numerous ordered water molecules, forming a 

complex hydrogen bonding network with the active site residues. Given that citrate 

buffer is ubiquitous in crystallization screens, this UGM-citrate complex is a surprising 

discovery. When the occupancy of the citrate ion is set to one, residual negative peaks 

are observed in the mFo-DFc map. Therefore, the occupancy was refined to 0.92. 

Because the citrate concentration was 100 mM and citrate does not bind to full 

occupancy, the dissociation constant (Kd) of citrate is estimated to be around 10 mM 
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using a simple equilibrium model. Interestingly, the estimated Kd is about the same 

order of magnitude as the intracellular citrate concentration in Escherichia coli (roughly 

2-20 mM depending on growth media)259. It is possible that citrate could be a regulator 

of UGM activity. However, preliminary experiments on the effect of citrate on in vitro 

activity of UGM have been inconclusive (data not shown).  

 In addition to the citrate ion, an initially unidentified peak was observed bridging 

the citrate ion and the oxidized FAD. Initial refinement with an ordered water molecule 

did not reveal peaks in the mFo-DFc, suggesting that the scattering factor was roughly 

correct. Due to its irregular coordination geometry, bond length of roughly 2.4 Å258, and 

proximity to negatively charged citrate ion, it is possible that the peak corresponds to a 

sodium ion. Sodium ions and water have 10 total electrons, thus they can be difficult to 

distinguish in electron density maps, especially with the data quality commonly 

encountered in macromolecular crystallography. With limited prior knowledge about 

coordination of sodium ion between citrate and oxidized FAD, we gathered more 

experimental evidence for sodium ion identification. No crystallization is observed if 

potassium citrate buffer is used instead of sodium citrate buffer. Soaking of crystals 

grown with sodium citrate buffer in potassium citrate buffer results in a loss of sodium 

and citrate electron density judged by the difference Fourier map (Figure 6.4 C). 

Therefore, we concluded that sodium ion is coordinated by FAD, citrate ion, and the 

backbone carbonyl of A60. The structure of CdUGM-His6 in complex with sodium citrate 

not only features an unusual sodium ion complex, but it also identifies an active site 

pocket that could be targeted by small molecules. In combination with the structure of 
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the triazolothidiazine inhibitor already available, analogs that extend into the citrate-

binding site could be further explored. 

 

Figure 6.4: (A) Active site of CdUGM-His6 containing one sodium ion and one citrate 
ion. (B) The mesh corresponding to the mFo-DFc map at 3 σ after the citrate ion was 
removed and structure re-refined with simulated annealing. (B) Disappearance of the 
citrate ion and the sodium ion upon soaking of a crystal in potassium citrate-containing 
buffer. The mesh corresponding to a negative mFo-DFc difference Fourier map at -3 σ. 
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6.4.2 GSG-CdUGM in complex with UDP 

 The GSG-UGM construct was crystallized in the presence UDP-Galp for 

subsequent inhibitor soaking to exchange the ligand. However, the crystals cracked 

instantly upon soaking with inhibitor solutions. GSG-UGM is monoclinic with two 

molecules in the asymmetric unit (Figure 6.5), corresponding to the biological dimer, 

with solvent content of 54.9% and Matthews coefficient of 2.73. Both dimers are in a 

closed conformation, providing rationale for crystal cracking upon inhibitor soaking. The 

structure also revealed that during the course of crystallization UDP-Galp had 

hydrolyzed to UDP. Electron density of chain A is well-defined. In contrast, chain B has 

significantly elevated B factors and side chain densities in several regions are weak. 

However, the backbone density is strong enough for unambiguous tracing. During 

refinement, torsional NCS restraints were applied to improve the geometry of chain B. 

The optimal refinement strategy involves splitting chain B into four TLS groups (residues 

2-62, 63-235, 236-316, and 317-386) and chain A as one TLS group.    

 

Figure 6.5: Overall structure of dimeric GSG-CdUGM. Both subunits are in the closed 
conformation with the lid forming a short helix (box) covering the active site.   

 Upon lid closing, UDP occupies a tight space in the active site (Figure 6.6). The 

uracil ring stacks onto the π face of Y157. L174 and L177, along with F98 and I154, 
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form a hydrophobic box around the uracil. The N3H of uracil forms a hydrogen bond 

with the backbone carbonyl of F153. Uracil O8 is recognized by side chains of N278 

and N280. T158 hydrogen bonds to both O7 of uracil and 2’OH of ribose. W162 

hydrogen bonds to the 3’OH of ribose. The diphosphate group is recognized by the side 

chains of R176 (from the lid), Y187, R288, Y326 and Y364. Positions of these residues 

are conserved when the GSG-CdUGM structure is superimposed with the catalytically 

active, reduced, closed KpUGM247 (Cα RMSD = 1.27 Å) (Figure 6.7). UDP-Galp from 

the KpUGM structure fits well into the pocket of closed GSG-CdUGM. Moreover, the 

superimposed anomeric carbon of Galp is about 3.4 Å away from the nucleophilic 

nitrogen of FAD. This distance is comparable to the value observed in KpUGM (3.6 Å). 

These results suggest that even though GSG-CdUGM has oxidized FAD and is not 

catalytically competent, the protein can adopt the catalytically active conformation. 

Thus, the energy barrier for conformational change upon FAD reduction is small and 

might largely be dictated by crystal contact.  

 

Figure 6.6: Active site of GSG-CdUGM (chain A) with bound UDP. The mesh 
correspond to the mFo-DFc map at 3σ after UDP was removed and the structure re-
refined with simulated annealing. 
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Figure 6.7: Position of UDP-Galp from a structure of catalytically active KpUGM (PDB 
ID 3INT) aligned to GSG-CdUGM with bound UDP.  

 Previously, the structure of CdUGM with the triazolothiadiazine suggest that the 

lid-closed conformation of CdUGM might be relevant for inhibition256. With the 

availability of the closed GSG-CdUGM structure from this work, structure superposition 

was performed (Figure 6.8). The docked inhibitor could fit into both the structure of 

opened and closed CdUGM without any obvious clashes. These results suggest that 

closed CdUGM could accommodate the inhibitor adopting the docked pose, as 

predicted from the docked KpUGM structure. However, the chemical environment of the 

closed active site around the docked ligand is conserved between CdUGM and 

KpUGM. Thus, the docked ligand pose does not explain why the inhibitor is more 

effective against KpUGM compared to CdUGM.  

Because the docked inhibitor pose is different from the inhibitor pose from our 

previously reported crystal structure, we superimposed the crystal structure of open 

CdUGM containing bound inhibitor with the closed GSG-CdUGM. The superposition 

reveals steric clashes. R176 from the lid clash with the inhibitor, but flexibility of the 

R176 side chain and the available space may alleviate this steric clash. Interestingly, 

Y364 in the closed GSG-CdUGM structure moves into the active site and the side chain 
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phenol ring is twisted perpendicular compared to Y364 in the opened structure. This 

Y364 movement clashes into the inhibitor found in opened CdUGM. These results 

suggest that the inhibitor may not bind CdUGM in the closed conformation effectively. 

Moreover, the same position of Y364 equivalent is observed in the closed structure of 

MtUGM233. However, this movement is not observed in KpUGM247. In addition, N173 

equivalent in KpUGM is an isoleucine and can thus interact with higher affinity to the 

hydrophobic chlorophenyl ring of the inhibitor. Collectively, these results suggest that 

the pose of triazolothiadiazine inhibitor observed previously with X-ray crystallography is 

likely correct. The inhibitor could bind to both the closed and opened conformation of 

KpUGM, with the closed form being a higher affinity form compared to the opened 

structure. In contrast, the inhibitor may only bind CdUGM in opened, lower affinity 

conformation. These results explain why the inhibitors are more potent against KpUGM 

compared to CdUGM and MtUGM, and also highlight the role of UGM conformational 

flexibility in inhibitor design.      
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Figure 6.8: Alignment of GSG-CdUGM (blue) in complex with UDP, G-CdUGM (orange) 
with a triazolothiadiazine inhibitor (magenta), and KpUGM (green) with a docked 
triazolothiadiazine inhibitor (cyan).  The opened lid is marked with a row of arrows. The 
closed helical lid is marked with asterisks. The residue numbering of CdUGM is used. 

