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ABSTRACT 

Carbohydrate transfer reactions are significant for organisms and are involved in a variety of 

functions in cells. This complicated system is controlled by enzymes including 

glycosyltransferases (GTs). GTs catalyze sugar transfer reactions. There are mainly two 

structural folds adopted by GTs, GT-A and GT-B. Structures of the GT-B enzymes are well 

conserved, especially in the C-terminal domain. GT-Bs are believed to undergo a conformational 

change upon binding substrates. This indicates that protein dynamics of GT-B members is a key 

for the study of the whole family. To better understand the commonly shared conformational 

change by GT-B enzymes, backbone amide hydrogen-deuterium exchange monitored by mass 

spectrometry (HDX-MS) is utilized to characterize protein motion in solution.  

We report results of HDX-MS experiments to determine conformational changes of two 

representatives of GT-B enzymes, MshA from Corynebacterium glutamicum (CgMshA) and 

Heptosyltransferase I (HepI). HDX-MS analysis of CgMshA suggests a third conformation of 

CgMshA in solution with uridine 5′-diphospho-N-acetylglucosamine (UDP-GlcNAc) bound. It 

indicates that the UDP-GlcNAc complex might be in a loose form compared with UDP complex, 

and the UDP release step might be rate determining for the reaction. Moreover, structural and 

dynamic studies are combined with bioinformatic results for CgMshA to predict the 

sequence/structure/dynamic relationships for the GT4 family. In addition, protein dynamics of 

HepI in the apo form is studied and compared to CgMshA. HDX-MS analysis of HepI suggests 

that the regions in the outer layer of HepI exhibit flexibility, which predicts a slight domain 
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rotation in HepI. The flexible regions of HepI might participate in the potential conformational 

change.   

Other contributions of an additional domain are investigated in this dissertation in terms of 

protein activity and mechanism. By studying isopropylmalate synthase and citramalate synthase 

from Methanococcus jannaschii (MjIPMS and MjCMS, respectively), the role of the LeuA dimer 

regulatory domain in substrate selectivity is determined. Overall, we report a more complex role 

for the LeuA dimer regulatory domain in substrate selectivity through catalytic modulations 

rather than selectivity through differential binding as a result of extensive co-evolution between 

the catalytic and regulatory domains. 
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CHAPTER 1 

INTRODUCTION OF THE DISSERTATION 

1.1 Sugar Transfer Reactions 

Carbohydrate background. In the recent two decades, carbohydrates have obtained 

increased attention with the advancement of glycobiology. Similar to genomics and proteomics, 

glycobiology investigates carbohydrates with respect of overall structure and functions. Based on 

their structure, carbohydrates can be grouped into three basic types: monosaccharides, 

oligosaccharides, and polysaccharides. The monosaccharide is a sugar that cannot be broken 

down into smaller units, such as glucose (Figure 1.1A). Monomers are linked by glycosidic 

bonds to form oligosaccharides and polysaccharides. Oligosaccharides are comprised of 2-10 

monosaccharides, in which disaccharides are the most common in nature. For example, lactose is 

a component of milk weighted by 2-8% (Figure 1.1B). Polysaccharides are polymers of simple 

sugars and their analogs, which may adopt both linear or branched structures, such as starch and 

cellulose, respectively (Figure 1.1C, 1.1D).1  
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Figure 1.1 Structure of (A) -D-glucopyranose, (B) lactose, (C) amylose formed starch, and (D) 

cellulose with branched structure. Blue dotted lines show the intersheet hydrogen bonds between 

the sheets, which strengthen the structure.      
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The stereochemical configuration of monosaccharides must be assigned in the structural 

diagram. One of the best ways to assign the structure is to use the Fischer projection system, 

which is a two-dimensional representation of a three-dimensional organic molecule by 

projection. In the Fischer projection system, the configuration of the sugar is based on the 

highest numbered asymmetric carbon and signed by prefix D or L (biochemical convention). For 

the highest numbered chiral carbon, if a hydrogen is on the left and a hydroxyl group is on the 

right, the monosaccharides are labeled by prefix D. Similarly, if hydrogen is on the right and 

hydroxyl group is on the left, the molecule is prefixed an L. 

Monosaccharides exist in linear and cyclic forms in solution. Linear glucose forms a cyclic 

hemiacetal through an intramolecular reaction. Although this reaction is reversible, the linear 

form of sugar is only 1% of the molecule at equilibrium, so the cyclic version is preferred to 

describe the sugar in solution (Figure 1.2).1 In the cyclic form, the carbon that carries the 

carbonyl functions become an asymmetric carbon, and is called the anomeric carbon. The two 

different isomers of the monosaccharide are distinguished by the configuration of the anomeric 

carbon as  or  (Figure 1.2). 

In addition to the three factors mentioned above, modification of hydroxyl groups also 

contributes to carbohydrate diversity. Monosaccharides can be phosphorylated to form sugar 

esters. For example, phosphorylation at C1 position of glucose will produce glucose-1-

phosphate, which is an important metabolic intermediate. In addition, amino sugars contain an 

amino group instead of a hydroxyl group in the monosaccharide molecule, and they exist in 

many oligosaccharides and polysaccharides. 

In summary, all four factors, numbers of sugar units, stereochemical structure of each sugar 

unit, difference types of sugar linkage, as well as sugar modifications result in the highly 
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complicated diversity of the carbohydrate system in nature.2 A good example to represent the 

carbohydrate diversity is the comparison between disaccharide and dipeptide, both of which is 

formed by two corresponding units. While the dipeptide only has one structure with identified 

amino acids, the disaccharide can adopt more than ten different structures with two glucose units. 

The highly diverse repertory of carbohydrate reactions requires a multitude of glycoside 

hydrolases (GHs) and glycosyltransferases (GTs), which will be described in this chapter. 

 

Figure 1.2 Linear glucose forms a cyclic hemiacetal through an intramolecular reaction. The 

stereochemistry of the monosaccharides is distinguished by the configuration of the anomeric 

carbon as  or . 

 

Biological importance of sugar. The structural diversity of carbohydrates makes them exhibit 

wide and essential functions in nature. For instance, the carbohydrate system participates in signal 

transduction in cells. Carbohydrates also determine various blood types and antigens in red blood 

cells. In addition, carbohydrates play an important role in storing energy and providing structural 

support. In the following paragraphs, the biological importance will be described.   

The structural diversity of carbohydrates, such as glycan on the cell surfaces, enables them 

to contribute in the signal transfer system of cells, which involves signaling, receiving signals, 

and adhesion.2 It is reported that the cell-cell interactions are regulated by lectins on the cell 
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surface, in which lectins receive the attached carbohydrates from the surface of another cell. This 

kind of cell-cell interaction exists widely in nature.3 In addition, this interaction is also identified 

by a kind of carbohydrate called “telltale sugars” on cell surfaces, which recognizes a target cell 

and makes interactions. It has been reported that once the telltale sugars are bound and interact 

with drugs, the infection of the cell can be prevented.4 In the past two decades, glycobiological 

researchers have proved a wide range of tasks performed by cell-cell signal transformation. For 

example, the marker sugars on cell surfaces that are involved in cell recognition, adhesion, and 

localization, also contribute to the enhancement of host immune defense, cytopathogenic effects, 

and cellular apoptosis.5, 6 

Another biological function of carbohydrates is the contribution to signal transduction 

pathways. A signal transduction pathway involves three signaling stages: the receptor receives 

the signal, transducers relay the signal, and effectors convert the signal into an intracellular 

response.7 A representative example of signal transduction is the cycle of O-N-acetylglucosamine 

(O-GlcNAc) modification, which occurs in cytosolic and nuclear proteins. O-GlcNAc is a 

sensitive molecule to extracellular conditions, and its modification cycle is dynamic in response 

to the environment.8 In the progress of O-GlcNAc modification, the GlcNAc molecule is added 

or removed from a serine or threonine residue, which is the same target of protein 

phosphorylation. The addition of removal of GlcNAc molecule modifies protein with respect to 

both structure and function, and the modified protein will respond to cellular signals (Figure 

1.3).9, 10 Interestingly, multiple enzymes involved in the phosphorylation reactions have been 

reported in cells, however, only one common catalytic domain of O‐GlcNAc transferase or O‐

GlcNAcase has been discovered in mammals thus far.11-14 

Sugars also contribute to the human ABO (H) blood types. Proteins and lipids on the cell 
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surface of red blood cells are protected by sugar coats. The sugar units that build the sugar coat 

determine the ABO blood types. The sugar chain has a core that contains 5-13 monosaccharide 

units, and this sugar core is called the H-antigen. The blood type with only the H-antigen is 

designated O type. A and B types contain one more sugar the end of H-antigen. The sugar added 

for type A is N-acetylgalactosamine while galactose is found type B.15 Although the two sugars 

share a similar structure with only a slight difference of size (galactose is smaller), they behave 

critically differently.  

Another major role of carbohydrates in plants and animals is storing energy, which is 

performed by the polysaccharides, starch for plants and glycogen for animals. In plants, starch 

exists in a particle in the stroma of plastids. When starch needs to be used by the plant, it is 

degraded to produce a glucose-1-phosphate unit and a starch molecule that loses one unit by a 

phosphorolytic cleavage reaction. Similarly, in animals, glycogen is hydrolyzed to produce 

glucose by -amylase or maltose by -amylase. The products are then hydrolyzed by glycogen 

phosphorylase to form glucose-1-phosphate.1  

In addition to chemical contributions, physical supports can be also provided by 

carbohydrates. Cellulose is a kind of structural polysaccharide and provides structure and 

strength for plants. Celluloses exhibit a difference compared to storage polysaccharides, such as 

starch and glycogen, although made with highly similar components. Cellulose is formed by 

glucose units with  linkages, while glycogen is formed by glucose units with  linkages. 

Cellulose is the most abundant polymer in nature, and it is one of the foundational components 

involved in cell wall biosynthesis in plants. For example, the insoluble and highly structural 

organized wood and bark of trees are formed from cellulose.1 Cellulose is resistant to hydrolysis, 

whether by acid or digestive amylases that hydrolyzes glycogens. Therefore, cellulose cannot be 
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digested by most animals including humans. The only exceptions are those animals, like cattle, 

deer, and camels, which have a special enzyme cellulase in bacteria living in their rumen.1 

 

 

Figure 1.3 O-GlcNAc cycles regulate responses to the extracellular environment.16 (Adopted 

from reference 12) O-GlcNAc is added and removed from the serine and the threonine residues 

by O-GlcNAc transferase (OGT) on the left part and O-GlcNAcase on the right, respectively. 

The O-GlcNAcase contains a -N-acetylglucosaminidase domain (labeled in pink) and a HAT 

domain (light blue) with a caspase-3 cleavage site (in green). 

 

Types of enzymes that are involved in carbohydrate reactions. The word “glycomic” is 

defined as the study of glycan repertory in terms of both structure and function in organisms. 

Unlike genomics and proteomics, the complexity and diversity of a carbohydrate is not regulated 

by a blueprint sequence.17 Based on previous glycomic research, glycan synthesis in organisms is 

regulated by enzymes.18  

The highly diverse repertoire of carbohydrate reactions requires a multitude of glycoside 

hydrolases (GHs) and glycosyltransferases (GTs). GHs catalyze the hydrolysis of the glycosidic 
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bonds in complex carbohydrates.19 GHs are classified into separate families in terms of their 

sequence alignment.20 However, this classification that was supposed to predict both the structure 

and function of enzyme members, surprisingly places enzymes that share distinct functions in the 

same sequence group. Over the years, with increased reports of sequences and structure for GHs, 

it was found that the structure of GHs is better conserved than amino acid sequences. In this 

case, it is preferred to group GHs based on their structures.21 Remarkably, structural reports of 

GHs indicate that a high diversity of folding types are found for GHs.22 

 The glycoside hydrolases can be grouped into retaining and inverting GH families based on 

the stereochemistry of the reaction (Scheme 1.1). The mechanisms utilized in the two types of 

reactions have been elucidated as well. In inverting hydrolysis reactions, a catalytic base residue 

removes a proton from a H2O molecule to make a nucleophile. The nucleophilic hydroxyl group 

attacks the chiral carbon from the opposite side of the C-O bond and cleaves the C-O bond 

(Figure 1.4 A). A double displacement mechanism is used in the retaining reaction. The double 

displacement mechanism contains two steps. In the first step, a nucleophile attaches the chiral 

carbon from the opposite side of the C-O bond and inverts the configuration. In the second step, 

another nucleophile attacks a water molecule and the hydroxyl group attacks the chiral carbon on 

the other side to switch back the configuration (Figure 1.4 B).23  

===================================================================== 

Scheme 1.1 Inverting and retaining glycoside hydrolysis. 
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Figure 1.4 The mechanisms utilized by (A) inverting GH and (B) retaining GH.  

 

With the impactful work for GH, similar research was applied to the GT families. GTs are a 

set of enzymes that transfer sugar from an activated sugar donor substrate to an acceptor 

substrate. Classification based on the sequence similarity is utilized to group GTs. Similar to 

GHs, the sequence similarity cannot predict either structure or function accurately for GTs. A 

structural classification is also applied to GTs based on different folding styles. Unlike GHs, GTs 

exhibit only two kinds of structural folds despite a similar diversity of functions.24 In addition, 

both inverting and retaining reactions are found in GT reactions, but using different mechanisms 

with GH reactions. Details of GTs will be described in the next section of chapter 1. 

Challenge of the sugar code. Unlike genomics and proteomics, the complexity and 

diversity of a carbohydrate is not regulated by a sequence. One of the keys to explain the 

diversity of sugar code is to investigate the enzymes that regulate the sugar system. In the past 

years, GHs have been studied and understood well.23 However, when the methods of studying 

GH are applied to study GTs, differences are found in terms of structure and mechanisms.  
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1.2 Glycosyltransferase (GT) Family 

Glycosyltransferases (GTs) are a large set of enzymes that transfer sugar from an activated 

sugar donor to a sugar acceptor. Although the reactions are diverse in the substrates and 

mechanisms, there are several features shared by GTs. Based on these features, GTs are grouped 

from three perspectives, 1) sequences of GTs 2) different structural folding of GTs and 3) 

mechanisms utilized by GTs.  

1.2.1 GT Sequences  

Based on the amino acid sequence similarity, GTs are grouped into various GT sequence 

families. At this time, the database of GTs contains 106 classified sequence families, and each of 

them is named as CAZy (Carbohydrate-Active Enzyme data base) with a unique number. 

However, current CAZy families do not cover all GT genes, and the number of CAZy families is 

increasing as more GT genes are reported in the databank.25  

CAZy families maintain diverse numbers of genes and functions. A few CAZy families only 

contain several sequences, which exhibit a specific function. These monospecific families share a 

sequence similarity in their catalytic domains. On the other hand, other CAZy families are 

reported to have a large amount of GT sequences and exhibit various functions, such as GT2 and 

GT4. These multi-functional GT families mostly share a sequence similarity only in a part of 

their catalytic domains.25  

The sequence based functional prediction of GTs is not reliable, since GTs that share a high 

sequence similarity can exhibit diverse catalytic activities.25 For example, the histo-blood group 

A and B glycosyltransferase utilize different molecules as the glycosyl donors in reactions 

although they only differ in four amino acids.26 Sequences cannot predict mechanisms (inverting 
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and retaining) either, because both inverting and retaining GTs have been reported to share a 

distant similarity, which supports that they may have same sequence ancestors.27 However, all 

members in each CAZy family are predicted to have the same structural fold.28 

1.2.2 GT structural folding 

The structure of bacteriophage T4 beta‐glucosyltransferase (EC 2.4.1.27) was the first 

crystal structure of GT enzyme to be reported in 1994. It transfers glucose from uridine 

diphosphate glucose (UDP-Glc) to hydroxymethyl groups of modified DNA.29 Now, more than 

100 crystal structures of GTs are available, which are grouped in 38 CAZy families. GT folds 

mainly comprise alternating  motif (Figure 1.5), which is or is close to the Rossman-fold.25 

By various folding types, GT are classified in three superfamilies, GT-A fold, GT-B fold, and 

GT-C fold. The first observed crystal structure of GT-A and GT-B are SpsA from Bacillus subtilis 

in 1999 and beta‐glucosyltransferase in 1994, respectively.29, 30 The GT-C fold is a recently 

uncovered type of GT folding, which is first described in the bacterial sialyltransferase (Cst II) 

from the GT42 family.31 The structure of Cst II is similar to GT-A fold with a few differences and 

is defined as a new folding type. Both GT-A and GT-B structural families also include non-GT 

enzymes, for instance nucleotidyl transferases and sugar epimerases.32, 33 
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Figure 1.5 Ribbon figure of representative crystal structure of GT-A (A), GT-B (B), and GT-C 

(C). PDB id: (A) 1ga8, (B) 3c4q, and (C) 1ro7. (A) GT-A contains a major catalytic domain and 

a smaller C-terminal domain. (B) GT-B contain two similar domains, and both contain the 

Rossman-fold. (C) GT-C has a similar structural fold with GT-A with a little difference.  
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1.2.2.1 GT-A fold 

Enzymes in the GT-A superfamily contain a domain comprising an  motif, which is 

similar to the Rossmann fold. This Rossmann-type domain associates with a smaller domain to 

form the active site. (Figure 1.5A) A common motif of all GT-A superfamily members is the 

DxD motif, which is reported to bind the phosphate group of the sugar donor with a required 

divalent cation (Figure 1.6).34 The two aspartate residues of the DxD motif are not conserved in 

all GT-A members but the location of the motif is mostly the same.25 Depending on inverting or 

retaining stereochemistry of the reaction, aspartates of DxD function differently. While both 

aspartates bind with a Mn2+ ion in retaining enzymes, only the second aspartate binds with metal 

in inverting enzymes.35, 36 However, the diverse residue in the DxD motif has the same role in 

both retaining and inverting GT-A, where it contributes to bind the ribose portion of the donor 

sugar.  

By a structure-based sequence alignment among catalytic domains of GT-A members, two 

portions are well conserved in all structures of GT-A members including both retaining and 

inverting GTs, 100-120 residues in the Rossmann-type domain and the 6-4-5 region in the 

smaller domain (Figure 1.6), which implies the two common regions are necessary for GT-A 

enzymes to transfer sugar. In most cases, amino acids of the first conserved region in the 

Rossmann-type domain are involved in binding UDP, and the other common region interacts 

with both sugar donor and acceptor.35, 37-39  
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Figure 1.6 Structure based sequence alignment of various catalytic domains of GT-A enzymes. 

The two common regions are shown in gray highlight.25 Orange dots represent sugar donor 

molecules, and green ones strand for sugar acceptor molecules. β-Strands and α-helices are 

marked as blue arrows and green cylinders, respectively. The most conserved structure of GT-A 

enzymes is colored in plain. The first region comprises around 100 residues ended with a DxD 

motif in the N-terminus of the catalytic domain. It corresponds to bind the nucleotide part of 

sugar donors. The second region is part of the acceptor domain. 
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1.2.2.2 GT-B fold 

The GT-B structural fold was first reported for T4 DNA-glycosyltransferase, then also 

found in GT28 and GT35 families.40 This structure contains two similar domains that are 

comprised of alternating  motif, which is called a Rossman-fold (Figure 1.5B). The two 

domains are connected by a linker loop. The protein structure of the GT-B fold family is 

conserved, especially in the C-terminal domain.41 Structural diversities mostly exhibit in the N-

terminal domain, where various peptides surrounding the active site result in binding different 

sugar acceptor substrates. In the active site, a glutamate residue is used to bind the ribose, and 

well conserved loops interact with phosphate groups of the sugar donor substrate.25 However, 

there is no report of any certain conserved residues or peptides of GT-B overall.42 

 With 146 various activities reported for GT enzymes based on the CAZy database 

(www.cazy.org), the current understanding of the complex GT-B enzymes is mainly based on 

their reported structural change from an open apo version to a closed conformation due to ligand 

binding. GT-B enzymes require a movement of domains to form a pocket for binding substrates. 

Those interdomain closures have been previously reported.43-45 In addition to experiments, 

computational modeling is utilized to predict the dynamic change of the glycogen synthase, a 

GT-B enzyme.46 All these previous GT-B structure studies suggest that exploring the connection 

between the required conformational change and the well conserved GT-B structural folding is 

the key for understanding the entire GT-B family. 

Despite GT-Bs sharing several common features in structures, the sugar transfer reactions 

they catalyze can be either inverting or retaining in terms of stereochemistry. In both 

mechanisms, an oxo-carbonium intermediate is expected to be generated. This common feature 

suggests that the stabilization of this intermediate is likely a key contributions of the GT-B 

http://www.cazy.org/
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structural fold. 

1.2.2.3 GT-C fold 

In 2004, a novel GT fold was identified from the crystal structure of CstII by Chiu and 

coworkers.31 CstII from Campylobacter jejuni is a sialyltransferase that transfers the sialic acid 

moiety to oligosaccharide chains on mammalian and microbial cell surfaces to terminate the 

chains. The new fold of CstII is similar to GT-A but exhibits a different  sandwich. In 

addition, it does not contain the DxD motif, which is well conserved in the GT-A structural fold 

(Figure 1.5C). Thus, this new structural folding was defined as GT-C. 

1.2.3 Retaining and inverting reactions 

GTs can be divided into “inverting” and “retaining” based on the configuration of the sugar 

product (Scheme 1.2). As mentioned above, both retaining and inverting mechanisms cannot be 

accurately predicted by sequence of the CAZy families.  

===================================================================== 

Scheme 1.2 Retaining (up) and inverting (down) mechanisms of GTs. 