6.5 Conclusions 

 Despite availability of UGM structures, to date there is only one UGM structure 

with non-substrate analog bound. Because UGM can be in either FAD reduced or 

oxidized form in combination with closed and opened lid conformation, it is not clear 

how these structural dynamics contribute to inhibitor affinities. Our work provides two 

additional structures of CdUGM for comparison. The opened CdUGM-His6 in complex 

with sodium citrate has improved geometry over the reported structure and identifies an 

additional pocket in the active site that could be exploited in inhibitor design. The GSG-

CdUGM in complex with UDP provides the first structure of closed CdUGM. Analysis of 

these structure in combination of previously reported CdUGM and KpUGM structure 

suggests that the closed form of UGM might be the high affinity form targeted by 
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existing inhibitors. In addition, this work underscores the importance of understanding 

UGM structural dynamics for not only designing novel inhibitors, but also for obtaining 

structures of UGM-inhibitor complexes. 
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Chapter 7 

Structural dynamics of UGM from Mycobacterium smegmatis  
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7.1 Abstract 

 UDP-galactopyranose mutase is central to biosynthesis of galactofuranose (Galf) 

and is an essential enzyme for several pathogenic microorganisms. Several classes of 

UGM inhibitor have been identified, but structural knowledge of the inhibition 

mechanism is limited. We previously reported the first structure of a small molecule, 

non-substrate mimic inhibitor bound to Corynebacterium diphtheriae UGM (CdUGM). 

The structure suggests that conformational dynamics are likely a significant affinity 

determinant and may explain differential affinity of inhibitors among UGM homologs. 

Although structural dynamics of eukaryotic UGM has gained significant attention 

recently, studies on prokaryotic UGM structural dynamics were performed when 

structural knowledge were limited. Here, we present three structures of UGMs from 

Mycobacterium smegmatis (MsUGM) in various conformational stages. The UDP bound 

MsUGM (1.83 Å) shows a dimeric structure with one lid closed and the other opened. 

The same crystal form with partial UDP occupancy (1.69 Å) shows a mixture of opened 

and closed conformation within the same subunit. The Mg2+-bound MsUGM at 2.05 Å is 

in an opened conformation and structural movements were inferred from TLS 

refinement. These structures are not only the highest resolution UGM structure reported 

to date, but also provide insights into conformational dynamics of UGM and offer 

additional venue for UGM inhibitor design.      

7.2 Introduction 

 Galactofuranose (Galf) residue is found in virulence factors215, surface 

polysaccharides161, and cell wall components212, 213 of several pathogenic organisms. 

These Galf glycoconjugates are synthesized using UDP-Galf as an activated sugar 
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donor. UDP-Galf is in turn synthesized from UDP-galactopyranose (UDP-Galp) by UDP-

galactopyranose mutase (UGM)219-221. UGM is an essential gene in Mycobacteria212, in 

which Galf is a component of the galactan layer in the cell wall213. Because UGM is not 

found in mammalian systems222, UGM is an attractive target for antibiotic development.  

 Substrate mimics have been described as UGM inhibitors227-234. However, these 

UDP-based inhibitors are not cell permeable, thus do not exhibit antimicrobial activity. 

We have reported small molecule, non-substrate inhibitors of UGM224, 225, 256. 

Specifically, triazolothiadiazine inhibitors discovered through virtual screening have low 

µM affinity toward UGMs and also exhibit anti-mycobacterial activity256. The crystal 

structure of the triazolothiadiazine inhibitor bound to Corynebacterium diphtheriae UGM 

(CdUGM) reveal that the inhibitor binds UGM in an opened conformation, in contrast to 

the closed conformation of Klebsiella pneumoniae UGM (KpUGM) used in virtual 

screening256. However, unexplained electron density below the active site lid suggests 

that the inhibitor could potentially bind to multiple conformations of UGM. Differential 

affinity of inhibitors toward different conformations of UGM may also explain why 

inhibitors are more effective against KpUGM compared to other homologs. Specifically, 

the Ki values of a triazolothiadiazine inhibitor against KpUGM, CdUGM and 

Mycobacterium tuberculosis (MtUGM), are 8±3, 77±37, and 31±18µM, respectively256. 

Recent structures of CdUGM in different conformations (Chapter 6) suggest that 

CdUGM changes conformation upon lid closing, which sterically clash with the inhibitor. 

The clash is not observed in the structure of KpUGM, thus may explain higher affinity of 

inhibitors towards KpUGM. These observations prompt us to obtain additional structural 

information on conformational dynamics of UGMs.  
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 Although molecular dynamics of eukaryotic UGM is well described260, 261, studies 

of prokaryotic UGM were performed with early crystal structures without experimentally 

determined substrate binding pose262-264. Therefore, it was unclear whether molecular 

dynamic simulations using computationally docked ligand are biochemically relevant. 

With the availability of substrate-bound crystal structures247, 265, it is evident that a 

mobile lid closes down on the active site and the anomeric carbon of UDP-Galp moves 

into close proximity of N5 of FAD for catalysis. However, this movement has only been 

observed experimentally in KpUGM crystals upon reduction of FAD247. To date, other 

prokaryotic UGM structures in complex with UDP-Galp show a closed lid conformation 

even before FAD reduction233, 265. These results suggest that crystal contact could be a 

major determinant of enzyme conformation regardless of FAD redox state and presence 

of the substrate. Because evidence for enzyme movement within the same crystal form 

is limited to KpUGM, more information is needed in order to elucidate the role of 

structural dynamics in the context of inhibitor design. Information from homologs other 

than KpUGM would be desirable to explain the differential affinity of inhibitors224, 256 and 

would also provide additional evidence for the role of enzyme conformation and inhibitor 

affinity suggested by CdUGM structures.         

 Here we present three structures of Mycobacterium smegmatis UGM (MsUGM) 

in various conformations. The first high resolution structure (MsUGM-SS, 1.83 Å) 

contain UDP in one subunit. Interestingly, the subunit could adopt the catalytically active 

closed conformation. The other subunit is completely opened. The second high 

resolution structure (MsUGM-QS, 1.69 Å) is the same crystal form, but the crystal was 

vitrified immediately without prolonged cryoprotection. This crystal shows partial 
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occupancy of UDP in the formerly opened subunit. Intriguingly, the subunit with partial 

UDP occupancy exhibits a mixture of both closed and opened conformation that could 

be modeled unambiguously. Therefore, these two structures provide valuable 

information regarding dynamics of UGM structures. The third structure (MsUGM-His6) is 

a magnesium ion complex of MsUGM. The magnesium ion bridges UGM molecules to 

pack into crystals. The coordinate is refined with TLS (translation, libration, screw) 

parameters, which gives general insights into movement of each segments. These 

structures not only provide information of enzyme dynamics, but also suggest strategies 

for inhibitor design to target various UGM homologs.    

7.3 Material and Methods 

 Both MsUGM constructs were purified and concentrated to 10 mg/mL using a 

previously reported protocol137, 256.  Indexing, integration, and scaling were performed 

with HKL2000138. Molecular replacement was performed with Phaser140. Coordinate 

restraints for small molecule ligands were generated using eLBOW250. Model 

adjustment and refinement were performed with Coot and phenix.refine respectively141, 

142. The model was validated using MolProbity144. Figures were generated with 

PyMOL145. 

7.3.1 MsUGM (13-412) (MsUGM-SS and MsUGM-QS) in complex with UDP 

Sequence coding residues 13-412 were amplified with primers 

CTCGCATATGCACCATCACCATAGCGAAAACCTGTATTTTCAGTCCACCGGTAATTT

CGACCTATTCGTC  and 

TATCGTCGACTCATTATGCTTTGCTGCTTTCGTCTTCGGTG using a pET24a plasmid 

containing Mycobacterium smegmatis MC2 155 UGM with a C-terminal His6 tag as a 
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template. The PCR product was then cloned into a modified pMALc5x that contains an 

N-terminal His6 tag in place of the MBP sequence. The resulting construct has an N-

terminal His6 followed by a TEV cleavage site. The C-terminal glycine of the TEV 

recognition site is replaced with a serine so that, after TEV cleavage, the product has 

native MsUGM (13-412) protein sequence. Crystallization was achieved with hanging 

drop vapor diffusion by mixing 2 µL of protein solution and 2 µL of well solution (100 mM 

Tris pH 8.5, 100 mM NaNO3, 1.8 M (NH4)2SO4). Numerous small rod-shaped crystals 

appear within a few days. These rods disappear over the course of 1-2 months and is 

replaced by a few larger crystal, presumably of a different crystal form. Two 

cryoprotection strategies were employed. First, the crystals were soaked in 100 mM Tris 

pH 8.5, 100 mM NaNO3, 2.5 M (NH4)2SO4, 5% glycerol for 12 hours then soaked in an 

equivalent solution containing  10% and 15% glycerol, each for 3 hours. For the second 

strategy, crystals were briefly soaked in a solution of 100 mM Tris pH 8.5, 100 mM 

NaNO3, 2.5 M (NH4)2SO4, 15% glycerol. After cryoprotection, the crystals were vitrified 

and stored in liquid nitrogen. Single crystal X-ray diffraction data were collected at 

beamline 21-ID-D (sequential soak) and 21-ID-F (quick soak) (LS-CAT) at Advanced 

Photon Source, Argonne National Laboratory. For the sequential soak data (refer to as 

MsUGM-SS, molecular replacement was performed using a previously reported 

structure of Escherichia coli UGM as a search model (PDB ID 1I8T)221. The quick soak 

structure (refer to as MsUGM-QS) was solved with a difference Fourier method using 

the sequential soak structure as the starting model with phenix.refine rigid body 

refinement. 
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Table 7.1: Data collection and refinement statistics of MsUGM (13-412) in complex with 
UDP 

Data collection statistics MsUGM-SS MsUGM-QS 
Wavelength (Å) 0.97854 0.97872 
Resolution range (Å)* 47.34 – 1.85 (1.92 – 1.83) 42.80 – 1.70 (1.76 – 1.69) 
Space group I 2 2 2 I 2 2 2 
Unit cell (Å) 124.2 132.2 135.7 123.7 131.4 135.8 
Total reflections 699,321 (65,062) 914,126 (89,451) 
Unique reflections 96,510 (9,568) 122,178 (12,088) 
Multiplicity 7.2 (6.8) 7.5 (7.4) 
Completeness (%) 100.0 (100.0) 100.0 (100.0) 
Mean I/σ(I) 23.3 (2.57) 23.4 (2.0) 
Wilson B-factor (Å2) 25.06 21.68 
R-merge  0.088 (0.694) 0.093 (0.810) 
R-meas 0.095 (0.752) 0.099 (0.871) 
R-pim 0.035 (0.286) 0.036 (0.319) 
Refinement Statistics   
Resolution range (Å) 
R-factor 

45.81 – 1.83 (1.90 – 1.83) 
0.1682 (0.2312) 

42.53 – 1.69 (1.75 – 1.69) 
0.1866 (0.2514) 

R-free (5%) 0.1958 (0.2646) 0.2203 (0.3064) 
Number of atoms   
       Protein 6458 7031 
       FAD 
       UDP 

106 
25 

106 
50 

       Water 740 932 
Protein residues 783 787 
RMSD (bonds, Å) 0.007 0.007 
RMSD (angles, °) 
Est. coordinate error (ML, Å) 

1.059 
0.18 

1.082 
0.21 

Ramachandran favored (%) 98.6 98.1 
Ramachandran outliers (%) 0 0.47 
Average B-factor (Å2)   
       Chain A   
            Protein 28.15 25.60 
            FAD 
            UDP 

28.81 
- 

27.60 
28.34 (0.65 occ) 

            Water 35.98 35.10 
       Chain B   
            Protein 28.81 27.23 
            FAD 
            UDP 

31.44 
26.38 

30.93 
22.95 

            Water 36.68 36.26 
*Statistics for the highest-resolution shell are shown in parentheses. The coordinates and 
structure factors have been deposited to the Protein Data Bank under accession code 5EQD 
(MsUGM-SS) and 5ER9 (MsUGM-QS). 
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7.3.2 MsUGM-His6 in complex with magnesium ion 

 Sequence coding residues 1-412 were amplified from the genomic DNA of 

Mycobacterium smegmatis MC2 155 with primers 

TATACATATGACGTCCATATCGCACCCGGTCGC and 

CGACAAGCTTTCATTAATGGTGGTGATGATGGTGTGCTTTGCTGCTTTCGTCTTCG

GTG. The PCR product was then cloned into the NdeI and HindIII of pET24a. The 

resulting construct contains a C-terminal His6 tag without any linker residue (MsUGM-

His6). Crystallization was achieved with hanging drop vapor diffusion by mixing 2 µL of 

protein solution and 2 µL of well solution (50 mM Tris pH 8.5, 25 mM MgCl2, 18% PEG 

3350, and 20% glycerol). Crystal appears instantly and grow to full size within 24 hours. 

Crystals were then soaked in the well solution supplemented with 5 mM of a 

triazolothiadiazine inhibitor (2-[(7S)-3-(2-furyl)-6-phenyl-7H-[1,2,4]triazolo[3,4-

b][1,3,4]thiadiazin-7-yl]acetic acid) (from a 50 mM stock in DMSO) overnight. Crystals 

were then vitrified and stored in liquid nitrogen. Single crystal X-ray diffraction data were 

collected at beamline 21-ID-F (LS-CAT) at Advanced Photon Source, Argonne National 

Laboratory. Molecular replacement was performed using an opened structure of 

MsUGM (13-412) (PDB ID 5EQD) as a search model. 
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Table 7.2: Data collection and refinement statistics for MsUGM-His6 in complex with 
Mg2+ 

Data collection statistics  
Wavelength (Å) 0.97872 
Resolution range (Å)* 40.70 – 2.05 (2.12 – 2.04) 
Space group P 41 21 2 
Unit cell 86.0 86.0 126.2 
Total reflections 874,713 (82,858) 
Unique reflections 30,831 (3,024) 
Multiplicity 28.4 (27.4) 
Completeness (%) 100.0 (100.0) 
Mean I/sigma(I) 47.1 (3.6) 
Wilson B-factor (Å2) 41.80 
R-merge 0.074 (0.923) 
R-meas 0.075 (0.940) 
R-pim 0.014 (0.176) 
Refinement Statistics  
Resolution range (Å) 40.70 – 2.04 (2.11 – 2.04) 
R-factor 0.1731 (0.2466) 
R-free (5%) 0.2396 (0.3449) 
Number of atoms  
       protein 3209 
       FAD 53 
       Mg2+ 1 
       Water 198 
Protein residues 391 
RMSD (bonds, Å) 0.007 
RMSD (angles, Å) 1.063 
Est. coordinate error (ML, Å) 0.22 
Ramachandran favored (%) 98.2 
Ramachandran outliers (%) 0 
Average B-factor  
       protein 52.12 
       FAD 48.54 
       Mg2+ 34.89 
       Water 52.18 

*Statistics for the highest-resolution shell are shown in parentheses. The coordinates and 
structure factors have been deposited to the Protein Data Bank under accession code 5F3R. 