 

==================================================================== 

1.2.3.1 Inverting reactions 

In the inverting reaction, an acidic amino acid is required to deprotonate the hydroxyl group 

to activate the sugar transfer reaction. The inverting reaction is believed to stabilize an 
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oxocarbenium ion-like transition state, which is an SN1-like mechanism (Scheme 1.3).47 

Although both GT-A and GT-B inverting enzymes utilize the same mechanism, they differ in 

metal binding in reactions. GT-A enzymes require a divalent cation to initialize an ordered 

mechanism, where the sugar is bound first then loops close to form the active site and bind the 

acceptor,48 whereas GT-B enzymes do not require metals in the reaction.  

===================================================================== 

Scheme 1.3 Inverting mechanisms of GTs. 

 

==================================================================== 

1.2.3.2 Retaining reactions 

Before any structural evidence of retaining enzymes was reported, the proposed mechanism 

for retaining reactions was the “double displacement” based on retaining GH enzymes. It 

explains that retention of stereochemistry results from two steps of nucleophilic attack. In each 

step, the corresponding nucleophile is believed to approach the chiral carbon from the opposite 

direction against the sugar face (Scheme 1.4).49 However, with the appearance of the first 

published crystal structure of retaining GT, trehalose-6-phosphate synthase, it was surprising that 

there were no suitable residues to act as nucleophiles near the reacting molecules, which 

complicated the double displacement mechanism.35, 50, 51  

Without direct evidence that shows the formation of the covalent intermediate, an 
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alternative mechanism was proposed, which is termed “internal return”. This mechanism was 

first reported in 1979, and it indicated a transition state with “specific but weak” interaction of 

both the leaving group and the approaching molecule. In the internal return mechanism, retaining 

reactions are believed to hold an oxocarbenium ion-like transition, and the cleavage of phospho-

sugar bond as well as the newly formed glycosyl-sugar bond are proposed on the same face.35, 51 

(Scheme 1.5) 

Recent reports support the double displacement for retaining GTs indirectly. Lairson and 

researchers reported a formed covalent addition compound of the retaining glycosyltransferase 

LgtC.52 Monegal and Planas’ paper shows that the first step of the reaction catalyzed by a 

retaining glycosyltransferase was in the inverted configuration,53 which is the same as the first 

step of double displacement mechanism. However, based on structural researches by Gibson and 

coworkers in 2004 as well as Vetting with researchers in 2008, direct evidence is provided and 

indicates that no active site residues are directly involved in the GT reactions.49, 50  

In addition to the experimental evidence, the internal return mechanism was also supported 

by computational modelling in 2004. From the modelling calculation result of Tvaroška, the 

mechanism of the retaining galactosyl-transfer reaction catalyzed by LgtC is predicted to prefer 

one-step. In the modelling, the acceptor attacks the anomeric carbon, and the proton is 

transferred to a phosphate oxygen at same time. This model implies a distinct transition state 

structure in which the attacking sugar acceptor binds more closely to the central carbon than the 

UDP leaving group. 54 In summary, although some reports provided inconclusive support for the 

double displacement, the internal return mechanism is demonstrated by both structural study and 

computational modeling. This mechanism is likely to be the best explanation for retaining GTs. 
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Scheme 1.4 Double displacement mechanism. (Adopted from Reference 9) 

 

Scheme 1.5 Internal return mechanism. (Adopted from Reference 9) 

 

==================================================================== 

In this dissertation, GT-B enzymes will be studied and discussed. The GT-B fold attracts 

more interest because GT-B enzymes are highly conserved in their C-terminal domains and 

require a dynamic change upon binding substrates. A key to understanding the GT-B structural 

fold is to investigate the commonly shared conformational change, and one of the best ways of 

studying protein dynamics in solution is to use backbone amide hydrogen deuterium exchange 

monitored by mass spectrometry (HDX-MS). 

1.3 Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS) 

HDX-MS is an excellent technique that can characterize proteins from perspectives of 

function, kinetics, structure etc.55-66 It displays how the hydrogen in the backbone amide of 

protein sample exchanges with deuterium in solution.55-58, 67 This exchange rate can reflect 
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protein folding, structural stability, and solvent accessibility.68 Differences of these 

characterizations can be uncovered by comparing the HDX-MS data of protein samples in 

diverse conditions, such as binding various molecules or other proteins, and gives hints on how 

these conditions effect protein structure and function.69  

H/D exchange is a promising biotechnique that can be used to access protein structural 

information. H/D exchange can be monitored by several ways, among which nuclear magnetic 

resonance (NMR) spectroscopy and mass spectrometry (MS) are used more commonly. NMR 

provides H/D exchange data of each residue directly, which increases the spatial resolution. 

However, NMR has difficulties in monitoring proteins that are larger than 50 kDa. MS has been 

a detector alternative to NMR in recent years. Compared to NMR, MS does not have limitations 

of protein molecular weights. Additionally, protein sample concentration can be as low as 10 μM. 

By combining with pepsin digestion and liquid chromatography (LC), HDX-MS obtains a spatial 

resolution of a peptide level. In addition, the utilization of tandem MS/MS technique can 

increase the spatial solution to a residue level, which reaches the same as the NMR.69  

1.3.1 Theory of H/D exchange  

The theory of H/D exchange was first reported in the early 1950s by Kaj Linderstrɵm-Lang 

and colleagues.57 He concluded that H/D exchange rate is dependent on protein structure and 

affected by protein dynamic change. The H/D exchange measurement was then improved by 

applying high-performance liquid chromatography (HPLC) separation system with proteolytic 

digestion.67 A method was reported by Zhang and Smith that applied HPLC with mass 

spectrometry to measure H/D exchange rate in 1993.70 This new method developed a general 

ionization technology, such as electrospray ionization (ESI)71 and matrix-assisted laser 

desorption ionization (MALDI)72 years later. With those developed measurement of H/D 
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exchange rate, this technique is widely used to investigate protein and protein complex structure 

change in solution. 

There are three types of hydrogen in proteins (Figure 1.7). Hydrogens involved in CH bonds 

(labeled in green) are very stable and unexchangeable. Hydrogens in amino acid side chains 

(labeled in blue) have a quick exchange rate. The H/D exchange process can be completed in a 

short time and the deuterium will exchange back to hydrogens under experimental conditions, so 

this type of exchange is not detectable. The H/D exchange rate of backbone amide hydrogens 

differs from milliseconds to days, which is a good range for measurement. The exchange rate can 

be affected by several factors, including hydrogen bond strength, solvent accessibility, and 

interaction with close amino acids.69 In this case H/D exchange rate detection can be applied to 

study protein structure change.  

 

 

Figure 1.7 Three kinds of hydrogens in peptides. Hydrogens on the side chain is labeled in blue, 

which is highly active and exhibits a quick back exchange. Hydrogens of C-H bond is in green, 

and they are stable. Backbone amide hydrogen is colored in red, and it has a wide range of 

isotope exchange rates, which is a suitable target for HDX measurement.  
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Almost all backbone amide hydrogens in folded proteins are involved in hydrogen bonding 

with solution or other part of the protein.73 Generally, folded peptides display lower isotope 

exchange rates, because those hydrogens have limits to access to solution or internal hydrogen 

bonding. It is hard to distinguish the effects caused by the two factors since they are occurring at 

the same time, although in most cases at physiological pH range, isotope exchange occurs 

primarily with surrounding solution.74  

The rate of H/D exchange in most folded proteins can be described by equation 1.1. kex in the 

equation is the sum of the exchange of both folded (kf) and unfolded (ku) modes of a protein.75  

𝑘𝑒𝑥 = 𝑘𝑓 + 𝑘𝑢                       Equation 1.1 

In folded proteins, exchange mainly occurs to the hydrogens in outside peptides, which are 

not involved in the interaction with intramolecular hydrogen (Figure 1.8). The H/D exchange of 

the folded form of a protein can be described by equation 1.2, where  is a parameter of 

probability for exchanging in the folded form and k2 is the constant rate for H/D exchange in 

each backbone amide of an unstructured peptide.76 The closer  value moves to 1, the more 

probability that a backbone amide hydrogen participates in isotope exchange. The  value is 

affected by the combination of factors including intramolecular hydrogen bonding and solvent 

accessibility.  

                                   𝑘𝑓 = 𝑘2                         Equation 1.2
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Figure 1.8 Isotope exchange occur in a folded protein. Hydrogens are labeled by blue dots, and 

deuterium are red dots. Backbone amide hydrogens are exchangeable, and the rate is measurable. 

This technology reports the dynamic change of each peptide in solution. Folded peptides are 

more protected from the isotope exchange. PDB id:1ga8. 
 

On the other hand, the hydrogen exchange rate of the unfolded form of a protein is based on 

both unfolding progress and H/D exchange progress, which can be described by equation 1.3. 

The Kunf value is the equilibrium value of the unfolding progress.77-79 The H/D exchange rate of 

the unfolded form of protein is based on both backbone amide hydrogen exchange rate (k2) value 

and the dynamic change in the unfolding progress, which is reported in equation 1.4 and figure 

1.9. In equation 4, k1 and k-1 are constants describing unfolding and folding back progresses, 

respectively, F and U stand for folded and unfolded forms of a protein or peptide, respectively.  

 𝑘𝑢 = 𝐾𝑢𝑛𝑓𝑘2                      Equation 1.3 

             Equation 1.4 
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Figure 1.9 HDX change in folded (A) and unfolded proteins (B). (A) kf is the isotope exchange 

constant for folded protein. (B) The H/D exchange rate of the unfolded form of protein is based 

on both backbone amide hydrogen exchange rate (k2) value and the dynamic change in the 

unfolding progress (k1 and k-1). (Adopted from Refence 48) 
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There are two mechanisms describing two extremes of hydrogen exchange in peptides 

called EX1 and EX2. EX1 describes the condition that the hydrogen exchange rate (k2) is 

infinitely higher than the folding progress (k-1), and the total hydrogen exchange rate is equal to 

the unfolding rate constant k1. (Equation 1.5) 

𝑘𝑢 = 𝑘1                      Equation 1.5 

However, for EX2 mechanism, which occurs in most cases, k2 is the limiting rate (k2<< k-1), 

the hydrogen exchange rate of the unfolded form of a protein is described by equation 1.6.  

𝑘𝑢 =
𝑘1

𝑘−1
𝑘2                    Equation 1.6 

EX1 and EX2 mechanisms can be distinguished by their mass spectrometry peaks (Figure 

1.10). While the mass spectrometry peaks of EX2 exhibit a single population mode, isotope 

peaks are always bimodal in EX1 mechanism.80 Since most hydrogen exchange occurring under 

physiological conditions exhibit the EX2 mechanism, identifying the two mechanisms is very 

important.  

 

Figure 1.10 Mass spectrometry peaks of EX1 and EX2 hydrogen exchange mechanisms. Each 

mass spectrometry peak of EX2 displays as a single peptide, while multiple peaks always occur 

in EX1 mechanism. (Adopted from Reference 54)  
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1.3.2 Factors affecting H/D exchange rate 

The H/D exchange rate is affected by conditions including solution pH, temperature, 

peptide structure, and solvent accessibility. pH and temperature conditions in the H/D exchange 

experiments must be controlled entirely since they can cause huge changes to the intrinsic 

exchange rate.76, 81-83 The intrinsic H/D exchange rate can be described by equation 1.7, where ki 

stands for the intrinsic H/D exchange rate, and kacid, kbase, as well as kwater are exchange rate 

catalyzed by acid, base, and water, respectively. The exchange rate catalyzed by water is 

inappreciable since it is much slower than the other two exchange rates. In most cases, H/D 

exchange experiments are run in a neutral pH deuterium solution, and mainly catalyzed by base 

(OD-). 

                   Equation 1.7 

The effects caused by the pH and temperature of H/D exchange solution are represented in 

Figure 1.9. At pH 2.5, the H/D exchange reaches a minimum rate, which is used as a quench 

condition to stop H/D exchange occurring at a certain time point (Figure 1.11A). Temperature 

also has a large effect on the H/D exchange rate, where the rate increases by 10-fold with a 0 °C 

to 25 °C temperature change (Figure 1.11B). 76, 83 Based on these points, conditions of pH 2.5 

and 0 °C are applied to stop H/D exchange in solution to control H/D exchange time in 

experiments. 
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Figure 1.11 Effects on H/D exchange rate by pH (A) and temperature (B). (A) The exchange rate 

is minimal at around pH 2.5. The HDX-MS experiment is usually performed at pH 7-8. (B) 

Reduction of pH from 7 to 2.5 leads to 1000-fold decrease of exchange rate. The decrease of 

temperature from 25 ºC to 0 ºC makes further loss of the exchange rate by 10-fold.  

 

1.3.3 Progress of H/D exchange experiments 

The hydrogens that exchanged to deuterium are also able to exchange back with H2O, 

present during digestion and liquid chromatography separation. To prevent back exchange pH is 

lowered to 2.5 and temperate to 0 °C to quench the H/D exchange reaction. In this case, 

controlling those factors makes the isotope exchange reaction very sensitive.83  

Before the H/D exchange technique is applied to protein samples, a peptide sequence map is 

required. The role of peptide sequence mapping is to identify all accessible peptides by their 

amino acid sequences, retention time in the LC-MS system, and their charge. This sequence map 

can be made by applying tandem mass spectrometry (MS/MS) (Figure 1.12). 71, 84, 85 The protein 
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is first digested into peptides by an online pepsin column, then peptides are separated by high-

performance liquid chromatography (HPLC) or ultra-performance liquid chromatography 

(UPLC). Separated peptides are then ionized by electrospray ionization (ESI). The positively 

charged peptides are introduced to collision-induced dissociation (CID) to be further fragmented 

(Figure 1.12). These fragment peptides are analyzed and matched with the corresponding protein 

sequence by software, such as ProteinLynx Global Server (PLGS) by Waters.  

 

Figure 1.12 The sample is ionized into charged droplets by ESI and separated by their m/z 

values. The precursor ions, which are selected by mass, are achieved by CID and get further 

fragmentation. The final produced ions are separated by m/z and analyzed. 
 

A general HDX-MS experiment contains four steps (Figure 1.13). The protein sample is first 

incubated in D2O solution at a certain pH and temperature for an exact time to be labeled by 

deuterium. Then this H/D exchange reaction is stopped by adding quench buffer, which 

decreases both pH and temperature of the hydrogen deuterium exchange reaction. The quenched 

reaction solution is injected into an online pepsin column to be digested into peptides, which are 

separated by an analytical column in the LC system. Finally, the m/z value of separated peptides 

are analyzed by the MS system. In most cases, the protein sample is incubated in 99.5% D2O at 
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pH 7.8 and 25 C for 15 seconds to 60 minutes. As the incubation time increases, the amount of 

hydrogen on the backbone amide exchanged to deuterium increases as well. The pepsin column 

produces non-specific cleavages of a protein sample but the cleavage is repeatable.86 The 

digested peptides are loaded to the trapping column to be desalted, then to a C18 reverse phased 

HPLC column, where the peptides are separated with increased linear gradient of acetonitrile 

from 5% to 85%. Then peptides are ionized, and their m/z value is monitored. The m/z peaks are 

collected and analyzed in further steps.  

 

 

Figure 1.13 The general HDX-MS progress. The experiment is initialized by D2O incubation at 

room temperature, then followed by quenching at diverse timepoints. A pepsin column is 

employed to digest protein samples into peptides, and peptides are separated by the UPLC 

system. In the final step, peptides are analyzed by the mass spectrometry.   
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1.3.4 Data analysis of H/D exchange 

The peptide sequence map is first analyzed before applying H/D exchange on the protein 

sample. Peptides are searched in the total ion chromatogram (TIC) spectral peaks by the software 

ProteinLynx Global SERVER (PLGS). The TIC spectral peaks contain the total intensity of all 

mass spectrometry peaks as well as the information of elution time of all peptides in the LC 

system (Figure 1.12 A). Peptides also can be displayed as the most intense peak of a certain 

retention time, which is called base peak intensity (BPI) mode (Figure 1.14B), from which the 

isotopic distribution of each peptide can be selected and displayed (Figure 1.14C). In H/D 

exchange progress, this isotopic distribution of a peptide shifts from lower to higher m/z as 

incubation time increases (Figure 1.15).  

HDX-MS data is analyzed manually or by the software, such as DynamX. DynamX is an 

automatic analytical software for HDX-MS data. It utilizes peptide sequence mapping as a 

reference to compare with exchanged samples. The isotope exchange of peptides is presented by 

comparing the m/z peak of each peptide in D2O solution to the corresponding peptide m/z peak 

in H2O solution. Then the isotope exchange uptake is plotted versus incubation time (Figure 

1.16). By comparing the various isotope exchange uptake of peptides in diverse conditions, 

dynamic or conformational changes upon the binding substrate or molecules is analyzable,69, 87-89 

which is an important research for the investigation of protein functions and mechanisms (Figure 

1.16).   
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Figure 1.14 MS peaks proceeded by MassLynx. (A) The TIC spectral peaks contain the total 

intensity of all mass spectrometry peaks. (B) BPI spectral peaks display the most intense peak of 

a certain retention time. (C) A certain peak can be selected from (A) or (B) by choosing the 

retention time and its m/z value.  
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Figure 1.15 The dynamic of a peptide analyzed by the software DynamX. As the deuterium 

incubation time increases, the isotopic distribution of the peptide shifts from lower to higher 

(from up to down), which means the isotope exchange reaction is ongoing.   
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Figure 1.16 The isotope exchange uptake is plotted versus incubation timepoints, and dynamic 

plots in diverse conditions can be compared to figure out peptide structural change in various 

solutions.  
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About the Dissertation 

Molecular modification by sugar is one of the most fundamental reactions for life. The 

reaction of sugar modification is catalyzed by enzymes called glycosyltransferases (GTs). 

Despite the diversity of GT reactions, this set of enzymes can be mainly grouped into GT-A and 

GT-B structural folds. The GT-B fold attracts more interest because GT-B enzymes are highly 

conserved in their C-terminal domains and require a dynamic change upon binding sugar donors 

or acceptors. GT-B enzymes utilize either inverting or retaining mechanisms in terms of the 

stereochemistry of products. In both mechanisms, a very dissociative oxo-carbenium 

intermediate is expected. In this case, the common dynamic changes observed in GT-B enzymes 

are hypothesized to contribute to stabilization of the oxo-carbenium intermediate.  

Chapter 2 focuses on the investigation of protein dynamics and conformational changes of 

MshA from Corynebacterium glutamicum (CgMshA) upon binding the sugar donor, which 

results in the formation of the active site. In this chapter, we show details of protein dynamic 

changes of CgMshA in solution with peptide resolution. Based on the results, we report a 

possible third conformation of CgMshA in solution with UDP-GlcNAc bound. This indicates that 

the UDP-GlcNAc complex is in a more flexible form than the UDP complex and the UDP 

releasing step might be the rate determining for the reaction. Finally, we combine structural and 

dynamic studies with bioinformatic results of CgMshA to hypothesize 

sequence/structure/dynamic relationships for the GT4 family. Since the GT4 family are the 

potential ancestral retaining GT-B family, this research will provide clues to understand GT-B 

enzymes globally. 

In chapter 3, heptosyltransferase I (HepI), an inverting GT-B enzyme is investigated. 

Previous study of HepI indicates a dynamic change may occur upon binding the sugar acceptor. 
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In this project, HDX-MS was applied to monitor peptide flexibility of HepI in the apo version. 

The comparison of peptide dynamics between HepI and CgMshA predicts that a slight 

conformational change may occur in the C-terminal domain of HepI.  

Chapters 2 and 3 describe the dynamic change that occurs in the multi domain GT enzymes. 

In additional to the GT study, multi-domain proteins are also investigated in chapter 4 in terms of 

protein activity and mechanism. Chapter 4 includes the biochemical study of -isopropylmalate 

synthase from Methanocaldococcus jannaschii (MjIPMS) and citramalate synthase from 

Methanocaldococcus jannaschii (MjCMS). The project predicts a more complex role for the 

LeuA dimer regulatory domain in substrate selectivity through catalytic modulations rather than 

selectivity through differential binding as a result of extensive co-evolution between the catalytic 

and regulatory domains. Chapter 5 investigates key residues in MjIPMS for recognizing and 

binding acetyl-coenzyme A (AccCoA) by making site-directed mutagenesis and kinetic activity 

assay. Chapter 6 displays the research summary, as well as future research direction.  
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CHAPTER 2 

INVESTIGATION OF PROTEIN DYNAMICS IN MSHA FROM CORYNEBACTERIUM 

GLUTAMICUM, A RETAINING GT-B GLYCOSYLTRANSFERASE 

2.1 Introduction 

The Actinomycetal family has various impacts on human health. For example, more than 

half of natural antibiotics were obtained from Streptomyces species,1 and Corynebacterial 

species are applied in industry as efficient amino acid producers.2 However, Actinomycetales 

may also cause negative health effects for humans. One of these negative effects is the 

Mycobacterium infection, which results in tuberculosis and leprosy diseases in millions of people 

every year.3 One tool to treat these bacterial infections is to disrupt the environment in cells. 

Cellular functions are dependent on an accurate reducing environment in most organisms. This 

reducing environment is maintained by the biosynthesis of thiols.4 In most cells, such as Gram-

negative bacteria and eukaryotes, the major thiol is glutathione. However, the compound 1-D-

myo-inosityl-2-(N-acetyl-L-cysteinyl)amino-2-deoxy-R-D-glucopyranoside (mycothiol) is a 

novel thiol used in Actinomycetes and some gram-positive bacteria, which do not produce 

glutathione.5 Compared to glutathione, mycothiol exhibits higher resistance against oxidation 

catalyzed by heavy-metal ions. Mycothiol is an essential molecule for Actinomycetales and some 

gram-positive bacteria.  