 

7.4 Results  

7.4.1 MsUGM-SS and MsUGM-QS in complex with UDP 

 MsUGM (13-412) crystals were cryoprotected with two different strategies: 

sequential soak (MsUGM-SS) and quick soak (MsUGM-QS). These two crystals are of 
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the same form and contains two molecules in the asymmetric unit with solvent content 

of 59.7% and Matthews coefficient of 3.05.  

Each subunit of MsUGM-SS are in different conformations (Figure 7.1). Chain A 

is in an opened conformation with the mobile lid lacking a secondary structure, not 

covering the active site cavity. Chain B is in a closed conformation with the mobile lid 

adopting a helical structure covering the active site containing UDP produced from 

degradation of UDP-Galp.         

 

Figure 7.1: Structure of dimeric MsUGM-SS with chain A opened (wheat) and chain B 
closed (green). The position of the lid is marked with arrows. 

 The UDP in chain B occupies a tight cavity of the active site (Figure 7.2 A). The 

uracil portion occupies a hydrophobic box forms by F111, I167, I187, and I190. The 
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uracil ring stacks onto the π system of Y170. N3H forms a hydrogen bond with the 

backbone carbonyl of F166. O8 is recognized by the side chain of N291 and N293. O7 

forms a hydrogen bond with T171, which also forms a hydrogen ond with the 2’OH of 

the ribose ring. The 3’OH is recognized by the indole NH of W175. The diphosphate 

moiety forms salt bridges with R189 from the mobile lid and also R301 at the bottom of 

the active site. Additional hydrogen bonds between the diphosphate groups and Y200, 

Y337, and Y375 is also observed.  The conformation of the closed MsUGM-SS is the 

same as found in the catalytically active KpUGM247. Superposition of KpUGM onto 

MsUGM-SS allows examination of the expected UDP-Galp pose (Figure 7.2 B)247. The 

anomeric carbon of UDP-Galp is at the same distance (3.6 Å) away from N5 of FAD as 

found in the KpUGM structure. These results suggest that the protein conformation of 

chain B is the same as catalytically competent UGM even though FAD is not reduced. 
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Figure 7.2: (A) UDP-bound active site of chain B. The mesh represents a mFo-DFc 
map at 3σ calculated after UDP was removed and the structure re-refined with 
simulated annealing. (B) Superposition of UDP-Galp from a catalytically competent 
structure of KpUGM (PDB ID 3INT). 

 Vitrification after quick soak in cryoprotectant, not allowing extensive back-

soaking of UDP, yielded the MsUGM-QS structure. Chain B remains closed with full 

UDP occupancy. However, chain A also has a weaker density of UDP. The occupancy 

of UDP was refined to 65%. Intriguingly, chain A is a mixture of both opened and closed 

conformations. The alternative conformations could be modeled unambiguously (Figure 

7.3 A). Occupancy of contiguous fragments were constrained to be the same, while no 

occupancy constraints were applied across fragments. Residues that were split are 137-

164 (41% occupancy) and 174-193 (53% occupancy).  Residues 137-164 move toward 

the active site mostly as a rigid body with little change in secondary structure (Figure 7.3 
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B). In contrast, residues 174-193, close over the active site and form a helical lid 

structure. In addition to these segments, Y375 also moves into the active site to 

hydrogen bond with the diphosphate group of UDP.  

 

Figure 7.3: (A) Structure of chain A in the dimeric MsUGM-QS with 65% UDP 
occupancy. The monomer is in a mixed opened and closed conformation. The green 
mesh represents mFo-DFc at 2σ before modeling of the closed conformation. Residues 
137-164 are in cyan (opened) and orange (closed). Residues 174-193 are in blue 
(opened) and magenta (closed). Position of Y375 is also shown in blue (opened) and 
magenta (closed). (B) Arrows indicate putative movement paths of different segments.  

7.4.2 MsUGM-His6 in complex with magnesium ion 

 Tetragonal MsUGM-His6 contains one molecule in the asymmetric unit with 

solvent content of 50% and Matthews coefficient of 2.48. Thus, both subunit of the 
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biological dimer are identical. MsUGM-His6 is in an opened conformation (Figure 7.4). 

The mobile lid does not adopt a secondary structure as observed in chain A of MsUGM-

SS. Initial refinement attempts yield Rwork and Rfree of 20.3% and 27.0% respectively, 

which is relatively high for a 2.05 Å structure. Because the Wilson B factor is also high 

(41.8 Å2), we reason that thermal motion is not sufficiently modeled by isotropic B factor 

refinement and TLS refinement would be more appropriate266, 267. Using the TLS Motion 

Determination (TLSMD) server268, 269, several potential TLS groups were identified. One 

to nine TLS fragments were used in trial refinement runs to identify an optimum 

fragment. The optimal TLS refinement strategy consists of 4 TLS groups: residues 15-

98, 99-199, 200-325, and 326-405. The resulting Rwork and Rfree are 17.4% and 23.7% 

respectively.   
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Figure 7.4: Structure of MsUGM-His6 with magnesium ion. TLS groups are labeled with 
colors: 15-98 (blue), 99-199 (green), 200-325 (magenta), and 326-405 (orange). The lid 
(arrow) is in an opened conformation, not covering the FAD-containing active site (box).  

 An octahedral set of peaks are present on the two-fold axis relating two subunits 

that are not biological dimers (Figure 7.5 A). Substantial evidence indicates that this set 

of peaks corresponds to magnesium ion coordination complex. Magnesium ion is 

required for crystallization, while a variety of PEG could be used as a precipitant. High 

concentration of magnesium ion results in showers of microcrystals. The octahedral 

geometry and bond length (2.1 Å) is also consistent with a magnesium ion complex270. 

In addition, placement of the magnesium ion does not result in positive or negative 
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peaks in the mFo-DFc map after refinement. The magnesium ion has D330 from each 

UGM subunit as its axial ligands (Figure 7.5 B).  Four ordered water molecules are 

equatorial ligands of the magnesium ion. Two of these water molecules, which are 

symmetry equivalent, form hydrogen bonds with side chain of R327 and backbone 

carbonyl of F328. The remaining oxygen of D330 that does not coordinate the 

magnesium ion also forms a hydrogen bond with these equatorial water molecules. The 

two remaining symmetry equivalent water molecules do not participate in other 

interactions.   

 

Figure 7.5: (A) Biological dimers (wheat) are linked together to form a crystal by 
magnesium ion coordination (box) on a crystallographic two-fold axis. The symmetry 
equivalent molecules are shown in wheat and blue for clarity. (B) Coordination 
environment around the magnesium ion (green). Numbers indicate bond distance in 
angstrom (Å).  
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7.5 Discussion and Conclusions 

 Previously reported prokaryotic UGM crystals, with the exception of KpUGM, are 

trapped in distinct opened or closed conformations that do not change conformation 

upon FAD reduction233, 257, 265. These observations suggest that crystal packing could be 

a major determinant of UGM conformation and that the energy barrier to conformational 

change in UGM is small. The structure of KpUGM in complex with UDP-Galp previously 

reported by our group showed closing of the mobile lid onto the active site upon UGM 

reduction in the same crystal form247. These results suggest that, at least in KpUGM, 

reduction of FAD is the trigger for lid closing. The structures of MsUGM-SS and 

MsUGM-QS reported here also reveal movements of UGM segments within the same 

crystal form. However, in contrast to the KpUGM structure, FAD is oxidized in both 

structures and the ligand is UDP. Partial occupancy of UDP results in a mixed opened 

and closed conformation of UGM. The closed conformation is identical to those 

observed in KpUGM. In addition, back-soaking of UDP results in complete loss of UDP, 

which also leave the active site completely opened. These results not only suggest that 

oxidized MsUGM is capable of adopting catalytically active conformation, but non-

substrate like UDP is also capable of inducing conformational change. Thus, it is likely 

that the energy barrier to conformational change is small regardless of FAD redox state. 

Therefore, it is possible that non-substrate, small molecule inhibitor could induce lid 

closing as well. The availability of the structure for both opened and closed 

conformation will provide valuable information to design anti-mycobacterial compound 

that target residues or pockets that are invariant upon conformational change. These 
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inhibitors should not lose affinity upon lid closing and should be more potent than 

inhibitors that target a single conformation.  

 Additional evidence for directional movement of UGM is found in the structure of 

magnesium ion-bound MsUGM-His6. TLS refinement dividing MsUGM-His6 into four 

segments results in significantly improved refinement statistics. Interestingly, residues 

99-199, containing residues 137-164 (with mobile lid) and 174-193 that moves in 

MsUGM-QS, is in the same TLS group as identified by the TLSMD server. Therefore, it 

is likely that residues 99-199 have propensity to move in the same direction. These 

prediction form the opened MsUGM-His6 structure is in agreement with the mixed 

conformation of MsUGM-QS. With recent development in structural analysis with diffuse 

scattering, it would be beneficial to examine the agreement between current TLS groups 

and the observed diffuse scattering once more advanced detectors become commonly 

available271, 272.  

MsUGM-His6 crystal forms readily in contrast to MsUGM-QS. A variety of 

precipitants can be used, but presence of magnesium ion is absolutely required. The 

structure revealed that the magnesium ion bridges UGM together to form crystals. The 

magnesium ion itself occupy the crystallographic two-fold axis. Because of the ease in 

crystallization and possible dynamics of the structure, this crystal form could be useful 

for obtaining structures of inhibitor complex. Moreover, if magnesium ion coordination is 

the main driving force behind crystallization, the MsUGM-His6 structure could be used 

for protein surface engineering to obtain crystal structure of other UGMs that are 

recalcitrant to crystallization.  
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Three MsUGM structures presented here complement the existing knowledge of 

mycobacterial UGM structure. Although several structures of MtUGM are available, 

structural dynamics of MtUGM is not well understood. Specifically, it is not known 

whether structural dynamics of mycobacterial UGMs is the same as other homologs 

such as KpUGM or eukaryotic UGMs. These MsUGM structures highlighting 

experimentally determined conformational dynamics within the same crystal form.  

Given the potential role of UGM conformational changes in inhibitor affinity as seen in 

CdUGM-inhibitor complex structure, these MsUGM structures could aid in further 

development of potent anti-mycobacterial both biochemically and computationally.  
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Appendix A 

Crystallization Screen for Intelectins 
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Intelectins require calcium ion for their function. However, large proportion of 

conditions in commercial crystallization screens contain calcium-incompatible reagents 

such as phosphate, sulfate, and citrate. Thus, crystallization screen of intelectin using 

commercial screens will result in chelation of calcium ion or false positive hits from 

insoluble calcium salt crystals. Therefore, a targeted screen was developed based on 

previously reported conditions for calcium containing proteins and lectins found in the 

Protein Data Bank (PDB). The table below shows the 48-conditions screen used to 

crystallize hIntL-1 and XEEL without further optimization. The screen is designed to be 

compatible with commercial screens. Therefore, conditions that are exact overlap with 

commercial screens were slightly modified, such as changing buffer salt or pH, and 

noted accordingly. 

Table A.1: Crystallization screen for intelectins 

Number Buffer pH Salt/Additive Precipitant PDB ID Notes 

1   200 mM NH4Cl 15% PEG 3350 3KQG  

2 100 mM NaOAc 4.5   2 M NaCl 2BPE Published pH = 4.6 

3 100 mM NaOAc 4.5 200 mM Zn(OAc)2 20% PEG 1000 1FM5  

4 100 mM MES 6 200 mM Ca(OAc)2 15% PEG 400     

5 100 mM Bis-Tris 6  25% PEG 3350   

6 100 mM Na Cacodylate 6   15% PEG 4000     

7 100 mM MES 6 200 mM NaCl 15% PEG 6000   

8 100 mM Na Cacodylate 6 200 mM Zn(OAc)2 7% PEG 8000 1TLG   

9 100 mM Bis-Tris 6  12% PEG 10000 1PWB Published using Tris 

10 100 mM Bis-Tris 6.5 200 mM Ca(OAc)2 45% MPD     

11 100 mM Imidazole 6.5  30% PEG 2000   

12 100 mM Na Cacodylate 6.5 100 mM MgCl2 12% PEG 3000 1XPH   

13 100 mM Na Cacodylate 6.5 200 mM NaCl 20% PEG 3350 2XR5  

14 100 mM Na Cacodylate 6.5 200 mM NaCl 35% PEG 3350 2XR6   

15 100 mM MES 6.5 300 mM MgCl2 5% PEG 4000 2DUR  

16 100 mM Bis-Tris 6.5   20% PEG 5000 MME 2C6U   

17 100 mM MES 6.5  20% PEG 6000   

18 100 mM Na Cacodylate 6.5 200 mM KCl 
100 mM Mg(OAc)2 

10% PEG 8000 2BPH   

19 100 mM Na Cacodylate 6.5 200 mM Ca(OAc)2 18% PEG 8000 1K9I  

20 100 mM Na Cacodylate 6.5 200 mM NaOAc 30% PEG 8000 2HRL   

21 100 mM HEPES 7 10% Glycerol 5 M Na Formate 1JZN  

22 100 mM Tris-HCl 7   20% PEG 400 1SL4   
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23 100 mM Tris-HCl 7 200 mM NaCl 30% PEG 3000 2IT5 
2IT6 

 

24 100 mM HEPES 7 400 mM MgCl2 25% PEG 3350 3C22   

25 100 mM HEPES 7 100 mM MgCl2 25% PEG 4000 3P5F 
3P5I 

 

26 100 mM Na Cacodylate 7 100 mM MgCl2 
5 mM CaCl2 

13% PEG 4000 3P7F 
3P7G 
3P7H 

Published pH = 6.9 

27 100 mM HEPES 7  20% PEG 6000   

28 100 mM Tris-HCl 7 200 mM Zn(OAc)2 8% PEG 8000 2OX8   

29 100 mM HEPES 7.5  4.3 M NaCl 3ALS  

30 100 mM HEPES 7.5 200 mM NaCl 30% PEG 300 1SL6   

31 100 mM HEPES 7.5 100 mM LiCl 20% PEG 400   

32 100 mM HEPES 7.5   25% PEG 2000 MME     

33 100 mM HEPES 7.5  20% PEG 3350   

34 100 mM HEPES 7.5 15% Glycerol 17% PEG 4000 
8.5% Isopropanol 

2DF3   

35 100 mM HEPES 7.5 100 mM KCl 20% PEG 6000   

36 100 mM HEPES 7.5   20% PEG 8000 1K9J   

37 100 mM Tris-HCl 8 10 mM CaCl2 60% MPD 1WMY  

38 100 mM Tris-HCl 8   25% PEG 400     

39 100 mM Tris-HCl 8 100 mM KCl 15% PEG 2000 MME   

40 100 mM Tris-HCl 8 200 mM NaCl 25% PEG 3350     

41 100 mM Tris-HCl 8  20% PEG 4000 1PW9 Published using 10 
mM Tris 

42 100 mM Tris-HCl 8   30% PEG 6000 2YHF   

43 100 mM Tris-HCl 8 20 mM CaCl2 
10 mM NaCl 

15% PEG 8000 1FIF Published using 
13.5% PEG 

44 100 mM Tris-HCl 8 200 mM MgCl2 30% PEG 8000 3VPP   

45 50 mM Tris-HCl 8.5  3.75 Na Formate 1XAR  

46 100 mM Tris-HCl 8.5 200 mM MgCl2 30% PEG 4000 1SL5   

47 100 mM Tris-HCl 8.5  25% PEG 6000   

48 100 mM Tris-HCl 8.5 200 mM NaCl 30% PEG 8000 2OX9 Published using 
imidazole 
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Appendix B 