The biosynthetic pathway for mycothiol in Actinomycetal contains at least four steps 

(Scheme 2.1). In the first step, MshA transfers N-acetylglucosamine from UDP- N-

acetylglucosamine (UDP-GlcNAc) to inositol-1-phosphate (I1P) and produces free uridine 
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diphosphate (UDP) and I1P-GlcNAc. I1P-GluNAc is proposed to be dephosphorylated by a 

phosphatase to form GlcNAc-Ins.6, 7 The product is deacetylated by MshB to produce GlcN-Ins 

and cysteinylated by MshC to form Cys-GlcN-Ins.8 In the final step, MshD acetylates the 

previous product and forms AcCys-GlcN-Ins (mycothiol).9 Mutations have been created on 

MshD to disrupt the biosynthesis of mycothiol in Mycobacterium smegmatis. Although the 

substitution succeeds in decreasing the mycothiol product, a substituted molecule, N-formyl-

Cys-GlcN-Ins, is produced.10 Meanwhile, mutations of MshB in Mycobacterium smegmatis can 

decrease the corresponding production to a 5-10% yield, but it does not prevent the synthetic 

cycle of mycothiol, which means MshB has an alternative enzyme in cells.11 On the other hand, 

studies on MshA and MshC indicate that both MshA and MshC are essential genes for mycothiol 

biosynthesis in Mycobacterium tuberculosis.12, 13 Thus, MshA and MshC are potential drug 

targets to treat Actinomycetal infections.  

===================================================================== 

Scheme 2.1 The pathway of mycothiol synthesis.  

 

===================================================================== 

MshA, which catalyzes the first step of mycothiol biosynthesis, is a glycosyltransferase 

(GT). GTs are a set of enzymes that transfer sugar from one substrate to the other. As described 

in the introduction chapter, GTs can be grouped into 106 sequence families, and each of them is 

named as CAZy (Carbohydrate-Active Enzyme database) with a unique number. MshA from 

Corynebacterium glutamicum (CgMshA) is grouped in CAZy GT4 family, all of which are 
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predicted to adopt the GT-B structural fold and use a retaining mechanism. GT4 is one of the 

largest CAZy families containing more than 13,874 GT gene entries in the Uniprot database. 

Functions of GT4 enzymes are as diverse as the sequences, with differences in both donor and 

acceptor molecules.14 Recently, more crystal structures of this family have been reported, 

including Alr3699/HepE, which is involved in the biosynthesis of polysaccharide in Anabaena 

heterocyst,15 and PglH, which is involved in the biosynthesis of lipid-linked oligosaccharide.16 

However, there are less than twenty enzymes that are fully structurally characterized and 

reported in the protein data bank for the GT4 family.   

GT-B folds contain two similar domains, and both comprise alternating  motifs, which 

are called a Rossman-fold. It is reported that the N-terminal domain is diverse and contributes to 

recognition and binding of the acceptor substrate, while the C-terminal domain binds the donor 

substrate and is well conserved. This common feature is observed in GT-B enzymes with both 

inverting and retaining mechanisms.17 In addition, it is reported that the active site in the N-

terminal domain is far from the sugar donor, which indicates that a common protein motion is 

likely to occur to the GT-B enzymes to form a closed conformation.18, 19  

The crystal structure of CgMshA has previously been identified in the apo form, UDP 

complex, and I1P complex.20 The structural data indicates that upon binding UDP a 97° rotation 

occurs in the C-terminal domain relative to the N-terminal domain with -13 and -14 as the 

axis. This domain-domain rotation may bind UDP-GlcNAc and form the pocket to bind the sugar 

acceptor. In addition, a flexible 12/10 loop movement is observed in the conformational 

change. (Figure 2.1) Based on the structural model of the UDP-GlcNAc CgMshA complex, two 

residues, H133 and T134 form a cap over the chiral carbon from the  direction, which prevents 

other residues from acting as catalytical bases.  
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The structural study of CgMshA provides key evidence for the mechanism. CgMshA is a 

retaining GT based on the sequence and product stereochemistry. There are two possible detailed 

pathways that describe the mechanism, “double displacement” and “internal return”, as 

mentioned in chapter 1. Similar to all the other structural reports of retaining GT-B enzymes, the 

crystal structure of CgMshA does not support double displacement as there is no amino acid in 

the active site that can act as the nucleophile in the UDP CgMshA complex. Instead, the structure 

suggests that the retaining reaction uses the internal return pathway, where UDP leaves the oxo-

carbenium-ion like intermediate, and the sugar acceptor attacks the anomeric carbon from the 

same side at the same time. (Scheme 2.2)  

===================================================================== 

Scheme 2.2 Internal return mechanism. 
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Figure 2.1 Structures of CgMshA apo form (left, PDB id: 3c48) and UDP compound (right, PDB 

id: 3c4q). There is a 97° rotation occurring to the C-terminal domain while the N-terminal 

domains are aligned. In the apo form, the two domains are only connected by the linker loop, 

however, in the UDP complex, they pack and form the active site for binding molecules and 

reacting. The proteins are colored by the secondary structure. 

 

In the proposed internal return mechanism, the active site is believed to be formed by the 

protein motion, which makes the two domains gather to be connected by residue interactions. In 

this case, the dynamic motion that appears upon binding UDP-GlcNAc might be the key factor 

for CgMshA to catalyze the sugar transfer reaction. However, the crystal structure only 

determines the static characterization of apo form and UDP complex of CgMshA, so there are 

still no details about the dynamic change of the two conformations. 

The conformational change can be investigated by applying backbone amide hydrogen-

deuterium exchange mass spectrometry (HDX-MS). This technology reports on the dynamic 

change of a protein between multiple conformations in solution at a peptide resolution, and it 

does not have a mass limit for samples compared to nuclear magnetic resonance (NMR) 

spectroscopy. There are currently no protein dynamic reports at peptide level for the GT-B 
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families, so a structural dynamics study of CgMshA is required. The report of the commonly 

shared conformational change can be further applied to other GT-B enzymes to study the 

importance of the formation of the substrate complex. Here HDX is applied to detect dynamic 

changes in wild type CgMshA and substituted CgMshA in various conditions. In addition, 

several key residues on the linker loop of CgMshA are also are also investigated, and their 

potential functions are discussed. 

2.2 Material and Experiments 

Chemicals. Solutions used in the project were all HPLC grade. Uridine 5′-diphosphate 

disodium (UDP) and uridine 5′-diphospho-N-acetylglucosamine sodium (UDP-GlcNAc) were 

obtained from Sigma-Aldrich. All the buffers and reagents were obtained in the highest purity 

grade available from VWR International, LLC. The plasmids containing F318 CgMshA and 

L320 CgMshA were obtained from the research of the UA CH463 Biochemistry Lab course. 

Protein expression and purification. A pET23 plasmid containing the gene for CgMshA 

was transformed into BL21(DE3)pLysS E. coli cells. Cells were grown in 25 mL of LB media 

with 0.03 mg/mL kanamycin and 0.035 mg/mL chloramphenicol at 37 °C for 12-16 hours. Cells 

containing the plasmid were then transferred into 2L of LB media and grown at 37 °C. When the 

OD600 of the cells reached 0.4, the temperature was reduced to 18°C. IPTG was added to a 

concentration of 0.5 mM when the OD600 reached 0.8. Cells were grown at 18 °C for 12-16 

hours then were collected by centrifugation (4 °C, 4500×g, 10 minutes), and stored at -80 °C. 

The frozen pellet was suspended in lysis buffer (100 mM pH 7.8 triethanolamine (TEA), 

200 mM (NH4)2SO4, 10% glycerol, 15 mM imidazole) and 1 mg/mL lysozyme. Then the cells 

were sonicated for a total of 10 minutes (2 mins on and 2 mins off for five cycles) using a 

Branson Sonifier. The sonicated cells were centrifuged (12,000×g, 4 °C, 30 minutes) to pellet the 
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cellular debris. The supernatant was loaded onto a 5-mL Histrap-Ni2+ column and eluted with a 

gradient concentration of imidazole (from 15 mM to 300 mM) in lysis buffer. The target protein 

fractions were checked using the sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE). Fractions containing target enzymes were collected and pooled to reach 1 M 

(NH4)2SO4. The solution was loaded onto a 5-mL Phenyl-Sepharose HP column and eluted with 

a gradient concentration of (NH4)2SO4 (from 1 M to 0 M) in a buffer containing 20 mM TEA 

(pH 7.8), 10% glycerol, 0.5 mM EDTA, and 1 mM DTT. Finally, the protein was concentrated by 

ultrafiltration (Amicon) and stored in 20% glycerol at -20 °C. 

Production of I1P. Inositol-1-phosphate (I1P) was produced as previously described.21 The 

plasmid containing the Af_INO gene and the pET23a vector was transformed into 

BL21(DE3)pLysS E. coli cells and grown in 25 mL of LB media with 0.03 mg/ml ampicillin, 

0.035 mg/ml chloramphenicol, and 5 mg/ml glucose at 37 ºC and 225 rpm for 12-16 h. The cells 

were then transferred into 2L of autoinduction media with 0.1 mg/ml ampicillin and 0.035 mg/ml 

chloramphenicol incubated. The cells were grown at 37 ºC for 18h allowing for protein 

expression. Cells were harvested by centrifugation at 4500×g for 10 minutes and stored at -20°C. 

The cell pellets were resuspended in buffer A (50 mM Tris, pH 8.5) and sonicated for a total 

of 10 minutes (2 mins on and 2 mins off for five cycles) using a Branson Sonifier. The 

supernatant was collected by centrifugation at 12,000×g for 30 min. The solution was heated in 

80 ºC water bath for 5 min, followed by an immediately cooling to reach 4 ºC. The supernatant 

was centrifuged at 4500×g in 4ºC for 10 min and precipitated proteins were removed. The 

supernatant was collected and loaded onto a Q anion exchange column, which was equilibrated 

with the buffer A in advance. The target protein was eluted with a linear gradient of 0 M to 0.25 

M (NH4)2SO4 of buffer A in 10 column volumes. The fractions containing target proteins were 
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pooled and made with 1M of (NH4)2SO4. The protein was further purified by a phenyl sepharose 

column with a linear gradient of 1 M to 0 M (NH4)2SO4. Protein fractions were checked by SDS-

PAGE, and pure fractions were pooled and dialyzed in buffer A. Finally, the dialyzed protein was 

concentrated by ultrafiltration and stored at -20 ºC. 

The chemicals that are used to synthesize I1P were 125 mM glucose-6-phosphate, 0.625 

mM ZnCl2, 1.25 mM NAD+, 3.6 mg Af_INO protein, and 50 mM Tris, pH 7.5. The reaction was 

incubated in an 85 ºC water bath to get the highest reaction rate, and 0.5 mM NAD+ as well as 2 

mg Af_INO were added to the reaction every 45 min. The amount of I1P produced was 

monitored by a pyruvate kinase/lactic dehydrogenase (PK/LDH) coupled assay, where the 

concentration of I1P was detected by decreasing amounts of nicotinamide adenine dinucleotide 

(NADH). The reaction was stopped when the I1P concentration reached 125 mM. 

Kinetic Activity Assay. Enzymatic activity of CgMshA and the substituted enzymes are 

measured by detecting the formation of the product UDP in a coupled assay system at 340 nm. 

The conditions of the kinetic activity assay were 50 mM TEA pH 7.8, 200 μM NADH, 500 μM 

phosphoenol pyruvate, 10 mM MgCl2, 20 units of pyruvate kinase, and 55 units of lactate 

dehydrogenase in a total volume of 1 mL at 25 °C. By tracking the formation of UDP, initial 

velocities for the assay are calculated. The Michaelis-Menten curve is plotted using equation 1 to 

get kinetic parameters. In the equation, ν means the velocity, [E]t represents the total 

concentration of the enzyme, [S] stands for the concentration of the varied substrate, kcat means 

the maximal velocity of the reaction, and Km is the Michaelis-Menten constant of the varied 

substrate. 

                                                             (1)   
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Tandem Mass Spectrometry (MS/MS) for CgMshA sequencing. An online pepsin 

column was applied to produce CgMshA peptides, which were then analyzed by tandem mass 

spectrometry. All wild type and variant CgMshA samples were at 18 M and 1 L of the protein 

sample was mixed with 49 L of assay buffer (50 mM triethanolamine (TEA) buffer, pH 7.8) and 

50 L of quench buffer (0.2 M KH2PO4, pH 2.5 at 0 C). The solution was injected into the HDX 

Manager Acquity UPLC, (Figure 2.2) which contains an online pepsin column to digest the 

protein. Peptides digested from the online pepsin column were trapped and desalted on a 

trapping column at a flow rate of 200 µL/min and desalted for 1 min in the trapping mode. After 

desalting, the flow path was changed to elution mode with the trapping column in line with the 

C-18 reversed phase analytical column. In the elution mode, peptides were eluted with a gradient 

of 5-85% acetonitrile (ACN) in 5 min at a flow rate of 30 µL/min and monitored by mass 

spectrometry. Mass spectrometry data were acquired in positive ion mode with a mass to charge 

(m/z) range of 100-1500. The peaks in raw data files were collected using the software 

ProteinLynx Global SERVER (PLGS) with 30 low energy and 150 high energy cutoffs, then files 

generated by the PLGS were imported into DynamX to get a sequence map. The sequence 

mapping was repeated 5 times, and reproducible peaks with a 4/5 appearance threshold were 

selected to be analyzed for backbone amide hydrogen deuterium exchange.  

HDX-MS. HDX-MS was utilized to compare the peptide flexibility of a protein with and 

without incubated substrates. 1 L of protein sample (18 M) was incubated in 49 L of 95% 

D2O reaction buffer at 25 C for 15 s to 1h. The substrate bound complex samples were 

incubated in 95% D2O with ten times the Km values of the corresponding molecule. The HDX 

reaction was quenched by addition of 50 L quench buffer on ice. The quenched sample was 

injected into the UPLC, where the protein was first digested into peptides by the pepsin column. 
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Then the peptides were loaded onto the C-18 reversed phase UPLC column and eluted with a 

gradient concentration of ACN from 5% to 85% in 5 min. The HDX-MS data was analyzed using 

DynamX (Waters Corporator). 

 

 

Figure 2.2 The trapping mode and Eluting mode of the UPLC instrument. (A) In the trapping 

mode, peptides were trapped and desalted on a trapping column at a flow rate of 200 µL/min and 

desalted for 1 min. (B) In the elution mode, peptides were eluted with a increasing gradient of 

ACN and monitored in the mass spectrometry. (Copyright clearance is obtained from Waters)  

2

3

Pepsin Column

Waste 

Analytical column ESI-Q 

Tof-MS  

BSM 

6

1

4 5

ASM

4

6

2

3

1

5

Syringe

2

3

Pepsin Column

Waste 

Analytical column ESI-Q 

Tof-MS  

TrapInjection 

Binary Solvent 

manager (BSM) 

6

1

4 5

Auxiliary 

Solvent 
Manager (ASM)

4

6

Inject 2

3

1

5

Syringe

A) Trapping mode

B) Eluting mode

Inject 



53 
 

2.3 Results 

Sequence mapping of CgMshA by tandem MS/MS. CgMshA protein samples were 

digested by pepsin and yielded good sequence coverage. The peptide sequence was identified by 

tandem MS/MS, and PLGS software is used to interpret the collected data. The determined 

peptide maps are exported to DynamX software and used as references of each peptide peak in 

the following HDX-MS experiments. In the tandem MS/MS experiments, with an acetonitrile 

gradient from 5% to 85% in 5 mins, 88.3% peptides of wild type CgMshA are determined, 

91.9% peptides of L320A CgMshA are identified, and 90.9% peptides of F318A CgMshA are 

covered. (Figure 2.3) 
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Figure 2.3 Peptide sequence map for wild type and variant CgMshA. (A) 88.3% peptides 

sequences are determined on the wild type CgMshA, (B) 91.9% peptides of L320A CgMshA are 

identified, and (C) 90.9% peptides of F318A CgMshA are covered. Blue lines stand for peptides 

that are generated and identified in tandem MS/MS experiments. They are aligned with amino 

acid sequences. Empty slots mean that there is no good signal monitored for the corresponding 

sequences. Multiple overlaid blue lines mean that there are more than one peptide peaks 

collected for this piece of sequences.   
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Conformational change of CgMshA is confirmed upon binding UDP-GlcNAc. To 

identify conformational changes in CgMshA upon binding UDP-GlcNAc, HDX-MS is applied to 

detect peptide flexibility changes due to ligand binding. In the UDP-GlcNAc CgMshA complex, 

peptide dynamic changes are mainly in the C-terminal domain, which supports the previous 

hypothesis that the conformational change of CgMshA results from the rotation of the C-terminal 

domain. The peptides that exhibit a dynamic change are in regions that both are exposed outside 

to the solution and participating in formation of the active site (Figure 2.4). 

The four  helixes forming the substrate binding site, 27-34, 229-241, 260-299, and 308-

322, all exhibit significant decreases in deuterium incorporation upon binding UDP-GlcNAc 

(Figure 2.4). In the structural report of UDP CgMshA complex, side chains of R231 and K236 

are involved in recognizing and interacting with the phosphate group of the UDP molecule. The 

main chain of R294 interacts with side chains of C262 and E324 to form a pocket for the uracil 

of UDP molecule. The protein motion also makes G264 close to G17 in the N-terminal domain, 

and they form a singular interdomain hydrogen bond. In addition, in UDP CgMshA complex 

S317 and E316 are facing the possible binding site of the GlcNAc group of UDP-GlcNAc, while 

they are far away from the active site in the apo form (Figure 2.5).20  

 The UDP CgMshA complex adopts different protein dynamics than the UDP-GlcNAc 

CgMshA complex. The crystal structure of the UDP CgMshA complex predicts most structural 

information of the UDP-GlcNAc complex, which is modeled to be a similar topology. In the 

structural model of the UDP-GlcNAc CgMshA complex, where UDP-GlcNAc is modeled to 

bind in the same location and direction as UDP, the E316 and S317 residues that face to the 

GlcNAc group of UDP-GlcNAc may have steric collisions with the substrate molecule. To 

determine if the UDP CgMshA complex is in the same conformation with the UDP-GlcNAc 
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CgMshA complex, HDX-MS experiments are utilized to compare the deuterium incorporation 

between the UDP and the UDP-GlcNAc complex. 

  The results indicate that regions that exhibit flexibility changes in the UDP-GlcNAc 

complex also have changed flexibility in the UDP complex compared to the apo form. 

Surprisingly, for those regions that have a dynamic change, UDP makes them less flexible than 

UDP-GlcNAc (Figure 2.4), which suggests that the UDP-GlcNAc complex adopts a different 

conformation that may be in between of the open conformation and the closed one. Peptide 229-

241 that contains residues F235 and R231, which are predicted to form the cleft for the acetyl 

group of UDP-GlcNAc molecule and exhibits a large decrease in the UDP complex compared 

with the UDP-GlcNAc complex. Similar decreased dynamics are also observed in the peptide 

315-322, which contains E316 and S317and form the GlcNAc binding site. This dynamic result 

suggests that the UDP complex is in a more stable form than the UDP-GlcNAc complex, so 

simply adding UDP-GlcNAc molecule to the UDP complex structure is not necessarily accurate 

for the prediction of UDP-GlcNAc complex structure. Moreover, since the UDP CgMshA 

complex is in the most stable compared to the apo form and the donor bound complex, the 

product release step might be the rate-determining step for the reaction.  

I1P causes no further conformational change. To identify conformational changes in 

CgMshA upon binding the sugar accptor, I1P, the peptide dynamics of I1P CgMshA complex is 

compared to the apo form. In contrast to the UDP-GlcNAc CgMshA complex, the I1P CgMshA 

complex does not result in significant changes of peptide flexibility. This result is consistent to 

the proposed binding mechanism of CgMshA, which supports that CgMshA prefers to bind 

UDP-GlcNAc followed by I1P.  
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Figure 2.4 Dynamic changes of CgMshA with UDP-GlcNAc and UDP bound are mapped on the 

structure. Peptides that exhibit flexibility changes are in pink or blue. The four  helixes that 

form the substrate binding site (27-34, 229-241, 260-299, and 308-322) are in blue, and their 

HDX-MS curves are shown. In each HDX curve, wild type is in red, UDP-GlcNAc complex is 

green, and UDP complex is in blue. PDB id: 3c4q.  
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Figure 2.5 The active site of UDP CgMshA complex. The ribbon of protein is colored in grey. 

Atoms including amino acids and UDP molecule are labeled by element. The peptides that 

exhibit significant dynamic change are labeled in blue. PDB id: 3c4q.  

 

I1P causes no further conformational change of the UDP CgMshA complex. To identify 

whether there is a further conformational change of the UDP-GlcNAc CgMshA complex 

intermediate caused by binding I1P, protein dynamics of the UDP-GlcNAc CgMshA complex 

and the UDP-GlcNAc•I1P CgMshA complex should be compared. However, the ternary 

complex would be catalytical active. In this case, the UDP•I1P CgMshA complex is used to 

simulate the structure and dynamics of the UDP-GlcNAc•I1P CgMshA complex intermediate. 

By comparing the deuterium incorporation of the UDP CgMshA complex and the UDP•I1P 

CgMshA complex, it is shown that no additional change of structure and dynamics occurs. This 

indicates that the conformational change is entirely caused by binding the sugar donor, which 

forms a pocket to bind the sugar acceptor (Scheme 2.3).  
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Scheme 2.3 Proposed substrates binding strategy. 