Facilitation of folding and crystallization of the type II TGF-β receptor extracellular 

domain by non-detergent sulfobetaine-201 
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Wangkanont, K., Forest, K. T., Kiessling, L. L., The non-detergent sulfobetaine-201 acts 
as a pharmacological chaperone to promote folding and crystallization of the type II 
TGF-β receptor extracellular domain. Protein Expr Purif. 2015, 115, 19-25. 
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B.1 Abstract 

 Signaling through the type II TGF-β receptor (TBRII) is crucial for numerous 

biological processes such as development and cancer metastasis. Therefore, chemical 

probes that bind and modulate TBRII activities could have therapeutic potentials. To 

develop such probes, large amounts of TBRII extracellular domain (TBRII-ECD) are 

needed for biophysical studies. However, the active TBRII-ECD yield obtained from 

existing folding protocols are highly variable and limited. To overcome the protein 

production barrier, we developed an on-plate folding screen to discover new folding 

conditions. This assay identified non-detergent sulfobetaine 201 (NDSB-201) as an 

effective additive. Because not all NDSBs are effective additives, we postulated that 

TBRII-ECD possesses a specific binding site for NDSB-201. X-ray crystallography using 

TBRII-ECD crystals grown with NDSB-201 revealed a hydrophobic binding pocket for 

NDSB-201. The ability of NDSB-201 to bind TBRII-ECD suggests stabilization of the 

folded state as a molecular mechanism for TBRII-ECD folding, in addition to 

minimization of protein aggregation by NDSB-201 previously reported for other systems.  

NDSB-201 also accelerates TBRII-ECD crystallization. Thus, NDSB-201 might be a 

useful crystallization additive if a protein has been folded with it. Moreover, our results 

suggest that TBRII contains a binding pocket that could be targeted by small molecule 

modulators.      

B.2 Introduction 

 Transforming growth factor beta (TGF-β) signaling is indispensable for cell 

growth and differentiation273. Signal transduction is initiated by binding of TGF-β to type 

II TGF-β receptor (TBRII)274. The TGF-β-TBRII complex then binds and phosphorylates 
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type I receptor (TBRI). This activated complex then phosphorylates SMAD proteins 

which then regulate expression of numerous genes275. The biological outcome of TGF-β 

signaling is modulated by numerous factors such as cell age, presence of other growth 

factors, and the cellular environment276. Thus, spatial and temporal control of TGF-β 

signaling is crucial to direct the physiological response for wound healing or cell 

differentiation277.  

 Because of the countless roles of TGF-β signaling, chemical tools that modulate 

the receptor activities are valuable. For example, an inhibitor of TBRI kinase, 

SB431542, prevents cell migration crucial for cancer metastasis278. These diverse 

signaling outcomes led us to screen for peptide ligands that bind and modulate TBR 

activities. Using phage display, we discovered two peptides (LTGKNFPMFHRN and 

MHRMPSFLPTTL) that can bind both TBRI and TBRII279. Pre-organization of the 

receptors using immobilized peptide reduced the amount of required TGF-β for receptor 

activation to the pM range, and also allowed spatial control of cellular TGF-β signaling 

activation280, 281. To design the next generation of probes, the knowledge of peptide 

binding site and binding mode is required. These biophysical characterizations requires 

large amounts of correctly folded TBRs. However, existing protocols to produce active 

TBRII result in highly variable receptor yield282-284. Therefore, we developed an on-plate 

ELISA-based screen to optimize the folding conditions. 

 Using a thioredoxin-fused TBRII-ECD (Trx-TBRII-ECD) in the folding screen, 

non-detergent sulfobetaine-201 (NDSB-201) was found to be an effective additive for 

increasing active protein yield. NDSB-201 was also able to assist folding of protease-

resistant, untagged TBRII-ECD (TBRII-ECD-PR) in solution. Because the mechanism of 
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NDSB-201-assisted folding is not well understood, we sought to further characterize the 

interactions. X-ray crystallography revealed the presence of a binding pocket for NDSB-

201 on TBRII-ECD. These results suggest that NDSB-201 acts as a pharmacological 

chaperone that binds and stabilizes the folded state in addition to preventing protein 

aggregation285-289. 

B.3 Material and Methods 

B.3.1 Expression of thioredoxin-fused TBRII (20-136) (Trx-TBRII-ECD) 

The DNA sequence encoding TBRII-ECD (20-136) was amplified from a 

previously reported TBRII (15-136) expression plasmid284 and ligated into the KpnI and 

NcoI sites of pET32b. The resulting construct contains a thioredoxin (Trx) tag at the N 

terminus of TBRII-ECD. The plasmid was transformed into Tuner (DE3) and grown at 

37 °C to OD600 of 0.6 in Terrific Broth (Research Products International Corp.). 

Temperature was reduced to 15 °C and protein expression induced by addition of 

isopropyl β-thiogalactopyranoside (IPTG) to 0.1 mM. Bacteria were harvested 14 h later 

by centrifugation. The pellet (25 g) was then resuspended in 50 mL of 50 mM sodium 

phosphate (pH 7.4), 300 mM NaCl, 0.1 mg/mL lysozyme, 2.5 mM benzamidine, 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and 1 tablet of SIGMAFASTTM Protease Inhibitor 

Cocktail (EDTA-free), and lyzed by sonication. The lysate was clarified by centrifugation 

at 100,000xg for 1 h and filtration through a 0.45 µm membrane. 

B.3.2 On-plate folding assay 

Lysate (200 µL) containing Trx-TBRII-ECD was added to Ni-NTA HisSorb plate 

(Qiagen) and incubated for 2 h. The plate was then washed 3 times for 5 min each with 

200 µL of 50 mM sodium phosphate (pH 7.4), 300 mM NaCl, and 25 mM imidazole. 
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Folding solutions (200 µL) were added to the plate and incubated at 4 °C for 40 h. The 

plate was then washed with phosphate-buffered saline (PBS) containing 0.05% Tween 

20 (PBST). Detection of correctly folded TBRII-ECD employed a previously reported 

assay to monitor TGF-β1 binding to the receptor283. Briefly, the plate was blocked for 

1.5 h with 5% BSA in PBST (200 µL) at 37 °C. TGF-β1 solution (100 µL, 5 ng/mL, Cell 

Signaling Technology) was added and incubated for 2 h at room temperature. After 

washing, a solution of biotinylated anti- TGF-β1 (100 µL, 100 ng/mL, BAF240, R&D 

Systems) was added and incubated at room temperature for 1 hour. After washing, 

streptavidin-HRP solution (100 µL, 200 ng/mL, Jackson Immunoresearch) was added. 

After incubation for 20 min, the colorimetric substrate 1-Step Ultra TMB (100 µL, Pierce) 

was added. The reaction was stopped by addition of 2 M sulfuric acid (100 µL). 

Absorbance at 450 nm was measured as proportional to the amount of correctly folded 

TBRII-ECD. 

B.3.3 Folding and purification of TBRII (26-136) Q26A K97T (TBRII-ECD-PR) 

The sequence encoding untagged TBRII (26-136) with protease-resistant 

mutations (Q26A and K97T) was cloned in between the NdeI and BamHI sites of 

pET24a. The expression plasmid was transformed into Tuner (DE3) and grown to OD600 

of 0.6 at 37 °C in Terrific Broth. Protein expression was induced by addition of IPTG to 1 

mM. Cells were harvested after 6-8 h by centrifugation and kept frozen at -80 °C until 

use. 

 Extraction of TBRII-ECD-PR inclusion bodies was accomplished using a similar 

protocol used for TGF-β3 inclusion bodies290. Briefly, the bacterial pellets were 

resuspended in 100 mM Tris (pH 8.0), 10 mM EDTA, 0.1 mg/mL lysozyme, 2.5 mM 
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benzamidine, and 1 mM PMSF, and lysed by sonication. After centrifugation, the 

insoluble pellet was resuspended in 100 mM Tris (pH 8.0), 10 mM EDTA, and 1% Triton 

X-100 by sonication. The insoluble material was isolated by centrifugation and 

resuspended in 100 mM Tris (pH 8.0), 10 mM EDTA, and 1 M NaCl by sonication. The 

washed inclusion bodies was then pelleted and solubilized in 20 mM Tris (pH 8.0), 20 

mM Bis-Tris, 100 mM DTT, and 8 M urea. The insoluble materials were removed by 

centrifugation, and the pH of the solution was adjusted to 6.0. The denatured protein 

was purified using an anion exchange column (HiTrap Q FF, GE Healthcare) 

equilibrated with 20 mM Bis-Tris (pH 6.0) and 8 M urea. TBRII-ECD-PR was eluted with 

a linear gradient of 0-300 mM NaCl. The protein concentration was measured by UV 

absorption at 280 nm using an extinction coefficient of 8480 M-1cm-1 136. The protein 

solution was stored at -80 °C until use. 

 To initiate folding of TBRII-ECD-PR, the urea solution containing TBRII-ECD-PR 

was added dropwise to an ice-cold solution of 75 mM Tris (pH 8.0), 1 M NDSB-201, 2 

mM reduced glutathione (GSH), and 0.5 mM oxidized glutathione (GSSG) keeping the 

final protein concentration of 0.1 mg/mL. After stirring at 4 °C for 2 days, the solution 

was concentrated under nitrogen gas using Amicon stirred cell equipped with a 3 kDa 

cut-off membrane. The concentrated protein was dialyzed against 20 mM Bis-Tris (pH 

6.0) and captured with an anion exchange column (HiTrap Q HP, GE Healthcare). 

TBRII-ECD-PR was eluted with a linear gradient of 0-300 mM NaCl (Figure B.1). 

Fractions containing correctly folded TBRII-ECD-PR was identified using the same 

TGF-β1 binding assay used in the on-plate folding screen but with TBRII-ECD-PR 

absorbed directly onto a Nunc MaxiSorp ELISA plate (Thermo Scientific). The desired 
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fractions were pooled and dialyzed against 50 mM sodium phosphate (pH 7.0). 

Ammonium sulfate was added to 1 M and minor impurities were captured with HiTrap 

Butyl HP column (GE Healthcare). The flow-through containing active TBRII-ECD-PR 

was further purified using size exclusion chromatography (Superdex 75 16/60) with 20 

mM Tris (pH 7.4) and 300 mM NaCl as a running buffer. 

Figure B.1: Anion exchange chromatogram (HiTrap Q HP) of TBRII-ECD-PR. The peak 
corresponding to correctly folded TBRII-ECD-PR is marked with an asterisk. 

B.3.4 X-ray crystallography of TBRII-ECD-PR 

 Purified TBRII-ECD-PR was dialyzed against water and concentrated to 20 

mg/mL. The final concentration was determined by UV absorption at 280 nm using an 

extinction coefficient of 9230 M-1cm-1 136. NDSB-201 was added to 50 mM and the 

protein crystallized using the previously reported conditions (100 mM sodium citrate (pH 

5.0) and 30% PEG 2000)291. Crystals grew to full size in 2-3 days as opposed to 7-14 

days without NDSB-201, consistent with that reported previously291. The crystals were 

cryoprotected with paratone, as opposed to glycerol in the previously reported 

procedure, and vitrified in liquid nitrogen. Single crystal diffraction data were collected 
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using a MAR 300 CCD detector at beamline 21-ID-D (LS-CAT), Advanced Photon 

Source, Argonne National Laboratory. Data reduction was performed with HKL2000138 

(Table B.1). Molecular replacement was performed with Phaser140, 186 using a previously 

reported TBRII-ECD-PR structure292 (PDB ID 1M9Z) as a search model. NDSB-201 

coordinates and restraints were generated using eLBOW250. Refinement and model 

adjustment were performed with phenix.refine141 and Coot142 respectively (Table B.1). 

The structure was validated using MolProbity144, and figures of protein structures were 

generated using PyMOL145. 

Table B.1: Data collection and refinement statistics for TBRII-ECD-PR in complex with 
NDSB-201. 

Data collection statistics  
Wavelength (Å) 0.97919 
Resolution range (Å)* 22.1  - 1.5 (1.55  -  1.5) 
Space group P 21 21 21 
Unit cell 33.6  40.5  75.8  
Total reflections 104,863 (10,083) 
Unique reflections 17,064 (1,653) 
Multiplicity 6.1 (6.1) 
Completeness (%) 99.5 (98.5) 
Mean I/sigma(I) 18.7 (3.9) 
Wilson B-factor 17.9 
R-merge 0.054 (0.419) 
R-meas 0.060 (0.458) 
R-pim 0.024 (0.182) 
Refinement Statistics 21.4  -  1.5 (1.55  -  1.5) 
R-factor 0.172 (0.195) 
R-free (10%) 0.200 (0.240) 
Number of atoms 1002 
       protein 899 
       ligand 13 
       water 90 
Protein residues 102 
RMSD (bonds, Å) 0.006 
RMSD (angles, Å) 1.17 
Ramachandran favored (%) 98 
Ramachandran outliers (%) 0 
Average B-factor 22.3 
       protein 20.7 
       ligand 39.1 
       solvent 35.2 
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*Statistics for the highest-resolution shell are shown in parentheses. The coordinates and 
structure factors have been deposited to the Protein Data Bank under accession code 4P7U. 

B.4 Results  

B.4.1 Folding screen for TBRII-ECD 

Our attempts to fold TBRII-ECD from inclusion bodies using previously reported 

conditions282, 284, 293 afford highly variable yields (often less than 1 mg from 50 mg of 

solubilized inclusion bodies). Chicken Trx-TBRII-ECD was shown to be functional, but 

human Trx-TBRII-ECD cannot bind TGF-β1 despite being soluble294, 295. Human Trx-

TBRII-ECD has been folded on Ni-NTA283; however, a high concentration of arginine at 

pH 8.0 interferes with protein binding to Ni-NTA296. Inspired by this on-resin folding 

strategy283, we developed an on-plate folding screen to rapidly optimize TBRII-ECD 

folding conditions. In this assay, soluble Trx-TBRII-ECD was immobilized onto a Ni-

NTA-coated 96-well plate (Figure B.2). Folding buffer was then applied to each well. In 

total, 81 conditions were screened. Each buffer contains Tris buffer, one additive, and 

one redox couple. The pH was maintained at 8.0, close to pKa of cysteine thiol, to 

facilitate disulfide bond formation. The additives examined were chosen based on 

literature precedence297-300 (Table B.2). To quantify the amount of correctly folded 

TBRII-ECD, a functional assay that involved monitoring the amount of bound TGF-β1 

using a TGF-β1-specific antibody. 
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Figure B.2: ELISA scheme for the on-plate folding assay to detect correctly folded Trx-
TBRII-ECD 

Table B.2: Composition of buffers used in the on-plate folding screen. 