 

==================================================================== 

Kinetic activity of variant CgMshA. In the apo form of CgMshA, the only direct 

connection between the C-terminal and the N-terminal domain is the linker loop. One of the 

interactions of the C-terminal domain and the linker loop results from residues F318 and L320, 

which are in the C-terminal domain. During the conformational change, F318 and L320 pack 

with the linker loop and form a new hydrophobic pocket with P195, W391, G23, and V26 in the 

UDP-bound state (Figure 2.6). Based on the structure, these two residues show significant 

distance changes of ~14.5 Å and 11.0 Å, respectively, upon binding UDP.20 Interestingly, F318 

and L320 are located on the 12 and 10 loops, which are believed to play important roles in the 

recognition of the UDP and glucose portions of the sugar donor substrate. Here F318 and L320 

are hypothesized to interact with the linker loop and assist in the conformational change upon 

UDP binding.  

F318 and L320 variant CgMshA were generated, and their activities were assayed (Table 

2.1). Compared to the wild type enzyme, L320A CgMshA has a ~500-fold decrease in the kcat 

value and exhibits similar Km values for both substrates. L320V CgMshA shows a 5-fold 

decrease in the kcat value, a 5-fold increase in the KUDP-GlcNAc value, and a similar KI1P value. The 

substitutions of L320 with polar amino acids, L320D and L320T, in CgMshA results in loss of 

activity. The kinetic results indicate that sterics and hydrophobicity of the residue at the 320 

position is essential for enzyme activity.  
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Figure 2.6 Interaction of F318 and L320 with linker loop. (A) in the apo form, F318 and L320 

are facing to the linker loop. (B) In the UDP complex, F318 and L320 residues are involved in 

the formation of a new hydrophobic pocket and close to the UDP molecule. PDB id: 3c48 (A) 

and 3c4q (B). 

 

In assays of F318 substituted enzymes, kcat and Km values are detected with 1 mM of the 

non-varied substrate since the saturated concentration is not reachable, and the kcat (app) and Km 

(app) values are reported. The kinetic result indicates the Km (app) values of I1P and UDP-GlcNAc 

increase more than 15-fold in F318A CgMshA, and more than 10-fold in F318Y CgMshA 

compared to the wild type enzyme. In addition, F318R CgMshA does not exhibit measurable 

activity, which suggests that F318 contributes to substrate recognition and binding. The kinetic 

study of L320 and F318 variant enzymes suggest that they play different roles in enzyme 

activity. While the substitution of L320 causes a decrease in the catalytic activity, F318 may 

participate in substrates binding steps.  
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Table 2.1 Kinetic activity of wild type and substitutions of CgMshA. “--” means the value is not 

measurable by the UV/Vis assays. 
 

kcat (min-1) KI1P (μM) KUDP-GlcNAc (μM) 

Wt CgMshA 1131  87 275  56 254  20 

L320V 212  11 167  24 1368  123 

L320A 2.00  0.04 163  12 286  42 

L320D -- -- -- 

L320T -- -- -- 

F318A > 366  66 > 4000  1000 > 6100  800 

F318Y > 1050  66 > 2100  140 > 5100  500 

F318R -- -- -- 

Experimental details and data analysis as described in materials and experiment. 

==================================================================== 

The comparison of L320A CgMshA and the wild type enzyme implies a structural 

change. Since the kinetic activity of L320A CgMshA exhibits a large decrease but is still 

measurable, L320A CgMshA is a suitable variant enzyme to be further explored via HDX-

LC/MS. The result shows that part of the linker loop (191-198) and three peptides that are 

involved in the formation of the active site (26-34, 228-242, and 257-274) exhibit different 

deuterium incorporations relative to wild type CgMshA (Figure 2.7). Compared to the wild type, 

peptides 228-242 and 257-274 of L320A CgMshA lose flexibility in the apo form, which means 

they may have structural change. On the other hand, residues 26-34 and 191-198 show faster 

HDX rates in L320 CgMshA relative to wild type CgMshA.  
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Figure 2.7 The map of dynamic changes of L320A CgMshA compared to the wild type enzyme 

in apo state. The L320A mutation spot is labeled in red, and peptides that exhibit flexibility 

changes are in light and bright blue. Two -helixes that form the substrate binding site and part 

of the linker loop exhibit apparently different flexibilities, and they are labeled in bright blue. In 

each HDX curve, wild type CgMshA is in red, L320A CgMshA is in blue. PDB id: 3c4q. 

 

The conformational changes upon binding sugar acceptor or UDP do not occur in 

L320A CgMshA. The HDX-MS dynamic study of L320A CgMshA UDP-GlcNAc and UDP 

complexes show that peptides exhibit the same deuterium incorporation kinetics upon binding 

the two molecules, surprisingly. This may result from two possibilities, in which L320A 

CgMshA may bind or not bind UDP and UDP-GlcNAc molecules. The first explanation is that 

L320A CgMshA still binds UDP and UDP-GlcNAc molecules, but not in a productive way. 

Another possibility is that the L320A substitution prevents the protein motion occurring, so no 

sugar binding site is formed. Since Km values of L320A CgMshA do not change much compared 

to the wild type enzyme, this suggests that the molecules are still the same accessible for the 

enzyme. 

F318A CgMshA apo exhibits no structural change compared to the wild type CgMshA. 

HDX-MS is also applied on F318A CgMshA to identify dynamic changes caused by the 
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substitution. In contrast to L320A CgMshA, substitution of F318A does not result in any change 

of peptide flexibility in the apo form compared to the wild type enzyme. Considering the large 

Km values of F318A CgMshA, detecting dynamic changes of F318A CgMshA with saturated 

substrate is not possible. 

2.4 Discussion 

Background and objective. The retaining GT-B family was recently investigated from the 

perspective of catalytic mechanisms and substrate selectivity for use in synthetic methodology.22 

While this impactful work contributes to detail retaining GTs individually, there are still 

limitations for understanding the global GT families, especially for GT-B enzymes. There are no 

protein dynamic reports with peptide details for the GT-B families. So structural dynamic studies 

of CgMshA are necessary to describe the importance of the formation of substrate complex as 

well as further compare with other GT-B enzymes. 

GT-B enzymes require a movement of domains to form a pocket for binding substrates and 

catalysis. Those interdomain closures have been reported in previous research.15, 16, 23 In the 

structural study of MurG, which is the first crystal structure of GT-B enzyme that has been 

reported, it is found that the C-terminal domain of MurG rotates around 10° towards the N-

terminal domain with the donor bound, and the N161 residue on the linker loop is described to be 

the center of rotation by the C-terminal domain.18 Similarly, in another GT-B structural report, 

GtfD adopts a “cleft closed” conformation that is induced by nucleotide binding, and the closed 

conformation forms extensive interdomain contacts between peptides 60-76, 139-144, and the C-

terminal domain.19 In addition to experiments, computational modeling is also utilized to predict 

dynamics of glycogen synthase, a GT-B enzyme, and it supports a closed state formed by an 

interdomain rotation of ~24°.24 All these previous GT-B structure study suggests that exploring 



64 
 

the connection between the required conformational change and the well conserved GT-B 

structural fold is the key for understanding the entire GT-B family.  

CgMshA is a representative of the retaining GT-B enzymes, and its crystal structures in 

three different conditions have been reported. The structures of CgMshA indicate that a 97° 

rotation occurs upon binding UDP. This is the largest rotation that has been reported in GT-B 

structures, but direct studies and details for this change are lacking. Thus, the investigation of the 

conformational change in CgMshA is essential to understand GT4 family as well as retaining 

GT-B family.  

The role of key residues packing with the linker loop. F318 and L320 are two target 

residues in the linker loop that may drive the dynamic change of CgMshA. The kinetic study of 

F318A and L320A CgMshA shows that they display a dramatic decrease in kcat value, which 

demonstrates that they may contribute to the catalytic activities. In addition, F318A CgMshA 

exhibits a more than 20-fold increase of Km values for both substrates, which suggests F318 

plays an important role in substrate binding. The dynamics of F318A and L320A CgMshA were 

explored by the HDX-MS and were compared to the wild type enzyme. F318A CgMshA exhibits 

the same flexibility as in the apo form, which implies that the general protein structure has not 

changed. L320A CgMshA displays different protein dynamics in the apo form and exhibits no 

conformational change upon binding UDP and UDP-GlcNAc. 

In the apo form of L320A CgMshA, four peptides exhibit different flexibilities relative to 

wild type CgMshA, 26-34 (N-terminal), 191-198 (linker loop), 228-242, and 257-274 (both in 

the C-terminal) (Figure 2.6). While residues 26-34 and 191-198 are more accessible to solution, 

the other two peptides in the C-terminal domain lose the flexibility compared to the wild type 

CgMshA. Interestingly, except the peptide in the linker loop (191-198), all the other peptides 
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(26-34, 228-242, and 257-274) are reported to be involved in the formation of the active site of 

wild type CgMshA based on the crystal structure (Figure 2.5). They also exhibit apparent 

decreased deuterium incorporation in wild type CgMshA upon binding UDP-GlcNAc and UDP 

in the HDX study. This indicates that the protein structure and dynamics might be changed by the 

L320A substitution. In the kinetic study, L320A CgMshA exhibits a Km value close to the wild 

type enzyme. However, the variant enzyme loses most of the overall activity. Although the result 

cannot exclude the possibility that L320A CgMshA still uses UDP-GlcNAc as a substrate, it is 

hard to explain why L320A CgMshA has a lower KUDP-GlcNAc value than L320V CgMshA (Table 

2.1). In this case, a more reasonable description is that the L320A substitution changes the 

protein structure, which makes it difficult to bind UDP-GlcNAc in a productive way.  

Well conserved residues in the C-terminal domain of GT4 enzymes are involved in the 

conformational change of CgMshA. Based on the Pfam protein domain database, the N-

terminal domain (residues 22-201) and the C-terminal domain (residues 209-385) of CgMshA 

are grouped into the GT4 and GT1 sequence family, respectively. Modeled by Skylign and 

Markov computing tools, a weighting sequence alignment of the GT1 family is reported (Figure 

2.8). By matching the sequence of the C-terminal domain of CgMshA to the sequence alignment, 

the corresponding residues with large letters are mapped in CgMshA (K236, G264, E316, G319, 

E324, and G350) (Figure 2.9A). Not surprisingly, K236, E316, and E324 are located in the active 

site close to the UDP molecule (Figure 2.9A), and they are predicted to contribute to the catalysis 

based on previous structural reports.25 G264 is far from the catalytic domain in the apo structure, 

however, it forms an interdomain hydrogen bond with the backbone carbonyl of G17 from the N-

terminal domain. Similarly, G319 forms a hydrogen bond with the 4-OH group of the sugar 

moiety in the binary complex (Figure 2.9B).  
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Similar structure and sequence alignments can be also matched by two recent GT-4 

structure studies, in both of which the EX7E motif (E316-E324 in CgMshA) is observed to be 

located around the sixth -helix (C6) in the GT1 donor binding domain.15, 16 While the first E 

residue binds the acetylglucosamine part of the donor substrate and the last E interacts with the 

ribose of the leaving group, the residues in between of them are diverse.16 The second and third 

residues in the X7 are reported to contribute to select various donor molecules in terms of size 

and shape. In addition, a RX4K like motif around C2 (R231-K236 in CgMshA) is reported to 

stabilize the leaving group of the donor molecule (Figure 2.8).15, 16  

Although GT-B enzymes are reported to share a conserved donor binding domain in other 

GT4 enzymes and have diversity in the acceptor binding domain, there is still one residue that is 

well conserved in GT4 N-terminal domain (Figure 2.10). The histidine located on the loop 

between N6 and N5 is highly conserved in the GT4 acceptor binding domain. In the structural 

reports of CgMshA and WlaC, the corresponding histidine forms a hydrogen bond with the 6’-

hydroxyl of the sugar donor and contributes to stabilize the intermediate.16, 20 This histidine is 

also reported in other retaining GT families, including MalP and OtsA.26 This suggests that this 

histidine might be a key residue for retaining GTs.  

Interestingly, based on the HDX-MS dynamic study of CgMshA, the well conserved 

residues of GT1 are located on peptides that exhibit apparent dynamic changes with UDP or 

UDP-GlcNAc bound, which supports that these GT1 motifs are also playing key roles in the 

conformational change of CgMshA. In other words, the conformational change result of 

CgMshA reported in this chapter can be further mapped to other GT4 enzymes with the 

connection of the conserved residues. Moreover, since GT4 is believed to be the sequence 

ancestor of retaining GT-B family,14 this conformational study is essential to understand the 
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whole GT-B family. 

Summary. In this chapter, we show details of protein dynamic changes of CgMshA in 

solution with peptide resolution. Based on the results, we report a possible third conformation of 

CgMshA in solution with UDP-GlcNAc bound. This indicates that the UDP-GlcNAc complex is 

in a more flexible form than the UDP complex and UDP releasing step might be the rate 

determining for the reaction. Finally, we combine structure and dynamic study with 

bioinformatic results of CgMshA and hypothesize the sequence/structure/dynamic relationship 

for GT-4 family. Since GT4 is the potential ancestral retaining GT-B family, this research will 

provide evidence to understand GT-B enzymes. 
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Figure 2.8 The weighting sequence alignment of GT1 family. The height of each letter is based 

on the frequency of the corresponding residue that occurs in the family.26 The six largest letters 

are labeled by black arrows and selected to map in the structure of CgMshA. EX7E (E316-E324 

in CgMshA) and RX4K (R231-K236 in CgMshA) are marked. (Adopted from Pfam GT1)   
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Figure 2.9 (A) The structure of the active site of CgMshA and (B) the diagram of proposed 

interactions of residues and UDP-GlcNAc. (A) The well conserved residues of GT1 and GT4 

family are mapped in the CgMshA structure and labeled. The RX4K (R231-K236 in CgMshA) is 

in orange, and EX7E (E316-E324 in CgMshA) is in yellow. G17, which forms the hydrogen bond 

with G264 is also marked. (B) The modeled interactions of UDP-GlcNAc and the conserved 

residues.25 PDB id: 3c4q. 

  

A 

B 
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Figure 2.10 The weighting sequence alignment of GT4 family. The well conserved H located on 

the loop between N6 and N5 (H133 in CgMshA) is labeled by a black arrow.   
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CHAPTER 3 

INVESTIGATON OF PROTEIN DYNAMICS OF ESCHERICHIA COLI 

HEPTOSYLTRANSFERASE I, AN INVERTING GT-B ENZYME 

3.1 Introduction 

The increasing bacterial resistance to common antibiotics is a growing problem in the 

world. Some of the most concerning bacteria are Gram-negative pathogens, most species of 

which are resistant to a number of the currently used drugs.1 Gram-negative bacteria can protect 

themselves from the toxic environment mainly because they utilize a strategy of creating a 

penetrability barrier on the cell surface.2 Although these barriers cannot totally block the toxic 

compounds, they can slow down their uptake. 

Lipopolysaccharides (LPS) are an important component of the penetrability barrier on the 

cell surface of Gram-negative bacteria. The molecular structure of LPS contains three domains: 

Lipid A, repeating O-antigen, and a core oligosaccharide that involves 3-deoxy-α-D-oct-2-

ulopyranosonic acid (Kdo) (Figure 3.1).3 In addition to the bacterial inhibition, it has been 

reported that LPS also relates to cell motion and biomembrane formation.3-5 These biofunctions 

of LPS make it necessary to design new antibiotics and inhibitors for the LPS biosynthesis 

pathway to decrease the pressure caused by Gram-negative bacterial resistance.  
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Figure 3.1 The molecular structure of LPS, which contains Lipid A, a core oligosaccharide, and 

O-antigen repeat.5 Kdo2-LipidA pattern connects to the ourter membrane and is in orange. 

Heptose is in blue. 

 

The biosynthesis of LPS results in its biochemical features and a high degree of preservation 

of its biomolecular structure. The complex biosynthesis requires a multitude of enzymes and 

involves three ordered biosynthetic stages: LipidA formation, Kdo moiety transfer and addition, 

and inner core growth.6, 7 Although the molecular structure of these components may be slightly 

different in various bacteria, it has been reported that mutations on the three steps all cause the 

inactivity of the corresponding bacteria.8, 9 In the three components, Kdo2-lipid A (lipid A with 

two 3-deoxy-D-manno-octo-2-ulosonic acid (Kdo) sugar moieties attached) has the minimal 

structural requirement.10, 11 In addition, previous research has suggested that blocking the transfer 

of heptose to Kdo2-Lipid A enhanced bacterial sensitivity to hydrophobic antibiotics.12 Thus, the 

inner core growing step in the LPS biosynthesis pathway attracts expanding attention (Figure 

3.2).  
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Figure 3.2 The diagram of inner core growing progress in the LPS biosynthesis.6 HepI catalyzes 

the first step of the inner core growth. 
 

 

 

Figure 3.3 The reaction catalyzed by HepI from E. coli. The sugar donor is labeled in blue, and the 

Kdo group that roles as the nucleophile of the sugar acceptor is in red (Adopted from Reference 

1).
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The first step of the inner core growing pathway in LPS biosynthesis is catalyzed by 

heptosyltransferase I (HepI).3, 13 It transfers L-glycero-D-manno-heptose (Hep) from ADP-Hep 

to a Kdo group of the growing core region of the Kdo2-Lipid A molecule (Figure 3.3).14-16 HepI 

is a GT-B inverting glycosyltransferase (GT). As explained in chapters 1 and 2, GTs are 

classified into 106 families based on the sequence similarity. HepI from Escherichia coli is in the 

GT9 sequence family, and all GT9 members are predicted to adopt the GT-B structural fold and 

use an inverting mechanism.17 The GT9 family contains 1889 sequence entries to date based on 

the UniProt database. In contrast those multifunctional GT families, such as GT4 and GT2, GT9 

is a monofunctional family. All the enzymes of GT9 are proposed to transfer heptose to the inner 

core in the LPS biosynthesis.18, 19 In addition, there are only two GT9 enzymes that are reviewed 

and have reported crystal structures.15, 20  

The mechanism utilized by HepI is an inverting mechanism. Similar to the retaining 

mechanism, the inverting reaction is believed to stabilize an oxocarbenium ion-like transition 

state, which is like the SN1 mechanism.21 In the proposed inverting reaction, ADP leaves the Hep 

group and the sugar acceptor attacks the anomeric carbon from the opposite side at the same 

time. (Scheme 3.1) For the reaction catalyzed by HepI, the catalytic residue Asp13 (D13) is the 

base that assists the chemistry. D13 abstracts a proton from the sugar acceptor Kdo2-Lipid A and 

produces an oxyanion nucleophile.13 (Figure 3.4) 
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Scheme 3.1 The inverting mechanism of HepI. (Adopted from Reference 5) 

 

===================================================================== 

HepI adopts a GT-B structural fold, which has two Rossman-fold domains and a flexible 

linker loop. As described in chapter 1 and chapter 2, the N-terminal domain of GT-B folds bind 

sugar acceptors and have diversity in structure, while the C-terminal domain binds sugar donors 

and are well conserved. Although many GT-B folded enzymes are reported to require a protein 

motion, such as MshA, MurG, and GtfA,22-26 the reported structures of GT9 enzymes do not 

support that a conformational change occurs upon binding substrates.27 

Crystal structures of HepI have been reported in four versions, the apo form (2GT1), ADP-

heptose (ADP-Hep) HepI complex (2H1F), ADP-2-deoxy-2-fluoro-heptose (ADP-2F-Hep) HepI 

complex (2H1H), and a recently reported both substrate analogs HepI complex (6DFE).27, 28 By 

comparing the first three structures, HepI is reported in an open conformation and does not adopt 

a conformational change with the sugar donor and the donor analog. In the structural report, the 

electrostatic molecular surface is calculated, and it indicates a broad split between the two 

domains. Additionally, it is reported that the charge redistribution is unbalanced. While the N-

terminal domain is highly positively charged, the C-terminal domain is slightly negative.13 The 

positive charge of the N-terminal domain is also observed in MurG and is believed to contribute 
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to enhancing the interaction of the Kdo2-Lipid A and negative membrane.26  

Although the structural report does not support a conformational change of HepI directly, 

there is a slight structural change that occurs in the ADP-2F-Hep HepI complex. In the structure 

of this complex, two asymmetric HepI molecules are observed, and one molecule (A) is more 

ordered than the other one (B). It is shown that the C-terminal domain of the molecule B 

undergoes a 5°C rotation to form a slightly more open conformation.13 In addition, the sugar 

binding method is very similar to what is reported for the other GT-B enzymes, including the 

hydrogen bond interactions between the heptose moiety and the surrounding residues. The 

catalytic residue D13 is 8 Å far from the target carbon of the ADP-Hep intermediate, which 

requires a protein motion to move it to the active site. Therefore, it is hypothesized that a closed 

conformation of HepI is induced by the sugar acceptor, which contributes to the formation of a 

ternary complex.  

 

Figure 3.4 The open conformational structure of HepI with ADP-Hep, Asp13 and ADP-Hep are 

labeled. PDB id: 2H1F.  
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Recently, the Taylor Lab at Wesleyan University measured intrinsic tryptophan fluorescence 

of HepI and reported a dynamic change upon binding substrates.28 In the report, HepI does not 

exhibit any dynamic change with the ADP-Hep molecule, which is identical to the structural 

report. However, a dynamic shift is observed when HepI is incubated with the sugar acceptor 

Lipid A. This is the first kinetic evidence that indicates a conformational change of HepI. 

However, this report is a general dynamic analysis of the HepI at a protein level, and a higher 

resolution picture of the conformational change is still lacking. 

In this project, hydrogen deuterium exchange monitored by mass spectrometry (HDX-MS) 

is applied to investigate the dynamic change of HepI in the apo form at a peptide level. By 

mapping the dynamic change to the HepI structure and comparing to the retaining GT-B enzyme 

CgMshA, common features as well as differences will be described. A comprehensive analysis of 

the two GT-B enzymes that utilize different mechanisms will provide help in understanding the 

GT-B family. In order to ensure that only the dynamic change due to ligand binding is monitored, 

the functional basic residue Asp13 (D13) will be mutated to remove its chemical function. D13A 

HepI is used in the experiment to simulate the structure of wild type HepI. 

3.2 Material and Experiments 

Chemicals. Reagents used in the project were HPLC grade. 99.9% Deuterium oxide was 

purchased from VWR. Porcine pepsin (3200-4500 units/mg) was obtained from Sigma-Aldrich. 

Proteins and substrates were obtained from Dr. Taylor’s group at Wesleyan University.  

Tandem Mass Spectrometry (MS/MS) for HepI sequencing. The pepsin column was 

used to produce wild type and variant HepI peptides, which were then analyzed by tandem mass 

spectrometry, and the sequence was mapped. D13A HepI samples were prepared at 20 M, and 1 

L of D13A HepI protein sample was mixed with 49 L of assay buffer (50 mM HEPES buffer, 
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pH 7.5, 50 mM KCl, and 10 mM MgCl2) and 50 L of quench buffer (0.2 M KH2PO4, pH 2.5 at 

0 C). The protein sample was then injected into the Ultra Performance Liquid Chromatography 

instrument (UPLC), where the protein sample was digested by the pepsin column and trapped at 

200 μL/min by H2O with 0.1% formic acid, then eluted through a C-18 reversed phase UPLC 

column at a 30 L/min flow rate with an increased gradient of acetonitrile (ACN) from 5% to 

85% over 5 mins. The peptides were scanned in positive ion mode in the m/z range of 100-1500. 

The peaks of raw data files were analyzed using the software ProteinLynx Global SERVER 

(PLGS) with 30 low energy and 150 high energy cutoffs, then the PLGS generated files were 

imported into DynamX to identify the sequences. Sequence mapping was repeated 5 times, the 

reproducible peaks that exhibit a more than 10,000 intensity as well as a less than 10 ppm error 

with 4/5 file threshold were selected to be analyzed for backbone amide hydrogen deuterium 

exchange.  

HDX-MS. HDX-MS was utilized to detect the flexibility of D13A Hep I in solution. 1 L 

of 20 M protein sample was incubated in 49 L of 99.9% D2O reaction buffer at 25 C for 15 s 

to 1h. The HDX reaction was quenched by mixing 50 L of quench buffer on ice and digested 

for 5 mins with 4 μg of porcine pepsin at 20 °C [2 mg/mL in 0.01 M KH2PO4, pH 7.4]. The 

digested peptide sample was then injected onto the UPLC, where they were trapped at 200 

μL/min by H2O with 0.1% formic acid, then they were loaded onto the C-18 reversed phase 

HPLC column and eluted with a gradient concentration of ACN from 5% to 85% in 5 mins. The 

HDX-MS data was analyzed using DynamX. 

3.3 Result  

Identify the sequence of HepI by tandem MS/MS. D13A HepI was digested by pepsin to 
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yield a good sequence coverage with a 5 min gradient time for the HDX-MS experiment. The 

peptide sequence was identified by the tandem MS/MS, and PLGS software was used to interpret 

the collected data of peptides. The peptide maps were exported to DynamX software and used as 

references for each peptide peak in the following HDX-MS experiments to investigate dynamic 

changes upon binding molecules (Figure 3.5). In the tandem MS/MS experiments, with an 

acetonitrile gradient from 5% to 85% in 5 mins, 94.8% peptides of D13A HepI are determined. 

 

 

Figure 3.5 The coverage map made by tandem MS/MS, 94.8% peptides are identified with 4/5 

files threshold. Blue lines stand for peptides that are generated and identified in tandem MS/MS 

experiments. They are aligned with amino acid sequences. Empty regions mean that there is no 

good signal monitored for the corresponding sequences. Multiple overlaid blue lines mean that 

there are more than one peptide peaks collected for this piece of sequences. 
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Dynamic study of D13A HepI in the apo form. To investigate the protein dynamics of 

non-reactive HepI in solution, HDX-MS was applied to D13A HepI. Similar to another GT-B 

enzyme CgMshA (chapter 2), D13A HepI exhibits high flexibility in several regions (Figure 3.6). 

In the peptide flexibility map of HepI, four loops in the C-terminal domain exhibit >50% of the 

maximal relative uptakes at the 60 mins timepoint: residues 163-179, 235-244, 271-304, and 

308-319. Among the four loops, only residues 235-244 are located around the active site and is 

involved in the sugar donor binding pocket. However, other functional residues that contribute to 

the formation of the hydrophobic pocket to bind the sugar donor do not exhibit a dynamic 

change. Based on the previous protein structural study, T187 and T188 contribute to binding the 

-phosphate of the ADP with T262. P216, L244, V247, and L264 form a hydrophobic pocket to 

bind the heterocycle of ADP with van der Waals interaction. T262 is related to bind the -

phosphate of the ADP, and G263 interacts with the -phosphate. Additionally, a well conserved 

E222 interacts with O2 and O3 of the heptose, which is similar to the corresponding glutamate of 

other GT-B enzymes (Figure 3.7).13 Based on the protein dynamic study of D13A HepI, these 

residues (except L244) exhibit stability in deuterium solutions, which suggests that they are 

already very stable in the apo form and may not adopt a closed conformation. 

A flexible region of the N-terminal domain in the HDX experiment are residues 67-82, 

which exhibit a ~50% of the maximal relative uptake increase in the deuterium solution. This 

region is located on the fourth -helix of the N-terminal domain, which is exposed and 

accessible to solvent. This -helix is called “ruler helix” because it plays a role like a molecular 

ruler.23, 29 The ruler helix was also reported in the PgIH crystal structure, which is a membrane-

associated retaining GT-B.29 In the PgIH structural report, the 2 in the N-terminal domain at the 

same location contributes to the formation of the positive charge as well as hydrophobicity. In 
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addition, the ruler helix was observed at a similar location in the PimA crystal structure, which is 

another membrane-associated GT.30, 31  

 

 

Figure 3.6 Peptide flexibility of HepI apo form (A) and CgMshA in the apo form (B) is mapped 

on the structure. Peptides that exhibit high flexibilities (relative uptake>50% at the 60 mins 

timepoint) are in light blue. (A) The peptides that form the substrate binding site (4-15, 206-244, 

and 257-295) perform a high flexibility, and their HDX-MS curves are shown. E222 residue is 

marked. PDB id: 2H1H, 3C4V. 

 

 

 

Figure 3.7 The diagram of proposed interactions of residues and ADP-Hep molecule. The 

residues that located on a flexible peptide is in red, while the stable ones are in blue.     
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3.4 Discussion and Future work 

Background and objective. The investigation of the GT-B family of glycosyltransferases 

was recently developed in terms of the structural and functional study of individual proteins. 

While these reposts enhanced understanding of a subset of the GT-B family, agreement on the 

global GT-B family is still required. A key point is to examine the conformational change that 

has been reported for several GT-B enzymes and believed to be adopted by the entire GT-B 

family.22-26 It is believed that GT-B enzymes require an interdomain interaction to adopt a closed 

conformation. The protein motion that occurs in the reaction has been reported in MurG, which 

is the first structural report for the GT-B family.32 With the development of the structural study of 

GT-B enzymes, the conformational change is supported by more structural reports of both 

inverting and retaining GT-B enzymes. 23, 29, 33, 34 In addition to experiments, computational 

modeling was also utilized to predict a closed state is formed by an interdomain rotation.35 

Although the conformational change is supported by most crystal structural reports and believed 

to occur to all GT-Bs, there is no dynamic study of GT-B at a peptide level. In this case, the 

investigation of protein dynamics of HepI is essential. This study helps understanding the protein 

dynamics of inverting GT-B. In addition, the comparison of HepI and CgMshA will provide hints 

for GT-B research.  

Peptides of HepI are flexible. Based on the previous crystal structural report of HepI, there 

is no closed conformation observed directly in all three forms of HepI.13 To figure out regional 

flexibilities and the possibility of a conformational change, the HDX technique is utilized to 

investigate the deuterium incorporation of HepI at a peptide level. The HDX results indicate that 

eight loops exhibit >50% of the maximal relative uptake increase and the potential to adopt a 

more stable fold: residues 5-12, 53-73, 87-102, 116-126, 163-179, 235-244, 271-304, and 308-
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319. However, only two loops are located around the active site: residues 5-12 and 163-179. In 

addition, the functional residues that are reported to contribute to binding the sugar donor all 

exhibit dynamic stability.  

Comparing the structural maps of dynamic change of apo CgMshA and apo HepI, there are 

features that are shared by CgMshA and HepI. In the C-terminal domain, the third  sheet 

(represented by C3), C7/8, and C5/6 of both enzymes are flexible. In the two enzymes, these 

regions are located by the outer layer of protein, which suggests that they may be involved in the 

formation of a ternary complex or the interaction of multiple protein chains. In the N-terminal 

domain, N1 exhibits a peptide flexibility in both proteins. Since N1 is located in the active 

site, it suggests that the peptide flexibility might be decreased upon binding substrates. In 

addition, the linker loops exhibit flexibility in both enzymes, which supports its contribution to 

protein dynamic change due to the ligand binding. 

Despite the common features shared by CgMshA and HepI, HepI displays a different 

dynamic flexibility map compared to CgMshA. (Figure 3.6) In the HepI structure, peptides that 

form the active site all exhibit peptide dynamic stability, while the four peptides that form the 

active site of CgMshA exhibit significant dynamic flexibility. Additionally, HepI exhibits 

apparent dynamics in around half of the C-terminal domain while CgMshA exhibits peptide 

flexibilities and dynamic shifts in the whole C-terminal domain. Considering that CgMshA is 

reported to adopt a 97 °C domain-to-domain movement,23 it is reasonable to predict that a slight 

domain rotation may occur in HepI. Moreover, with the conclusion of chapter 2 that the 

conserved C-terminal domain of the GT-B family is related to the commonly adopted protein 

conformational change, the potential dynamic change that occurs to HepI may also result from 

the conserved structure of the C-terminal domain, which suggests the dynamic change of HepI 
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may occur to the C-terminal domain.  

Future work. To avoid any structural changes resulting from the chemical step of the wild 

type HepI reaction, the non-active enzyme D13A HepI has been utilized. However, there is still 

possibility that the mutation D13A changes the protein structure. Thus, it is necessary to apply 

HDX to the wild type HepI and confirm that the wild type and the variant HepI have identical 

structures.  

In addition to the HepI dynamic study, a global sequence network and structural study is 

also required. Most research on glycosyltransferases focuses on enzymes separately in terms of 

their unique function. While these researches improve our understanding of individual GTs, it 

provides limited information for the understand of general GTs. HepI belongs to the GT9 family, 

which contains more than 1,889 sequences and has only two reported functions. The sequence 

network analysis of GT9 families will be necessary to investigate the relationship between 

conserved structure and diverse functions of GT-B enzymes.  
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CHAPTER 4 

DISTINCT MECHANISM OF SUBSTRATE SELECTIVITY IN THE DRE-TIM 

METALLOLYASE SUPERFAMILY: A ROLE FOR THE LEUA DIMER REGULATORY 

DOMAIN 

(Adapted with Chen, W., and Frantom, P. A. (2019). Distinct mechanisms of substrate selectivity 

in the DRE-TIM metallolyase superfamily: A role for the LeuA dimer regulatory 

domain. Archives of biochemistry and biophysics 664, 1-8. DOI: 10.1016/j.abb.2019.01.021. 

Copyright 2019, Elsevier) 

4.1 Introduction 

Based on the GenBank publication in 2015, the number of all sequences in GenBank is over 

900,000,000,000.1 However, the function of less than 1% of these sequences have been 

experimentally investigated. In this case, a computing algorithm is required to predict functions 

based on protein sequences. A traditional prediction algorithm was introduced in the 1990s, 

which searches the homologues of the new enzyme sequence and predicts the function by 

exploring the function of its homologues.2, 3 However, this basic sequence comparison algorithm 

is not reliable in part because it does not consider the functional effect caused by protein 

evolution. For instance, homologous proteins may exhibit diverse activities, or an enzyme may 

exhibit multiple catalytic activities due to its evolution.4 

The unreliability of this basic sequence-functional annotation is especially obvious in the 

studies of multi-functional superfamilies.2 A superfamily is a group of evolutionarily related 

enzymes that share a common step in their catalytic mechanisms. These homologous enzymes 
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generally share conserved functional residues that play a key role in catalyzing the shared step.5 

To improve the annotation of protein sequence-function relationship, a comprehensive algorithm 

is required. One applicable approach is “genomic enzymology” that combines the 

bioinformatics, structural, and kinetic studies of a protein to make a homology-based functional 

annotation.5 Genomic enzymology has been applied to investigate the enolase superfamily with 

highly functional diversity. It successfully explains why enzymes with a low sequence similarity 

surprisingly can exhibit similar functions, which exists widely in the enolase superfamily.6-8 

Recently the functional-diverse DRE-TIM superfamily was investigated using genomic 

enzymology.9 Members of the DRE-TIM superfamily catalyze different reactions but share a 

stabilization of a common enolate intermediate (Figure 4.1).10 The DRE-TIM superfamily is 

divided into four main subgroups based on an increased stringency of sequence similarity of a 

protein similarity network (PSN): claisen condensation-like, lyase-like, carboxylase-like, and 

aldolase-like. Among the four subgroups, claisen condensation-like (CC-like) subgroup is the 

most multi-functional. The enzymes of the CC-like subgroup are involved in the first two steps 

of the biosynthetic pathway of L-leucine, L-isoleucine, and L-lysine in some organism.9 They 

catalyze the condensation reaction of α-ketoacids and acetyl coenzyme A (AcCoA). Based on the 

specificity of the α-ketoacid substrate, CC-like subgroup contains at least six activities: 

isopropylmalate synthase (IPMS), citramalate synthase (CMS), homocitrate synthase (HCS), 

methylthioalkylmalate synthase (MAM), R-citrate synthase (R-CS), and 2-

phosphinomethylmalic synthase (PMMS) (Figure 4.2).   
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Figure 4.1 Member enzymes of DRE-TIM superfamily share a common stabilization of the enolate 

intermediate during the reactions.9 (Adopted from Refence 9)  
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Figure 4.2 Functions and sequence similarity network of CC-like subgroup in the DRE-TIME 

superfamily. (A) The activities of the CC-like subgroup members. Six activities have been 

identified in the CC-like subgroup: isopropylmalate synthase (IPMS), citramalate synthase 

(CMS), homocitrate synthase (HCS), methylthioalkylmalate synthase (MAM), R-citrate synthase 

(R-CS), and 2-phosphinomethylmalic synthase (PMMS). (B) Sequence similarity network of 

CC-like subgroup. Lines drawn between a pair of nodes mean that the sequence similarity 

between the two proteins is higher than an E value threshold cutoff, which is 10-80 in this figure 

(50% sequence similarity). Predicted functionalities are labeled by colors in each cluster.11 

(Adopted from Refence 11)  
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The CC-like subgroup can be further divided into six sequence clusters by increasing the 

stringency of the sequence similarity. The average sequence similarity in the same cluster is 

higher than 50% and the sequence similarity shared by diverse clusters is less than 20% (Figure 

4.2). Interestingly, the functions and substrate selectivity of CC-like subgroup enzymes are not 

dependent on their sequence similarity. Enzymes from different clusters may have a similar 

function, while enzymes in the same cluster may exhibit diverse activities. 

The substrate selectivity motif of IPMS from Methanococcus jannashii (MjIPMS) has been 

reported to be the residues located at  3-5 (the 5th residue of β-strand 3) and  4-7. These 

residues create an open space to bind α-keto-isovalerate (KIV) over smaller substrates.11 Motifs 

at the corresponding positions of other enzymes in the CC-like subgroup are reported, such as the 

WS motif for HCS and FE motif for novel enzymes that have not been reviewed.12 Surprisingly, 

for CMS from Methanococcus jannashii (MjCMS), which shares a more than 50% sequence 

similarity with MjIPMS, analogous residue swap substitutions in MjCMS did not allow the 

enzyme to use KIV as a substrate. This result suggests that despite the high sequence identity, 

MjCMS utilizes an alternate method of substrate selectivity.11 

One potential mechanism for substrate selectivity in MjCMS involves contributions from the 

regulatory domain of the enzyme. The LeuA dimer domain (Pfam ID: PF08502) is the dedicated 

regulatory unit for IPMS and CMS enzymes responding to feedback inhibition by L-leucine 

and L-isoleucine, respectively.13 The domain is located at the C-terminal end of the enzyme and 

is connected to the N-terminal catalytic domain by a helical linker domain (Figure 4.3). As the 

name suggests, the domain exists as a dimer with the two effector molecules binding in 

symmetrical hydrophobic pockets at the dimer interface.14, 15 In IPMS enzymes, the regulatory 

domain has been shown to regulate activity through a V-type allosteric mechanism targeting the 
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hydrolytic step in catalysis rather than affecting substrate affinity.12, 16 Removal of the regulatory 

domain from the catalytic and linker domains results in the abolishment of feedback regulation 

and normal to increased activity with the native substrates in both IPMS and CMS from several 

species.17-19 An effect on substrate selectivity was only tested with the truncated version of IPMS 

from Arabidopsis thaliana. This enzyme variant was found to have increased activity in the 

presence of the alternate substrate 4-methyl-2-oxobutyrate, a substrate for the homologous 

methylthioalkylmalate synthase, relative to the full-length enzyme.17 

The result that truncated Arabidopsis IPMS exhibited increased promiscuous activity 

provides evidence that the regulatory domain could contribute to substrate selectivity in other 

members of the Claisen-condensation subgroup and may explain the surprising mutagenesis 

results for MjCMS described above. Here, we have created truncated versions of both MjIPMS 

and MjCMS to determine if the regulatory domain plays a role in substrate selectivity. Removal 

of the respective regulatory domains exhibits opposite effects on MjIPMS and MjCMS in terms 

of substrate specificity and changes in the rate-determining step. Overall, these results highlight 

distinct mechanisms of substrate selectivity in closely related enzymes and serve as a cautionary 

example that hypotheses determined from bioinformatics results must be experimentally 

validated. 

4.2 Materials and Experiments 

Materials. Wild type MjIPMS gene LeuA Mj1195 and wild type MjCMS gene cimA 

Mj1392 were purchased from from ATCC (Manassas, VA).20 Primers for mutagenesis were 

purchased from Eurofins MWG Operon (Huntsville, AL). 4,4’-dithiopyridine (DTP) was 

acquired from Acros Organics. Acetyl CoA (AcCoA) and α-ketoisolvalerate (α-KIV) were 

obtained from Sigma-Aldrich. All the buffers and reagents were obtained in the highest purity 



97 
 

grade available from VWR International, LLC. The QuikChange Lightning (QCL) Mutagenesis 

Kit was purchased from Stratagene. XL-10 Gold E. coli cells were obtained from Stratagene. 

Competent E. coli BL21(DE3)pLysS E. coli cells were acquired from Novagen. The HisTrap HP 

column used for protein purification was purchased from GE Healthcare. 

Structural-based sequence alignment. The sequences that creat three regions of IPMS 

from Mycobacterium tuberculosis (MtIPMS), the catalytic domain, the linkage domain, and the 

regulatory domain, have been reviewed.13 A structural-based sequence alignment among 

MtIPMS (PDB id: 1sr9, Uniprot id: P9WQB3), MjIPMS (Uniprot id: Q58595) and MjCMS 

(Uniprot id: Q58787) was generated using Chimera to predict sequence regions of the regulatory 

domains of MjIPMS and MjCMS. (Figure 4.3) Based on reported sequence regions for MtIPMS, 

the corresponding sequences of the regulatory domains of MjIPMS and MjCMS are residues 

396-518 and residues 371-491, respectively. The 396th residue of MjIPMS and the 371st residue 

of MjCMS are mutated to a stop codon to remove the regulatory domain.  

 

Figure 4.3 The crystal structure of MtIPMS. The catalytic domain is red, the linkage domain is 

orange, and the regulatory domain is yellow. (PDB: 1sr9) The structure-based sequences 

alignment is created among MtIPMS, MjCMS, and MjIPMS to estimate sequences regions 

controlling the three domains.   
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Construction of MjIPMS and MjCMS variants. Point mutations were created in MjIPMS 

and MjCMS plasmid using QuikChange Lightning site-directed mutagenesis. The primers used 

for mutations were designed through www.thermofisher.com. Products of the PCR reaction were 

transformed into ultracompetent XL-10 Gold E.coli cells. After culturing, plasmids containing 

the variant genes were isolated and submitted for DNA sequencing (Eurofins Genomics, 

Louisville, KY) to confirm the mutation. Plasmids containing the correct sequence were 

transformed into BL21(DE3)pLysS E. coli cells. Cells containing the plasmid were grown in 10 

mL LB media with 30μg/mL kanamycin and 35μg/mL chloramphenicol at 37°C for 12–16 h. 

After the overnight incubation, an aliquot of cells was used to inoculate 1L of LB media with 

identical antibiotic concentrations. The 1L culture was incubated at 37°C until the OD600 reached 

0.4. At that point the incubation temperature was reduced to 18°C. IPTG (0.5 mM) was added to 

each flask when the OD600 value reached 0.8. After overnight growth, cells were isolated by 

centrifugation (4°C, 6340×g, 10 min). Centrifuged cells pellets were stored at −80°C. 