Buffer Additives Redox buffer 

75 mM Tris pH 8.0 Sorbitol (0.5, 1, 2 M) 

Urea (1, 2, 4 M) 

NaCl (100, 250 mM) 

PEG 3350 (0.05, 0.1, 0.5 %) 

PEG 6000 (0.05, 0.1, 0.5 %) 

MgCl2+CaCl2 (1 mM each) 

α-Cyclodextrin (5, 10 mM) 

β-Cyclodextrin (5, 10 mM) 

NDSB-195 (0.5, 1 M) 

NDSB-201 (0.5, 1 M) 

NDSB-221 (0.5, 1 M) 

NDSB-256 (0.5, 1 M) 

2 mM GSH + 0.5 mM GSSG 

2 mM GSH + 0.2 mM GSSG 

2 mM GSH + 0.05 mM GSSG 
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 A preliminary folding screen indicated that urea, NDSB-201, or NDSB-256 each 

serve as an effective additive (Figure B.3). We then held the redox couple constant (2 

mM GSH + 0.5 mM GSSG) and repeated the folding screen in triplicate (Figure B.4). 

Using the level of folding with the redox buffer alone as a baseline, the effect of each 

additive was analyzed. When either urea, NDSB-201, or NDSB-256 was added, high 

levels of correctly folded Trx-TBRII-ECD was observed. 

 

Figure B.3: Preliminary screen for folding conditions of Trx-TBRII-ECD. Relative 
amount of correctly folded protein was measured by absorbance reading of the ELISA 
product. 
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Figure B.4: (A) Trx-TBRII-ECD folding screen using a constant redox buffer (2 mM 
GSH + 0.5 mM GSSG). Error bars indicate standard deviation of triplicate absorbance 
measurements. Dashed line indicates the level of active Trx-TBRII-ECD when no 
additive is present, setting the baseline for effective additives. (B) Structures of NDSBs 
tested. 

 Although urea was an effective additive, we further investigated NDSBs because 

their mechanism of action is poorly understood. We postulated that there exists a 

specific binding site for NDSB-201 and NDSB-256 on TBRII-ECD because all NDSBs 

are zwitterionic, but not all NDSBs improved folding in our assay. Because NDSB-201 

was more cost effective than NDSB-256, NDSB-201 was employed in larger scale 

solution phase folding experiments of untagged protease-resistant TBRII (TBRII-ECD-

PR) previously used for structure determination292. The optimized conditions are 75 mM 

Tris (pH 8.0), 1 M NDSB-201, 2 mM GSH, and 0.5 mM GSSG for 40 h at 4 °C. This 
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protocol yielded 8-13 mg of purified TBRII-ECD-PR from 50 mg of urea-solubilized 

protein. This protocol was successful for both Trx-TBRII-ECD and TBRII-ECD-PR 

suggesting that the conditions found in the on-plate screen is applicable for folding in 

solution. In addition, we conclude that protease-resistant mutations in TBRII-ECD-PR 

do not affect folding significantly.  

B.4.2 Crystal structure of TBRII-ECD-PR in complex with NDSB-201 

 To examine whether TBRII-ECD contains a binding site for NDSB-201, we 

crystallized TBRII-ECD-PR using previously reported conditions291. When NDSB-201 

was added, protein crystals grew and reached full size within 2-3 days as opposed to 1-

2 weeks without NDSB-201. Crystallographic analysis revealed a molecule of NDSB-

201 bound to TBRII-ECD-PR (Figure B.5). The binding site is a hydrophobic pocket 

formed by W65, F111, F126, and a disulfide bridge formed by C38 and C44. The 

cationic pyridinium ring of NDSB-201 stacks onto the phenyl ring π face of F126 in a 

staggered conformation. The pyridinium ring also interacts with W65 in an edge-on 

manner. The edge of the binding pocket also contains several hydrophilic residues 

(D39, N40, K67, E102, and T109). However, their side chains are more than 4 Å away 

from the sulfonate group of NDSB-201. Thus, these residues may only minimally 

contribute to NDSB-201 binding affinity. The total buried surface area of the complex is 

375 Å2 as determined by PISA301. These results suggest favorable and specific 

interactions between NDSB-201 and TBRII-ECD. 
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Figure B.5: (A) Structure of TBRII-ECD-PR (blue) with bound NDSB-201 (orange). The 
black mesh represents a mFo-DFc map (3.0 σ) that was calculated after the ligand was 
removed and the structure re-refined. (B) Surface representation of the complex. TBRII-
ECD-PR atoms that are within 4 Å of the ligand are highlighted in yellow. 

B.5 Discussion and Conclusions 

 The on-plate assay allowed rapid identification of conditions to promote folding of 

Trx-TBRII-ECD. The conditions found were also effective for folding untagged TBRII 

(TBRII-ECD-PR) in solution. The assay provided information about the chemical 

sensitivity of TBRII-ECD during the folding process. For example, a low concentration of 

urea was highly effective at folding TBRII-ECD, but the efficiency decreased with 

increasing urea concentration. These results highlight the importance of controlling urea 
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concentration when applying a previously reported protocol284.  Because the screen 

covers expansive chemical space of known additives, it could be adapted for other 

monomeric receptors or enzymes for which an activity assay for functional protein is 

available.  

 Because urea and NDSBs are aggregation suppressors302, 303, their effectiveness 

as folding additives indicates that a major bottleneck of TBRII-ECD folding is 

aggregation. However, NDSB-201 and NDSB-256 outperformed other NDSBs, 

suggesting a specific binding site on the receptor. NDSB-201 and NDSB-256 contain 

pyridinium and benzyl groups, respectively, that can stack onto aromatic amino acids on 

the receptor304. NDSB-192 and NDSB-221, which lack an aromatic substituent, are less 

effective as a folding additive. Crystallographic analysis showed that NDSB-201 bind 

TBRII-ECD-PR in a shallow hydrophobic pocket. The pyridinium ring stacks onto 

aromatic phenyl alanine in the binding site. This binding mode may stabilize the 

correctly folded product in addition to preventing protein aggregation during the folding 

process.  

 To date, there are six protein structures in complex with NDSB-201 in the Protein 

Data Bank305-310. In each of them, NDSB-201 interacts with aromatic amino acids. 

However, NDSB-201 was used as a crystallization additive or a cryprotectant after the 

correctly folded protein has been obtained by other means without using NDSB-201 as 

a folding additive. Our results suggest that NDSB-201 could be used as both a folding 

agent and crystallization additive. We postulate that it will be advantageous to include 

NDSB-201 in crystallization trials if a protein has been folded or refolded with NDSB-

201. 
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 The presence of a small molecule binding pocket on TBRII-ECD suggests that 

this pocket could be targeted to generate probes for TGF-β signaling. Alignment of the 

NDSB-201-bound structure with the structure of the complex between TBRII-ECD, 

TBRI-ECD and TGF-β3 (PDB ID 2PJY, Figure B.6) reveals that the NDSB-201 binding 

site on TBRII-ECD does not overlap with the TBRI-ECD and TGF-β3 binding surface. 

This observation suggests that NDSB-201 may not interfere with the signaling complex 

formation. However, as demonstrated previously, molecules that bind in a remote site 

on the TGF-β signaling complex can still modulate TGF-β signaling279, 280. Our research 

not only suggests an alternative folding mechanism of TBRII-ECD by NDSB-201, but 

also reveals a potential pocket on TBRII-ECD that could be exploited for chemical 

modulator development. 

 

Figure B.6: Alignment of the TBRII-ECD-PR-NDSB-201 complex onto a structure of the 
TGF-β signaling complex. The location of NDSB-201 is indicated by the boxes. 
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