Purification of MjIPMS and MjCMS variants. The frozen cell pellet was suspended in 

lysis buffer (20 mM triethanolamine (TEA), pH 7.4, 500 mM KCl, 20 mM imidazole), 1 mM 

phenylmethanesulfonylfluoride protease inhibitor, 0.01 mg/mL DNase I, 0.25 mg/mL lysozyme, 

and 5 mM MgCl2. The resuspended cells were lysed by sonication on ice for a total of 10 min (2 

min on and 2 min off for five cycles) using a Branson Sonifier. The lysed cells were centrifuged 

(27,000×g,4°C, 30 min) to pellet the cellular debris. The supernatant was decanted and loaded 

onto a 5 mL Histrap-Ni2+column, washed with 10 column volumes of wash buffer (20 mM TEA 

(pH 7.4),500 mM KCl, 20 mM imidazole) and eluted with a gradient concentration of imidazole 

(from 20 mM to 1M) in 20 mM TEA, pH 7.4, and 500 mM KCl. The target protein fractions 

were analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Fractions 
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containing the target enzyme were collected and dialyzed against 3 × 1 L of dialysis buffer (20 

mM potassium phosphate, pH 7.4). Proteins were further purified using a 5 mL Q-XL ion 

exchange column with a gradient concentration of KCl (from 5 mM to 1M) in 20 mM TEA (pH 

7.4). Ion exchange purified protein fractions were dialyzed in the same condition mentioned 

above. Pure protein was stored with 20% glycerol at −20°C.  

Size exclusion chromatography. A GL Superdex 200 10/300 column was utilized with a 

running buffer of 20 mM TEA (pH 7.8) and 100 mM KCl. The column was calibrated by a 

molecular weight standard kit (BioRad) prior to protein samples. 100 μL of 50 μM enzyme 

sample was injected onto the column, and the elution time was determined by tracking the 

absorbance at 280 nm. 

Enzymatic assays. The condition of assay reactions catalyzed by MjIPMS was 1 mL of 100 

mM pH 8.0 TEA buffer that contains 50 mM KCl, and 50 μM DTP. The assay conditions for 

MjCMS were 1 mL of 50 mM pH 8.0 TEA buffer with 50 mM KCl, 12.5 mM MgCl2 and 50 μM 

DTP. Various concentrations of the substrate, AcCoA, pyruvate or KIV, were also added into the 

buffer. The reagents were incubated at 37 °C. Formation of CoA was determined by detecting 

DTP-CoA product that had absorbance at 324 nm (ε =19.8 mM-1cm-1). By following the 

formation of CoA, initial velocities for the assay were calculated. The Michaelis-Menten curve 

was plotted using the equation 4.1 to investigate the kinetic parameters. In the equation, ν means 

the velocity, [E]t represents the total concentration of the enzyme, [S] stands for the 

concentration of the varied substrate, kcat means the maximal velocity of the reaction, and Km is 

the Michaelis-Menten constant of the varied substrate. 

                               

                     Equation 4.1 

pH dependence determination. Three types of buffers were used: 2-(N-morpholino) 
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ethanesulfonic acid (MES) for pH 5.47-6.7, triethanolamine (TEA) for pH 6.7-8.0, and N-tris-

(hydroxymethyl) methyl-2-aminopropanesulfonic acid (TAPS) for pH 8.0-9.5. The kinetic 

parameters at the overlaying pH value (such as pH 6.7 and 8.0) were determined with two types 

of buffer to confirm that there was no kinetic parameter difference caused by changing buffers. 

Kinetic parameters and pH values were fitted into the equations 4.2-4.4. The equation that fits 

best with the data will explain the residues contributing to the catalytic activity. Equation 4.2 

describes two residues that contribute to an acid pKa value. Equation 3 explains two residues that 

contribute to an acid pKa value with only one residue in basic pKb. Similarly, equation 4.4 

describes two residues that contribute to both acid pKa and base pKb values. In the equations, x 

might stand for kcat or kcat/Km values, whichever is investigated.  

                                      log(x) = log (
(x)max

1+(
10pKa

10pH )
2)                            Equation 4.2                                                                   

                                  log(x) = log (
(x)max

1+(
10pKa

10pH )2+(
10pH

10pKb
)
)                         Equation 4.3 

                               log(x) = log (
xmax

1+(
10pH

10pKb
)

2

+(
10pKa

10pH )
2)                         Equation 4.4                               

Product analysis by 1H nuclear magnetic resonance (1H NMR) spectroscopy. All the 

four reactions, AcCoA and α-KIV condensation, as well as AcCoA and pyruvate condensation, 

catalyzed by both truncated MjCMS and truncated MjIPMS were detected by 1H NMR. The 1H 

NMR reactions mixture contained 50 mM potassium phosphate buffer at pH 7.4, 50 mM KCl, 

7.5 mM MgCl2, 0.6 mM AcCoA, 0.75 mM α-KIV or 1.5 mM pyruvate in corresponding 

reactions, and 100 μg enzyme. Reactions were monitored at 37 °C in a 500 MHz BrukerAV-500 

NMR spectrometer with spectra recorded at various time points over 200 min. Peaks were 
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integrated using MesTreNova (MestrelabResearch). 

Solvent kinetic isotope effect. Solvent kinetic isotope effects utilized 99% deuterium oxide 

instead of H2O in enzyme assays. Al the components were made in D2O except enzyme, and 

other conditions were kept the same to enzyme assays, with a range of pD values 6-9.5. Kinetic 

parameters and pD values were fit into equations 2-4. The equation fitting best was selected to 

describe solvent isotope effect.  

Primary deuterium kinetic isotope effects. Primary kinetic isotope effects of truncated 

MjIPMS with its native substrates was in the condition of 100 mM TEA (pH 7.8), 50 mM KCl, 

50 μM DTP, 1000 μM KIV, and various [2H3] methyl-AcCoA concentrations. The condition for 

MjCMS was similar but with the addition of 12.5 mM MgCl2. Deuterated AcCoA was 

synthesized and determined to be 99% pure by 1H NMR spectroscopy.21 Data was fit to equation 

4.5, where F means isotope fraction (0 for nonlabelled and 1 for full labelled) in the reaction, and 

Ev describes the calculated kinetic isotope effect minus 1 (i.e. a value of 1 is added to the results 

of the fit to obtain the value of the kinetic isotope effect).12 In the isotope effect reactions for 

MjCMS and MjIPMS, F was 1. 

                Equation 4.5                                                                                              

4.3 Results 

Generation of MjIPMS and MjCMS truncations. The structure of MtIPMS is the only 

reported full-length structure for a member of the Claisen-condensation subgroup in the Protein 

Data Bank. Using this structure as a guide, sequences associated with the catalytic, linker, and 

regulatory domains can be estimated for similar proteins without known structures. The modeler 

feature of Chimera was used to build model structures of MjIPMS and MjCMS using the 

MtIPMS structure as a guide. A structure-based sequence alignment was generated, and the 
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locations of the three domains were determined. From this analysis, the regulatory domains of 

MjIPMS and MjCMS were determined to begin at residues 396 and 371, respectively (Figure 

4.3). Site-directed mutagenesis was used to incorporate a stop codon at these positions in both 

genes as described in Methods and Materials. The truncated enzymes were expressed and 

purified in a manner similar to the full-length enzymes. SDS-PAGE analysis indicates that the 

truncation variants are of the predicted molecular weight and sufficient purity (Figure 4.4). 

 

 

Figure 4.4 The SDS-PAGE gel of MjIPMS and MJCMS in full-length and truncation versions. 

The calculated molecular weight of each protein sample is labeled above the corresponding band.  
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Removal of the regulatory domain allows MjCMS to utilize KIV. The kinetic parameters 

of the truncated and the wild type MjIPMS and MjCMS are shown in Table 4.1. Data is the 

averaged value of repeated experiments. ‘--’ means catalytic activity is not detectable. By 

removing the regulatory domain, truncated MjCMS accepts KIV as a substrate at a limited 

catalytic rate with the KKIV value of 46.5 ± 4.5 μM, which is at the same level of its native 

substrate Kpyruvate. However, 1-395 MjIPMS does not exhibit much change on kcat and Km values 

of both the two α-keto acid substrates compared to wild type MjIPMS.  

===================================================================== 

Table 4.1 The kinetic parameters of the truncations and the wild type MjIPMS and MjCMS 

enzymes kcat for KIV 

(min-1) 

KKIV 

(μM) 

kcat for pyruvate 

(min-1) 

Kpyruvate 

(μM) 

(kcat / KKIV)/ 

(kcat / Kpyr) 

WT 

MjIPMS 

320 ± 5 90 ± 5 155 ± 5 10000 ± 

650 

233 

1-395 

MjIPMS 

270 ± 5 35 ± 1 135 ± 15 6700 ± 

1250 

370 

WT MjCMS < 0.05 -- 14.7 ± 0.5 48.0 ± 

4.5 

-- 

1-370 

MjCMS 

1.0 ± 0.1 46.5 ± 

4.5 

60.0 ± 2.0 61.0 ± 

11.0 

50 

Experimental details and data analysis as described in materials and experiment. 

==================================================================== 

Product analysis by 1H NMR spectroscopy. As the CoA product of both a condensation 

reaction between the α-ketoacid and AcCoA and the hydrolysis of AcCoA would be monitored 

with the thiol-capture reagent DTP, their activities cannot be distinguished. To ensure that the 

truncation variants of MjIPMS and MjCMS are catalyzing the fully coupled reaction, 1H NMR 

spectroscopy was used to monitor acetate, which is produced in the hydrolysis reaction. Three of 

the four reactions were shown to be fully coupled: truncated MjIPMS with KIV or pyruvate and 

truncated MjCMS with pyruvate (Figure 4.5). The only reaction that produced acetate as a 
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product was the reaction with truncated MjCMS with KIV (Figure 4.6A). From the integration of 

isolated peaks of isopropylmalate (peak 2’) and acetate (peak 5’), a ratio of 2:1 of 

isopropylmalate: acetate concentration can be determined at time points across the reaction 

(Figure 4.6 B and C). This result suggests that only 67% of the rate of CoA production from 

truncated MjCMS with KIV as a substrate is due to the condensation reaction. Thus, the 50-fold 

preference for pyruvate over KIV shown in Table 4.1 is an underestimation of the selectivity for 

pyruvate as a substrate.22   
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Figure 4.5 The condensation reaction of AcCoA and pyruvate catalyzed by truncated MjCMS 

(A), AcCoA and pyruvate catalyzed by truncated MjIPMS (B), and AcCoA and KIV catalyzed by 

truncated MjIPMS (C). For all three figures, top NMR spectrum is the reagent without enzyme 

initialized, and bottom spectrum is the reaction that catalyzed by enzyme for a saturated time.   



106 
 

 

Figure 4.6 IPMS activity of MjCMS monitored by 1H NMR spectroscopy. (A) Spectra 

corresponding to t= 0 (a), and t= 4 h in the absence (b) and presence (c) of the enzyme. (B) 

Reaction schemes and proton labeling for both IPMS activity and AcCoA hydrolysis. (C) Ratio 

of the products of IPMS activity and AcCoA hydrolysis over the course of the reaction.22 

 

Effect of pH on catalytic parameters. To identify ionization that might contribute to the 

catalytic mechanism, assays of AcCoA and pyruvate condensation that is catalyzed by wild type 

MjCMS and MjCMS truncation are repeated in the pH value range of 5.5-9.5. The fitted pH 

profile curve of wild type MjCMS is shown by solid dots in Figure 4.7A. The log kcat-pH curve 

best fit Equation 3 with pKa values identified as 5.8 and 9.0. It suggests that two residues are 

deprotonated at pH 5.8, and a single residue is protonated for activity at pH 9.0. The log kcat-pH 

curve of MjCMS truncation is shown by solid dots in Figure 4.7 C. Different to wild type 

MjCMS, the pH curve of truncated enzyme is bell-shaped and fit to Equation 4. It supports that 

two deprotonated (pKa = 6.1) and two protonated (pKa = 9.0) residues may involve in the 

catalytic mechanism. Similarly, MjIPMS truncation exhibits a bell-shaped kcat-pH curve which 

fits Equation 3 (Figure 4.7 B, shown by solid dots). pKa values of deprotonated residues and 

protonated residues are 6.2 and 8.6, respectively.   
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Figure 4.7 Solvent kinetic isotope effects for MjCMS and truncations of MjIPMS and MjCMS. 

Values for kcat were determined in buffers at various pH (•) and pD (■) values for A) full-length 

MjCMS, B) 1–395 MjIPMS, and C) 1–370 MjCMS. Equations and results from data fitting are 

reported in Table 4.2. 

 

Solvent kinetic isotope effects. To investigate the rate-determining steps in catalytic 

mechanism, kinetic isotope effects (KIE) are employed. Solvent isotope effects probe the 

hydrolysis of the resulting intermediate by comparing the maximal kcat values of reactions at pH 

and pD optima and obtaining the D2Okcat value, a ratio of kcat values in different conditions. Solvent 

isotope effects of wild type MjCMS, MjCMS truncation, and MjIPMS truncation are shown in 

Figure 4.7. While wild type MjCMS has a D2Okcat value of 2.3  0.1, the D2Okcat value of MjCMS 

truncation is only 1.4  0.1, which means that without the regulatory domain, the hydrolysis step 

in AcCoA and pyruvate condensation becomes less rate-determining. On the other hand, compared 

to the D2Okcat value of wild type MjIPMS, 3.1  0.4, truncation of MjIPMS increased D2Okcat value 

to 4.0  0.6. This suggests that removal of the regulatory domain makes the hydrolysis step more 

rate-determining for MjIPMS (Table 4.2). 

Primary deuterium kinetic isotope effects. Deprotonation of acetyl-CoA initiates the 

condensation step and can be probed by using 2H3C-acetyl-CoA as a substrate to determine a 

primary deuterium KIE. By fitting the data to Equation 5, which describes an isotope effect on 
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kcat. A Dkcat value of 1.8  0.1 is determined for wild type MjCMS, while a decreased Dkcat value 

of 1.50  0.1 is determined for the MjCMS truncation (Table 4.2). This indicates that the 

condensation step becomes less rate-determining in the absence of regulatory domain. For the 

MjIPMS truncation, a Dkcat value of 2.9  0.3 is obtained, which is higher than Dkcat value of the 

wild type (1.3  0.1). This indicates that the regulatory domain of MjIPMS may contribute in the 

condensation step during the reaction (Figure 4.8).  

 

 

Figure 4.8 Investigation of primary isotope effects. Method is described in Materials and 

Methods part. Circle dots represent reactions using AcCoA, while squeres represent reactions 

using [2H3]AcCoA. The primary isotope effect results of wild type MjCMS, and truncated 

MjIPMS, are shown in panel A, B, and C, respectively. 
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Table 4.2 Kinetic isotope effects of the truncations and the wild type MjIPMS and MjCMS 

enzymes 
pKa1 for 

kcat in pH 

pKa2 for 

kcat in pH 

pKa1 for 

kcat in pD 

pKa2 for 

kcat in pD 

D2Okcat Dkcat 

WT MjIPMS 
6.3  0.1 8.9  0.1 ~ 7.2 -- 3.1  

0.4 

1.3  0.1 

1-395 

MjIPMS 
6.2  0.1 9.0  0.1 6.5  0.1 8.5  0.1 4.0  

0.6 

2.9  0.3 

WT MjCMS 
5.8  0.1 9.0  0.1 6.3  0.1 9.3  0.3 2.3  

0.1 

1.8  0.1 

1-370 

MjCMS 
6.1  0.1 9.2  0.1 6.4  0.1 9.2  0.1 1.4  

0.1 

1.5  0.1 

Experimental details and data analysis as described in materials and experiment. 

==================================================================== 

Effect on rate limiting steps by regulatory domain. In MjIPMS, values for both D2Okcat 

and Dkcat increase to 4.7 ± 0.6 and 2.8 ± 0.2, respectively (Figure 4.7 and 4.8). This suggests that 

the chemical steps are negatively affected by loss of the regulatory domain in MjIPMS and 

become more rate-determining. On the other hand, both values decrease in the truncated MjCMS 

with D2Okcat and Dkcat values of 1.4 ± 0.3 and 1.6 ± 0.1, respectively (Figure 4.7 and 4.8). This 

result suggests that the chemical steps are positively influenced upon removal of the regulatory 

domain from MjCMS or that a step after catalysis (such as product release) has become rate-

determining consistent with the overall increase in kcat value relative to the full-length enzyme. 

Values determined for both the primary and solvent KIEs in truncated MjIPMS suggested 

that both the condensation step and the hydrolysis step are partially rate-determining. This raised 

the question of the identity of the step probed by the solvent kinetic isotope effect. To address 

this issue, the primary kinetic isotope effect was determined in D2O using 2H3C-acetyl CoA as a 

substrate. If the two effects are occurring on different steps, as predicted, causing one step to 

become more rate-determining will reduce the expression of the effect on the other. A fit of the 

data in Figure 4.8D to equation 5 yielded a (Dkcat)D2O value of 2.3 ± 0.1, which is slightly 



110 
 

decreased from the (Dkcat)H2O value of 2.8. This result suggests the kinetic isotope effects are 

reporting on the expected chemical steps described above. 

Structural role of the regulatory domain in MjIPMS and MjCMS. Size-exclusion 

chromatography was utilized to determine the native molecular weight of the truncated enzymes. 

Both truncated enzymes gave single major peaks of 68 kDa and 47 kDa for truncated MjIPMS 

and MjCMS, respectively (Figure 4.9). In comparison to the calculated molecular weights of 50 

and 45 kDa for truncated MjIPMS and MjCMS, respectively, the size-exclusion chromatography 

data supports monomeric forms of the truncated enzymes. Size-exclusion chromatography of 

full-length MjCMS is consistent with a tetrameric quaternary structure, similar to that previously 

reported for MjIPMS.12   

 

 

Figure 4.9 The size exclusion chromatography results of truncated MjCMS and truncated 

MjIPMS. (A) The size exclusion chromatography result of MjCMS truncation shows molecular 

weight of the quaternary structure is ~47 kDa. (B) The size exclusion chromatography result of 

MjIPMS truncation identifies that the molecular weight of truncated MjIPMS is ~68 kDa.   
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Active site substitutions play a role in substrate selectivity in truncated MjCMS. The 

mechanisms of different substrate selectivity between MjIPMS and MjCMS (e.g. KIV vs. 

pyruvate) has previously been investigated with respect to results from a protein similarity 

network that indicated specific active site residue positions were diversely conserved between 

the two enzymes.11 Specific residues on β-strands 3, 4, and 5 were identified to perform a 

potential role in substrate selectivity. In MjIPMS, residues at the β3-5 (fifth residue on the third 

strand of the TIM barrel) and β4-7 positions were confirmed to be significant to select KIV over 

pyruvate. However, when the corresponding residues in MjCMS were investigated, substrate 

selectivity was not impacted. This suggested that MjCMS used a distinct mechanism for 

substrate selectivity. With the discovery that truncated MjCMS can utilize KIV as a substrate 

described above, the roles of these positions have been investigated in the truncated enzyme. 

F71 and V93 are the amino acids at the β3-5 and β4-7 positions in MjCMS. Alanine-

scanning mutagenesis was used to investigate the role of these residues in substrate selectivity of 

truncated MjCMS (kinetic results are shown in Table 4.3). With respect to CMS activity, the 

F71A substitution results in similar changes to both the full-length and truncated enzymes 

decreasing the kcat value by 100-fold, while neither form of the enzyme is affected by the V93A 

substitution. However, both substitutions have an effect on the truncated enzyme's selectivity for 

pyruvate over KIV. The substitutions result in 5–10 fold decreases in the selectivity for pyruvate 

over KIV in the truncated enzymes, while the same substitutions in the full-length enzyme will 

not utilize KIV as a substrate. The origins of the change in selectivity are different, with the main 

cause of the F71A substitution coming from a decrease in the kcat value in CMS activity but 

having little effect on IPMS activity. In contrast, the V93A substitution diminishes selectivity by 

lowering the KM value for KIV while having little effect on CMS activity.  
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In addition to alanine substitutions, both positions were substituted with the corresponding 

residues from MjIPMS (Table 4.3). When this experiment was previously attempted in full-

length MjIPMS, improved kcat parameters were reported for both IPMS and CMS activity in 

comparison to those determined with the alanine substitutions, though additional effects on 

selectivity were minimal. In the case of full-length MjCMS, the residue swap substitutions had 

little effect on the kinetic parameters compared to the wild type enzyme. In truncated MjCMS, 

the F71L substitution decreases the kcat value for CMS activity by 20-fold, relative to the 

truncated, non-substituted enzyme. Additionally, this substitution abolishes the IPMS activity of 

the truncated, non-substituted enzyme. The V93F substitution retains IPMS activity and exhibits 

minimal changes in overall kinetic parameters relative to the non-substituted truncated enzyme.  

===================================================================== 

Table 4.3 Kinetic parameters of MjCMS variants 

 kcat of pyruvate 

(min-1) 

Kpyruvate 

(μM) 

kcat of KIV 

(min-1) 

KKIV 

(μM) 

(kcat / KKIV)/ 

(kcat / Kpyr) 

Wild type 

MjCMS 
14.5  0.5 48.0  4.5 -- -- -- 

1-370 

MjCMS 
59.0  0.5 61.2  0.5 1.05  0.05 

46.6  

0.5 
50 

F71A MjCMS 

truncation 
0.70  0.05 24.0  0.5 0.20  0.01 

62.5  

0.5 
9.1 

V93A 

MjCMS 

truncation 
58.6  1.5 80.0  9.0 0.67  0.01 

4.75  

0.50 
5.2 

F71L MjCMS 

truncation 
2.8  0.1 18.5  2.0 -- -- -- 

V93F MjCMS 

truncation 
5.4  0.15 

144.0   

17.0 

0.22  

0.005 

94.0  

11.0 
16.0 

Experimental details and data analysis as described in materials and experiment. 
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4.4 Discussion  

 The incorporation of additional domains into protein structures provide proteins diverse and 

complicated functions. For instance, the additional domain may add new activities or change 

substrate selectivity. Studies on the haloacid dehalogenase (HAD) superfamily has reported that a 

capping domain covers the TIM-barrel catalytic domain at the substrate binding site and directly 

affect the substrate selectivites.23 In this chapter, the additional function of the allosteric LeuA 

dimer domain of IPMS and CMS enzymes is reported and described.13 In the project, removal of 

the LeuA dimer domain from MjCMS results in an enzyme that can use KIV as a substrate, 

which suggests that the regulatory domain can participate in substrate selectivity in some 

IPMS/CMS enzymes despite located around 50 Å from the active site. 

The mechanism used to incorporate the LeuA dimer domain into substrate selectivity in 

MjCMS is currently unclear. There is no evidence of structural change that enables the regulatory 

domain to physically interact with the catalytic domain. With respect to the allosteric regulatory 

role, the LeuA dimer domain affects the catalytic domain of IPMS from Mycobacterium 

tuberculosis (MtIPMS) through an internal domain interaction with protein dynamic changes.13 

Inhibition by L-leucine is obtained by changes in the rate of the hydrolysis step in the catalytic 

domain of IPMS from multiple species, which is a direct link between the LeuA dimer domain 

and catalysis.9, 12 The transfer of the allosteric signal over the 50 Å distance is supported by the 

helical linker domain. In the study of MtIPMS, substitutions in the linker domain, Y410F, causes 

deficiency in both catalysis and regulation.13 In addition, recent work on IPMS from Leptospirra 

bilflexa (LbIPMS) shows that the linker domain is required for efficient catalysis.19 Finally, the 

fact that full length MjCMS will bind KIV but not catalyze a reaction suggests that the regulatory 

domain's influence on substrate selectivity is catalytic rather than a selectivity mechanism based 
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on differential substrate binding. In summary, these results suggest that specific catalytic steps in 

the reaction can be influenced by the linker domain and changes in the regulatory domain. These 

changes may contribute to substrate selectivity.  

Surprisingly, different mechanisms of substrate selectivity are utilized by the two closely 

related enzymes: MjIPMS and MjCMS. A previous report on substrate specificity of MjIPMS 

identified two active site residues (L92 and F114) that were diversely conserved in the Claisen-

condensation subgroup. These two residues contributed to the selectivity of MjIPMS for KIV 

over pyruvate by 100-fold.11 Removal of the regulatory domain of MjIPMS has very little effect 

on the kinetic parameters of the enzyme towards KIV or pyruvate, thus the substrate selectivity 

of MjIPMS is primarily based on the catalytic domain. However, in full-length MjCMS, and 

removal of the LeuA dimer domain enables the enzyme to utilize KIV as a substrate. Removal of 

the regulatory domain does allow the more traditional active site-based substrate selectivity to be 

revealed in MjCMS as substitutions of F71A and V93A produced 5–10-fold decreases in 

selectivity for pyruvate over KIV. The diverse contributions of the regulatory or linker domain in 

substrate selectivity may be caused by their relative contributions to catalysis, especially if 

substrate selectivity is based on the lens of catalysis rather than binding as described above. This 

theory is supported by kinetic isotope effects determined on the truncated enzymes. In MjIPMS, 

loss of the regulatory domain (and perturbation of the linker domain) results in an enzyme where 

the chemical steps of condensation and hydrolysis become more rate-determining. In MjCMS, 

the opposite effect is seen with chemical steps becoming less rate-determining. 

 With respect to the general allosteric regulation, contributions from a regulatory domain to 

substrate selectivity help understanding protein evolution. Proper control of both effector and 

substrate specificity would ensure an accurate regulation of a metabolic pathway and prevent 
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mis-regulation. This type of mechanism requires coevolution between the regulatory and 

catalytic domains after a gene fusion event. This mechanism is supported by a previous 

bioinformatics analysis of the Claisen-condensation subgroup.9 The enzymes of the subgroup are 

separated into four distinct groups by a sequence similarity network. It was found that analysis of 

truncated sequences that represents only the catalytic domain or regulatory domains was 

sufficient to classify the four groups. This suggests that there are unique motifs within a pair of 

linked domains and is consistent with the type of co-evolution that would be required to 

diversely coordinate regulatory and catalytic/substrate selectivity mechanisms.  
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CHAPTER 5  

INVESTIGATION OF KEY RESIDUES IN ISOPROPYLMALATE SYNTHASE FROM 

METHANOCOCCUS JANNASCHII FOR BINDING ACETYL COENZYME A 

5.1 Introduction 

With the genomic sequence databases growing rapidly, increased effort has been taken to 

utilize the information to explore genes with unknown functions. One strategy is to study the 

structure-function relationship of homologous enzymes, which provides a way to identify 

functions of novel enzymes. A method called “genomic enzymology” was developed to study the 

enzyme structure-function relationship in 2001 by Dr. Gerlt.1 Genomic enzymology investigates 

protein functions by combining the bioinformatic, structural, and catalytic activities. This method 

contributes not only to the structure-function relationship studied, but also to an understanding of 

functional evolution.  

In genomic enzymology the term superfamily refers to a group of evolutionarily related 

enzymes that share a common step in their catalytic mechanisms. These homologous enzymes 

contain well conserved functional residues in the active site, and those residues play a significant 

role in the shared mechanistic step. For example, the reactions catalyzed by the members of the 

enolase superfamily are initiated by an abstraction of the α-proton of a carboxylate substrate.2 

This common step results from a well conserved general base in the active site.1 A superfamily 

can be further divided into subgroups. Each subgroup includes enzymes that share a higher 

sequence similarity with other members in the same subgroup than the enzymes in another 

subgroup. In addition, the enzymes in a subgroup can be further divided into different families 
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based on distinct functions.  

 Recently, the DRE-TIM metallolyase superfamily has been studied using genomic 

enzymology. Members of the DRE-TIM superfamily catalyze different reactions but stabilize a 

common intermediate.3 Each member of the DRE-TIM metallolyase superfamily has a conserved 

TIM-barrel fold (Figure 5.1), a D-R-E motif (Figure 5.2) and is activated by a divalent metal 

cation. The TIM-barrel fold consists of eight α-helices and β-sheets linked to one another (Figure 

5.1). The D-R-E motif, which plays a catalytic role, contains an arginine (R) and an aspartate (D) 

adjacent to each other in a well conserved α-helix, and a glutamate (E) conserved on a close β-

sheet. The aspartate and two well conserved histidine residues in the HXH motif provide ligands 

to the divalent cation. Based on previous reports, members of DRE-TIM superfamily are 

hypothesized to stabilize the enolate intermediate in the different reactions by utilizing the 

arginine in the D-R-E motif.3  

 

Figure 5.1 The structure of TIM-barrel fold. It is consisted of a (α/β)8 fold, where eight α-helix 

connect to eight β-sheet and form a circle. α-helix is labeled in cyan, and β-sheet is labeled in 

blue. (PDB file: 1sr9)  
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Figure 5.2 The structure of D-R-E motif and the divalent cation. DRE represents aspartate-

arginine-glutamate in the active site. Arginine works to stabilize the intermediate, aspartate and 

the two histidines (shown in figure) act as ligands for the central divalent cation. Another ligand 

for the metal is from the substrate. (PDB file: 1sr9)  

 

To investigate homologous enzymes, one approach of genomic enzymology is the generation 

of a sequence similarity network.4 It presents a rapid way to compare sequences and identify 

sequence similarity among enzyme members. In a sequence similarity network, each protein is 

defined as a node. An edge between a pair of nodes means the sequence similarity between the 

two proteins is higher than a pre-determined BLAST E-value, which can be set by users.5 When 

the E-value becomes more stringent, the edge between two nodes that share a lower sequence 

similarity will break and form multiple clusters. All the protein sequences used in the sequence 

similarity network can be obtained from an online protein database, such as Pfam or InterPro.  

    Using the sequence similarity network, the DRE-TIM superfamily is divided into four 

subgroups: Claisen condensation-like (CC-like) subgroup, lyase-like subgroup, carboxylase-like 
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subgroup, and aldolase-like subgroup. The CC-like subgroup is the most multifunctional 

subgroup, and includes isopropylmalate synthase (IPMS), citramalate synthase (CMS), and 

homocitrate synthase (HCS).6 When the sequence similarity stringency is increased, the CC-like 

subgroup forms several smaller clusters (Figure 5.3). Notably, all three activities in the CC-like 

subgroup, IPMS, CMS, and HCS, can be found in multiple clusters, which indicates that 

enzymes with lower sequence similarity may exhibit the same function.  

 

 

Figure 5.3 Sequence similarity network of CC-like subgroup. Lines drawn between a pair of 

nodes means that the sequence similarity between the two proteins is higher than an E value 

threshold cutoff, which is 10-80 in this figure. Predicted functionalities are labeled in each cluster. 

Cyan colored nodes are predicted to contain both DRE catalytic domain and LeuA dimer 

regulatory domain (Pfam entry: PF08502). Green nodes are predicted only contain the catalytic 

domain. (Figure is adopted from Reference 6) 

 

In the multifunctional CC-like subgroup, one of the most well studied enzymes is IPMS. 

IPMS catalyzes the first step of ʟ-leucine biosynthesis as shown in Scheme 5.1. The reaction 

contains two main steps. In the first step, acetyl-coenzyme A (AcCoA) condenses with α-

ketoisovalerate (KIV) to form an intermediate isopropylmalyl-CoA. The second step is the 
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hydrolysis of the intermediate, which forms two products, CoA and α-isopropylmalate.7 In 

addition to the conserved catalytic domain, IPMS contains a well conserved C-terminal 

regulatory domain, which is called the LeuA dimer regulatory domain. When the LeuA dimer 

domain is bound by ʟ-leucine, IPMS can be regulated through the allosteric feedback. This 

allosteric regulation has been identified as V-type (decreased the kcat value of enzyme) 

inhibition.6  

===================================================================== 

Scheme 5.1 The catalytic reaction of IPMS 

 

 

===================================================================== 

IPMS activity has been reported in two sequence clusters in the CC-like subgroup, IPMS1 

and IPMS2 clusters. The members of these two sequence clusters share less than 20% sequence 

similarity.8 Recently, a comparison between the representatives of IPMS1 and IPMS2 clusters, 

IPMS from Methanococcus jannaschii (MjIPMS) and IPMS from Mycobactrium tuberculosis 

(MtIPMS), respectively, indicates that the two versions of IPMS exhibit similar functions and 
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regulatory mechanims, although the sequence similarity between MjIPMS (IPMS1) and MtIPMS 

(IPMS2) is lower than 20%.  

Structural based sequence alignment studies identify that protein sequences are diverse in 

IPMS family. (Figure 5.4) In addition, kinetic isotope effect results indicate that different rate 

limiting steps are utilized by the two versions of IPMS. While the hydrolysis of the intermediate 

isopropylmalyl CoA is the rate limiting step for MjIPMS, the product releasing step is the rate 

limiting step for MtIPMS.9 It is also reported that the two versions of IPMS are in different 

quaternary structures but use a common general acid-base catalytic mechanism. Another 

difference between MjIPMS and MtIPMS is the inhibition mechanism. Studies of ʟ-leucine 

inhibition supports a slow-onset mechanism for MtIPMS, while a linear progress curve has been 

identified for MjIPMS, which excludes the slow-onset and the two-step inhibition mechanism.9 

 

 

Figure 5.4 The structure-based sequence alignment of IPMS clusters. The top four lines are 

sequences for IPMS2 cluster, while the bottom four are for IPMS1 clusters. MtIPMS sequence is 

on the 4th line, while MjIPMS sequence is on the 5th line. The residues labeled by green diamond 

are in charge of binding KIV, and the red circled residues are critical for enzymes’ catalytic 

activity. The four mutants’ sites are labeled by red frames. All the four sites’ residues are positive, 

while the corresponding sites’ residues in MtIPMS are neutral (except K47).7 (Adopted from 

Refence 7) 
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  It is interesting that MjIPMS and MtIPMS exhibit similar activities but share a low 

sequence similarity. There are two mechanisms that have been presented to explain how the 

enzymes that share a low sequence similarity can catalyze the same reaction: divergent evolution 

and the pseudoconvergent evolution. Divergent evolution suggests multiple versions of an 

enzyme evolve from the same sequence ancestor, and it is proposed for multiple versions of o-

succinylbenzoate synthase (OSBS), an enzyme family in the enolase superfamily.10 In the OSBS 

report, twenty versions of OSBS have been reported to share a low sequence similarity, but they 

share a well conserved catalytic active site to bind various metal ion ligands. However, the 

divergent evolution mechanism cannot explain how both substrate selectivity and regulatory 

ligand selectivity evolve concurrently.9 Thus another evolution mechanism, pseudoconvergent 

evolution, can be proposed. Pseudoconvergent evolution means that the diverse versions of an 

enzyme evolve from separate but also related sequence ancestors.9 Based on this mechanism, the 

question why enzymes in the IPMS family share a low sequence similarity but exhibit similar 

functions can be answered. The regulatory domain of IPMS might be fused by two distinct but 

related sequence ancestors. (Figure 5.5)  

 

 

Figure 5.5 The mechanism of pseudoconvergent evolution. Sequence 2 and Sequence 3 share the 

same ancestor (Sequence 1). Sequence 4 and Sequence 5 evolve from Sequence 2 and Sequence 

5 separately. So, the evolution mechanism between Sequence 4 and Sequence 5 are called 

pseudoconvergent evolution.  
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Previous studies of pseudoconvergent evolution indicate that the pseudoconvergently 

evolved enzymes may utilize diverse strategies to select substrates. Based on this, MjIPMS and 

MtIPMS may also use different residues to bind substrates. The sequence alignment of IPMS 

clusters indicates the residues that are predicted to determine KIV selectivity in both MjIPMS 

and MtIPMS were identical (green diamonds in Figure 5.4), which suggests MjIPMS and 

MtIPMS may share the same strategy to select KIV. In this case, the two versions of IPMS may 

utilize different strategies to bind the other substrate, acetyl-coenzyme A (AcCoA). Due to the 

lack of crystal structures for MjIPMS and MtIPMS with AcCoA, the protein sequence similarity 

can be used to predict residues that bind AcCoA. By comparing the sequence alignment between 

MjIPMS and MtIPMS, (Figure 5.4) four residues are hypothesized to participate in the AcCoA 

substrate selectivity for MjIPMS, K47, K98, R94, and R110. (Figure 5.6). The four residues are 

positive charged, while the residues at the corresponding sites in MtIPMS are neutral (except 

K47). This suggests that these residues may play a significant role in MjIPMS to bind the 

negatively charged AcCoA. In this project, the roles of the four residues are investigated. 

Alanine-scanning mutagenesis is used to study the role in AcCoA binding and the kinetic activity 

of variant enzymes are reported. Among the four substitutions, R94A and K47A resulted in a 

drastic decrease in kinetic parameters. These two variant enzymes exhibit a 20-150-fold decrease 

in the kcat value and a 10-100-fold increase in the KAcCoA value. The result suggests that the two 

site residues are critical for binding AcCoA and contribute to the catalytic activity of MjIPMS.   
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Figure 5.6 Modeled structure of MjIPMS with AcCoA. Four mutant sites and AcCoA have been 

labeled out. The MjIPMS structure was modeled from the structure of isopropylmalate synthase 

from Neisseria meningitidis serogroup B (NmIPMS) (PDB id: 3rmj) using the sequence of 

MjIPMS (Q58595) from the Uniprot database. The structural model of MjIPMS are overlaid 

with AcCoA structure (PDB id: 3bli) to imitate MjIPMS binding AcCoA. The position of AcCoA 

and the direction of labeled residues may not be correct. 

 

5.2 Materials and Experiments 

    Materials. The wild type MjIPMS gene was obtained from LeuA Mj1195 plasmid from 

ATCC (Manassas, VA). Primers for mutagenesis were purchased from Eurofins MWG Operon 

(Huntsville, AL). 4,4’-dithiopyridine (DTP) was acquired from Acros Organics. Acetyl CoA 

(AcCoA) and α-ketoisolvalerate (α-KIV) were obtained from Sigma-Aldrich. All the buffers and 

reagents were obtained in the highest purity grade available from VWR International, LLC. The 

QuikChange Lightning (QCL) Mutagenesis Kit was purchased from Stratagene. XL Gold E. coli 

cells were obtained from Stratagene. Competent E. coli BL21(DE3)pLysS cells were acquired 

from Novagen. The HisTrap HP column used for protein purification was purchased from GE 

Healthcare. 

     Construction and expression of enzyme variants. Point mutations were made in 

MjIPMS and MtIPMS plasmids with pET28 vectors using QuikChange Lightning site-directed 
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mutagenesis. The products of PCR were transformed into XL Gold E. coli competent cells, 

followed by purifying plasmids for sequencing. DNA product sequencing was performed by 

Operon (www.operon.com) to confirm the existence of the site-directed mutation. The plasmid 

was transformed into BL21(DE3)pLysS E. coli cells. The BL21(DE3)pLysS E. coli cells 

containing the plasmid were grown in LB media with 30 μg/mL kanamycin and 35 μg/mL 

chloramphenicol. The cells were then grown at 37 °C for 12-16 hours. For MjIPMS variants, 

25mL of the overnight product was added to 1L of LB media with 30 μg/mL kanamycin and 35 

μg/mL chloramphenicol. When OD600 of the cells reached 0.4, temperature was reduced to 18°C. 

Then 0.5 mol IPTG was added when the OD600 value reached 0.8. On the other hand, for variant 

MtIPMS enzymes, 12 mL of the overnight product was added into 400 mL of autoinduction 

media and grown at 25 °C for 24-36 hours, until the OD600 of the cells reached 10 to 15. After 

that, the cells were isolated by centrifugation (4 °C, 6340×g, 10 minutes). The centrifuged cells 

pellets were then stored into -80 °C refrigerator. 

   Purification of variant enzymes. The cell pellet was suspended in lysis buffer (for MjIPMS: 

20 mM pH 7.4 potassium phosphate (KPi), 500 mM KCl, 20 mM imidazole, for MtIPMS: 20 

mM TEA pH 7.8, 300 mM KCl), 1 mM phenylmethanesulfonylfluoride (PMSF) protease 

inhibitor, DNaseI, 0.25 mg/mL lysozyme, and 5mM MgCl2. Cells were then sonicated for a total 

of 10 minutes (2 mins on and 2 mins off for five times) using a Branson Sonifier. The sonicated 

cells were then centrifuged (27,000×g, 4 °C, 30 minutes) to pellet the cellular debris. The 

supernatant was decanted and loaded onto a 5 mL Histrap-Ni2+ column. Protein purification was 

monitored by running SDS-PAGE. The fractions containing purified enzyme were pooled. The 

protein then was dialyzed into 1 L of dialysis buffer (For MjIPMS: 20 mM pH 7.4 KPi, 200 mM 

KCl. For MtIPMS: 20 mM TEA pH 7.8). Dialysis was repeated three more times, each of which 
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was kept at least four hours. Finally, the protein was stored with 20% glycerol at -20 °C. 

    Size exclusion chromatography. Size exclusion chromatography was used to determine the 

quaternary structure of the variant IPMS enzymes. A GL Superdex 200 10/300 column was 

equilibrated with 20 mM TEA (pH 7.8) and 100 mM KCl. The column was calibrated using a 

molecular weight standard kit (BioRad). After calibration, the log of the molecular weight of the 

standard samples versus their calculated Kav value was plotted. After plotting the curve, 100 μL 

of each variant IPMS (at 4 mg/mL) was injected onto the column. Their molecular weight was 

calculated using the log MW versus Kav curve. 

   Enzymatic assays. The typical reaction catalyzed by MjIPMS was in 100 mM TEA pH 6.8 

buffer that contained 50 mM KCl, 50 μM DTP. The assay conditions for MtIPMS were 50 mM 

pH 7.4 KPi buffer with 12.5 mM MgCl2 and 50 μM DTP. Varying concentrations of each 

substrate, AcCoA or KIV, were also added into the buffer. Formation of CoA was detected by 

DTP at 324 nm (ε =19.8 mM-1cm-1). By following the formation of CoA, initial velocities for the 

assay were determined. The Michaelis-Menten curve was plotted using the equation 5.1 to 

determine the kinetic parameters. In the equation, ν means the velocity, [E]t means the total 

concentration of our enzyme, [S] stands for the concentration of the varied substrate, kcat means 

the maximal velocity of the reaction, and Km is the Michaelis-Menten constant of the varied 

substrate. 
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                           Equation 5.1 

5.3 Results 

Mutations of MjIPMS and MtIPMS do not change the protein quaternary structure.  

To investigate if a structural change is caused by the mutagenesis, size exclusion 
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chromatography was used to study the quaternary structure of variant MjIPMS and MtIPMS. 

Compared to the wild type MjIPMS and MtIPMS, which are a tetramer and a dimer, respectively, 

the four variant MjIPMS and the two variant MtIPMS do not exhibit a quaternary structural 

change.  

Kinetic activity of the variant MjIPMS. The Michaelis-Menten curves of variant MjIPMS 

are shown in Figure 5.7. The kinetic parameters of the four variant MjIPMS and the wild type 

MjIPMS are shown in Table 5.1. All the four variant MjIPMS exhibit KKIV value similar to that 

of the wild type MjIPMS, which indicates that the mutations do not affect KIV binding. 

However, compared to the wild type MjIPMS, K47A MjIPMS exhibits a 20-fold decrease in the 

kcat value and a 10-fold increase in the KAcCoA value, and R94A MjIPMS exhibits a 150-fold 

decrease in the kcat value with an ~100-fold increase in the KAcCoA value. On the other hand, 

K98A and R110A MjIPMS also have a 5-15-fold decrease in the kcat value and a less than 5-fold 

increase in the KAcCoA value. The result indicates that R94 and K47 in MjIPMS play a key role in 

binding AcCoA and the catalytic activity. 

===================================================================== 

Table 5.1 Kinetic parameters of wild type MjIPMS and variants. 

Experimental details and data analysis as described in materials and experiment. 

 

MjIPMS variant kcat(min-1) KKIV(µM) KAcCoA(µM) kcat/KAcCoA 

(min-1µM-1) 

WT 330 ± 5 90 ± 5 70 ± 5 4.7 ± 0.4 

K47A 15 ± 2 235 ± 60 710 ± 200 0.02 ± 0.01 

R94A < 5 190 ± 65 > 3000 <0.002 

K98A 70 ± 9 110 ± 75 195 ± 77 0.36 ± 0.15 

R110A 22 ± 1 135 ± 27 85 ± 15 0.26 ± 0.05 
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Figure 5.7 The Michaelis-Menten curves of K47A, R94A, K98A, and R110A MjIPMS. When 

the reaction was AcCoA-dependent, the concentration of KIV in the reaction was saturated. 

When the reaction was KIV-dependent, the concentration of AcCoA in the reaction was 

saturated. Michaelis-Menten curves were drawn using the Kaleidagraph. 
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Among the four variant MjIPMS eznymes, R94A substitution causes the most significant 

change on the enzyme in terms of both binding AcCoA and catalytic activity (Table 5.1). This 

might be explained by the position of R94 and the positive charge of the side chain of the 

arginine. Based on the structural model of MjIPMS (Figure 5.6), R94 may be located close to 

AcCoA. In addition, the phosphate groups of AcCoA are negatively charged, which suggests that 

R94 may stabilize AcCoA using an electrostatic interaction. K47 is far from the binding site for 

AcCoA, so it may affect other residues to bind AcCoA indirectly.   

Residues at the corresponding place in MtIPMS are critical for AcCoA binding. To 

explore the mechanisms of AcCoA binding by the two versions of IPMS, the structure of 

MtIPMS and modeled structure of MjIPMS are compared to identify the possible positive 

charged residues in MtIPMS close to the corresponding position of K47 and R94 in MjIPMS 

(Figure 5.8 and 5.6, respectively). Based on the sequence alignment between MtIPMS and 

MjIPMS, K95 and R147 in MtIPMS are hypothesized to bind AcCoA compared to K47 and R94 

in MjIPMS (Figure 5.4). K95 MtIPMS is in the same position as K47 MjIPMS, while the R147 

in MtIPMS with the positive part in the same position as that of the R94 in MjIPMS in space, 

and it shows a slight shift in sequence compared to R94 MjIPMS.  

The kinetic activity of K95A and R147A MtIPMS were investigated. The result is shown in 

Table 5.2. Surprisingly, compared to K47A and R94A substitutions in MjIPMS, K95A and 

R147A substitutions in MtIPMS do not cause similar significant decrease in kcat/KAcCoA value. 

While K47A and R94A decrease the kcat/KAcCoA value by 235-fold and 2350-fold, respectively, 

the decreases caused by K95A and R147A in MtIPMS are 37-fold and 27-fold, respectively. 
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Figure 5.8 The predicted active site structure of binding AcCoA in MtIPMS. K95 is in the similar 

position to K47 in MjIPMS, while R147 is corresponding to R94 MjIPMS. The red molecule is 

overlaid AcCoA molecule. (PDB id: 1sr9) The structures of MtIPMS and NmIPMS (PDB id: 

3rmj) are aligned to predict the location and direction of AcCoA, then the structure of NmIPMS 

is hidden. The position and direction of AcCoA may not be true. 
 

===================================================================== 

Table 5.2 Kinetic parameters of wild type MtIPMS and variants. 

MtIPMS  

variant 

kcat(min-1) KKIV(µM) KAcCoA(µM) kcat/KAcCoA 

(min-1µM-1) 

WT 205 ± 20 6.5 ± 1.5 40 ± 10 4.8 ± 1.0 

K95A 50 ± 10 32 ± 10 380 ± 130 0.13 ± 0.05 

R147A 110 ± 10 28 ± 5 610 ± 85 0.18 ± 0.05 

Experimental details and data analysis as described in materials and experiment. 

==================================================================== 

R94A V96R MjIPMS exhibit a similar kinetic activity compared to R94A MjIPMS. In 

the members of the IPMS2 clusters, the sites corresponding to the 96th site in MjIPMS are 

reported to contain an arginine (Figure 5.4), which suggests that the well conserved residue may 

play an important role in IPMS2 cluster. In order to rescue the activity of R94A MjIPMS, a 

multiple substitution of MjIPMS, R94A V96R was constructed. In MjIPMS, the 96th site is close 
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to the 94th site, so the V96R mutation is hypothesized to replace the function of R94. The kinetic 

parameters of R94A V96R MjIPMS were investigated. The results are shown in Table 5.3. 

Compared to R94A MjIPMS, R94A V96R MjIPMS exhibits a similar kcat value and a 5-fold 

decreased KAcCoA value (Table 5.3). This result indicates that R94 is an unreplaceable residue and 

plays a unique role for MjIPMS catalytic activity. Since there is no reported crystal structure of 

MtIPMS or MjIPMS with AcCoA bound, it’s difficult to identify the diverse strategies that are 

used to bind AcCoA in both MjIPMS and MtIPMS.  

===================================================================== 

Table 5.3 Kinetic parameters of wild type MtIPMS and variants 

MjIPMS  

variant 

kcat(min-1) KKIV(µM) KAcCoA(µM) kcat/KAcCoA 

(min-1µM-1) 

WT 330 ± 5 90 ± 5 70 ± 5 4.7 ± 0.4 

R94A  <5 190 ± 65 >3000 <0.002 

R94A V96R  <5 200 ± 80 1000 ± 170 <0.002 

Experimental details and data analysis as described in materials and experiment. 

===================================================================== 

5.4 Discussion and Future Work 

This study aims to discover an evolutionary distinction between IPMS1 and IPMS2 clusters 

with respect to their strategies for binding AcCoA. By comparing the sequence alignment and the 

structure of the two forms of IPMS, mutations were generated on four locations of MjIPMS 

(IPMS1). The assay results indicate that two residues, R94 and K47 in MjIPMS, cause a 

significant decrease in MjIPMS catalytic activity as well as efficiency of binding AcCoA, which 

suggests their importance for MjIPMS activity. The R94 residue functions significantly due to its 

suitable position and positive charge, while the detailed contribution of K47 residues for 

MjIPMS activity is still unknown. In addition, two mutations at the corresponding sites in 
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MtIPMS (IPMS2), K95A and R147A, have been constructed to explore the strategy used by 

MtIPMS to bind AcCoA. However, K95 and R147 in MtIPMS are not as critical residues as K47 

and R94 in MjIPMS.  

In order to rescue the activity of R94A MjIPMS, a multiple substitution, R94A V96R 

MjIPMS, was constructed. The multiple substitution does not change the kinetic activity 

compared to that of R94A MjIPMS, which suggests that an arginine nearby cannot replace the 

unique arginine at the 94th site. Although R94 and K47 in MjIPMS have been determined to be 

necessary to bind AcCoA, lack of structural reports of both MjIPMS and MtIPMS bound to 

AcCoA still makes exploration the evolutionary mechanism between MjIPMS and MtIPMS 

difficult.  

Due to the lack of crystal structures of MjIPMS, the structural-related study of MjIPMS is 

mainly based on the modelling from MtIPMS. By exploring the structure surface of MtIPMS, a 

possible channel for binding AcCoA has been found located on the opposite side of R147, which 

near R94 in MjIPMS (Figure 5.9). Two key residues of this newly noticed channel, N83 and 

Q84, have been investigated in a previous study.7 Substituion of N83A in MtIPMS was 

determined to cause a 25-fold increase in KAcCoA value with a 250-300-fold decrease in 

kcat/KAcCoA value compared to WT MtIPMS. On the other hand, Q84A MtIPMS exhibits a 30-40-

fold decrease in kcat value and a 150-250-fold decrease in kcat/KAcCoA value. However, the 

kcat/KKIV values for both N83A and Q84A MtIPMS do not display an apparent change.7 This 

kinetic result indicates that N83 and Q84 contribute significantly to the activity of MtIPMS, 

which strongly supports that the corresponding channel in MtIPMS may be the binding site for 

AcCoA. Additionally, the previous study also concluded that the position corresponding to N83 

in MtIPMS can be utilized to categorize a sequence as belonging to the IPMS1 or IPMS2 cluster. 
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IPMS1 sequences contain glutamate at that site, while IPMS2 sequences contain an asparagine. 

The N83E mutation has also been constructed in MtIPMS in the previous study. Surprisingly, 

N83E MtIPMS is inactive.6 This suggests that the glutamate at the 83rd site cannot replace 

asparagine in IPMS2, although glutamate is well-conserved in the corresponding site in the 

IPMS1 cluster.  

 

 

Figure 5.9 The structure surface of MtIPMS. N83, Q84, K95, S118, T120, D121, R147 and two 

channels are labeled. The red frame stands for the corresonding channel to that of MjIPMS to 

bind AcCoA. The blue one is the alternate channel of MtIPMS to bind AcCoA. (PDB id: 1sr9) 
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CHAPTER 6 

RESEARCH SUMMARY AND FUTURE WORK 

6.1 Summary 

Carbohydrate transfer reactions are significant reactions for organisms and are involved in a 

variety of functions in cells. The diverse carbohydrate participates in signal transfer in cells, 

determining various antigens in red blood cells, storing energy, and providing structural support. 

Glycomics study glycan repertory in terms of both structure and function in organisms. Unlike 

genomics and proteomics, the complexity and diversity of a carbohydrate is not regulated by a 

blueprint sequence.1-3 Based on previous glycomic research, glycan synthesis in organisms is 

regulated by enzymes including glycosyltransferases (GTs).  

GTs are a large family of enzymes that catalyze sugar transfer reactions. They can be 

grouped in three ways: sequence, fold, and reaction mechanism. Despite the high diversity of 

functions and structures of GTs, there are mainly two structural folds adopted by GTs, GT-A and 

GT-B.4 GT-B enzymes contain two similar domains, and both of them are comprised of  

motif called Rossman-fold. The two domains are connected by a linker loop. Structures of the 

GT-B enzymes are well conserved, especially in the C-terminal domain. GT-Bs are believed to 

undergo a conformational change upon binding substrates. This indicates that protein dynamics 

of GT-B members is key for the study of the whole family. Protein motion in solution can be 

characterized by backbone amide hydrogen-deuterium exchange monitored by mass 

spectrometry (HDX-MS). 
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In chapter 2, MshA from Corynebacterium glutamicum (CgMshA) is a GT-B folded GT4 

enzyme. It transfers sugar from uridine 5′-diphospho-N-acetylglucosamine (UDP-GlcNAc) to 

inositol-1-phosphate (I1P) and produces free UDP and I1P-GlcNAc with a retaining mechanism. 

Previous research of CgMshA has successfully solved its crystal structure with high resolution in 

the apo form and the UDP bound form, separately.5 A comparison of the two structures indicates 

a structural change of CgMshA upon binding UDP. However, details of the protein motion 

associated with this change are still lacking. In this research, HDX-MS was applied to compare 

peptide dynamics of CgMshA under various conditions. HDX-MS reports protein dynamic 

changes at a peptide level without limitation by molecular size. By analyzing protein dynamics 

as well as protein structures, the protein regions that are involved in substrate binding will be 

identified.   

To study the conformational change occurring upon binding the sugar donor UDP-GlcNAc, 

HDX-MS is applied to detect dynamics of the apo form and the UDP-GlcNAc complex of 

CgMshA. Almost all peptides in the C-terminal domain exhibit a decreased peptide flexibility 

with UDP-GlcNAc bound, while only residues 27-34 in the N-terminal domain are affected by 

ligand binding. This result supports a conformational change in CgMshA upon binding UDP-

GlcNAc due to the rotation of the C-terminal domain. The four  helixes that form the substrate 

binding site exhibit significant decreases in deuterium incorporation in the UDP-GlcNAc 

CgMshA complex, which implies that the formation of active site might be initialized by the 

motion of C-terminal domain. 

Although it is predicted that CgMshA adopts a similar structural change with UDP-GlcNAc, 

there is still no direct evidence supporting it. To answer this question, protein dynamics of 

CgMshA in the apo form and the UDP CgMshA complex were investigated and compared. Not 
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surprisingly, the flexibility of the C-terminal domain was decreased due to the ligand binding 

with UDP. Interestingly, by comparing the deuterium incorporation of the UDP and the UDP-

GlcNAc CgMshA complex, it was found that for the peptides that exhibit flexibility changes, the 

UDP complex was more stable than the UDP-GlcNAc complex. This indicates that the product 

forms more rigid complex than the sugar donor. Since the dynamics of C-terminal domain are 

locked down by the UDP molecule, it is reasonable to predict that the product release step might 

be the rate-determining step of the reaction. 

To identify conformational changes in CgMshA upon binding the sugar acceptor I1P, the 

peptide dynamics of I1P CgMshA complex was compared to the apo form. In contrast to the 

UDP-GlcNAc CgMshA complex, the I1P CgMshA complex does not result in significant 

changes of peptide flexibility. This result is consistent to the proposed binding mechanism of 

CgMshA, that CgMshA prefers to bind UDP-GlcNAc first then I1P. 

To identify whether there was a further conformational change of the UDP-GlcNAc 

CgMshA complex caused by binding the other substrate I1P, the UDP•I1P CgMshA complex is 

used to simulate the structure and dynamics of the UDP-GlcNAc•I1P CgMshA complex 

intermediate. By comparing the deuterium incorporation of the UDP CgMshA complex and the 

UDP•I1P CgMshA complex, it was shown that no additional change of structure and dynamics 

occurs. This indicates that the conformational change is entirely caused by binding the sugar 

donor, which forms a pocket to bind the sugar acceptor. The N-terminal domain is more rigid 

than the C-terminal domain, and binding the acceptor makes no further conformation change. 

In addition to the protein dynamic study, kinetics of the protein was also completed to 

investigate the role of residues F318 and L320. The two residues are in the C-terminal domain 

and facing the linker loop in the apo form. During the conformational change, they are observed 
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to have a large movement.5 The kinetic study of L320A CgMshA shows that it displays a 

dramatic decrease in kcat value, which proves that L320 contributes to the catalytic activity. In 

addition, F318A CgMshA exhibits a more than 20-fold increase of Km values for both substrates, 

which suggests that F318 plays an important role in substrate binding. The dynamics of F318A 

and L320A CgMshA were explored by the HDX-MS and compared to the wild type enzyme. 

F318A CgMshA exhibits the same flexibility on each peptide in the apo form, which implies that 

the general protein structure has no change. L320A CgMshA displays different dynamics in four 

peptides in the apo form and exhibits no conformational change upon binding UDP and UDP-

GlcNAc. 

In the apo form of L320A CgMshA, four regions exhibit different flexibilities, residues 26-

34 (N-terminal), 191-198 (linker loop), 228-242, and 257-274 (both in the C-terminal). (Figure 

2.5) While residues 26-34 and 191-198 are more accessible to solution, the other two peptides 

in the C-terminal domain lose most of the flexibility compared to the wild type CgMshA. 

Interestingly, except a peptide in the linker loop (191-198), all the other regions (residues 26-34, 

228-242, and 257-274) are reported to be involved in the formation of the active site of wild 

type CgMshA based on the crystal structure. They also exhibit apparent decreased deuterium 

incorporation in wild type CgMshA upon binding UDP-GlcNAc and UDP in the HDX study. 

This indicates that the protein structure and dynamics might be changed by the L320A 

substitution. In the kinetic study, L320A CgMshA exhibits a Km value close to that of the wild 

type enzyme. However, the variant enzyme loses most of the catalytic activity. In this case, a 

reasonable description is that the L320A substitution changes the protein structure, which 

makes it difficult to bind UDP-GlcNAc and I1P and move them to a suitable active site. 

Although CgMshA has been studied individually, a report of the global enzyme family, GT4 
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and GT-B, with respect to the protein dynamics, functions, and structures, is still lacking. To map 

features of the individual enzyme to the GT4 sequence family, bioinformatic information was 

used. Based on the Pfam protein domain database, the N-terminal domain (residues 22-201) and 

the C-terminal domain (residues 209-385) of CgMshA are grouped into GT4 and GT1 domain 

family, respectively. By matching the sequence of the C-terminal domain of CgMshA to the GT1, 

it indicates that several residues in CgMshA are well conserved in the GT 1 sequence family: 

K236, G264, E316, G319, E324, and G350. K236, E316, and E324 are located in the active site 

close to the UDP molecule and are modeled to contribute to the catalysis based on previous 

structure report.5 G264 is far from the catalytic domain in the apo structure, however, it forms an 

interdomain hydrogen bond with the backbone carbonyl of G17 from the catalytic domain. 

Similarly, G319 forms a hydrogen bond with the 4-OH group of the sugar moiety in the binary 

complex.  

Similar structure and sequence alignment can be also matched by recent two GT4 structure 

studies, in both of which the EX7E motif (E316-E324 in CgMshA) is observed to be located 

around the sixth -helix (C6) in the GT1 donor binding domain.7, 8 While the first E residue 

binds the sugar part of the donor substrate and the last E interacts with the ribose of the leaving 

group, the residues in between are diverse.7 The second and third residues in the X7 are reported 

to contribute to select various donor molecules in terms of size and shape. In addition, a RX4K 

like motif around C2 (R231-K236 in CgMshA) are also reported in other GT4 enzymes, in 

which the R and K stabilize the leaving group of the donor molecule.7, 8 

Interestingly, based on the HDX-MS dynamic study of CgMshA, the well conserved 

residues of GT1 are located on peptides that exhibit apparent dynamic changes with UDP or 

UDP-GlcNAc bound, which supports that these GT1 motifs are also playing key roles in the 
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conformational change of CgMshA. In other words, the CgMshA conformational changes 

reported in this chapter can be further mapped to other GT4 enzymes with the connection of the 

conserved residues. Moreover, since GT4 is the largest and, perhaps, the ancestor of the retaining 

GT-B family, this conformational study is essential to understanding the whole GT-B family.9 

In summary, the number of structural reviews of GTs is minimal compared to the number of 

identified sequences of GTs, so it is necessary to identify well conserved structure and 

key elements that are necessary for GT activity. In this research, we show details of protein 

dynamic change of CgMshA in solution at a peptide level. Based on the dynamic study result, we 

report a third conformation of CgMshA in solution with UDP-GlcNAc bound. It indicates that 

the UDP-GlcNAc complex might be in a loose form than the UDP complex, and the UDP 

releasing step might be the rate determining for the reaction. Finally, we combine structural and 

dynamic studies with bioinformatic results of CgMshA and hypothesize the 

sequence/structure/dynamic relationship for GT4 family. Since GT4 is the potential ancestral 

retaining GT-B family, this research will help understanding GT-B enzymes. 

As chapter 2 focused on a retaining GT-B enzyme, attention is placed on an inverting GT-B 

member HepI in chapter 3. As a GT-B superfamily enzyme, HepI is predicted to adopt a 

conformational change with substrates. However, based on previous crystal structure reports of 

HepI as apo protein, with ADP and HepI·ADP-2-deoxy-2-fluoro-heptose (ADPF) in the donor 

binding site, only the open conformation is observed. In this case, we hypothesize that the sugar 

acceptor Kdo2-Lipid A is the molecule that initializes the conformational change of HepI.  

To avoid any structural changes resulting from the chemical step of the reaction catalyzed 

by HepI, the residue D13 has been mutated to alanine. All investigation of protein dynamics by 

HDX is performed using D13A HepI as the sample to simulate the structure of wild type HepI. 
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To fully characterize the possible conformational change upon Kdo2-Lipid A binding, the peptide 

dynamic change of non-active D13A HepI is identified by applying HDX MS. The HDX result 

indicates that eight loops exhibit >50% of the maximal relative uptake increase and the potential 

to adopt a more stable fold: residues 5-12, 53-73, 87-102, 116-126, 163-179, 235-244, 271-304, 

and 308-319. However, only two loops are located around the active site: residues 5-12 and 163-

179. In addition, the functional residues that are reported to contribute to binding the sugar donor 

all exhibit dynamic stability in deuterium solutions.  

Compared to the structural map of dynamic change of CgMshA and HepI, there are features 

that are shared by CgMshA and HepI. In the C-terminal domain, the third  sheet (C3), C78, 

and C56 of both enzymes are flexible. In the two enzymes, these regions are located by the 

outer layer, which suggests that they may be involved in the formation of a ternary complex or 

the interaction of multiple protein chains. In the N-terminal domain, both N1 helix exhibit 

flexibility. Since N1 is in the active site, it suggests the peptide flexibility might be decreased 

upon binding substrates. In addition, the linker loops exhibit flexibility in both enzymes, which 

supports its contribution to protein dynamic change due to the ligand binding. 

In contrast to these common features in CgMshA and HepI, HepI exhibits a different 

dynamic flexibility map. (Figure 3.6) In the HepI structure, peptides that form the active site all 

exhibit peptide dynamic stability, while the four peptides that form the active site of CgMshA 

exhibit significant dynamic changes. Additionally, HepI exhibits apparent dynamics in around 

half of the C-terminal domain while CgMshA shows peptide flexibilities and dynamic shifts in 

the whole C-terminal domain. Considering that CgMshA is reported to adopt a 97 °C domain-to-

domain movement,5 it is reasonable to predict that a slight domain rotation may occur in HepI. 

Moreover, with the conclusion in chapter 2 that the conserved C-terminal domain of the GT-B 
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family is related to the commonly adopted protein conformational change, the potential dynamic 

change that occurs to HepI may also result from the conserved structure of the C-terminal 

domain, which suggests the dynamic change of HepI may occur to the C-terminal domain. 

Chapters 2 and 3 describe dynamic changes that occur in the C-terminal domain of 

enzymes. In additional to the protein dynamics study, other contributions of an additional domain 

are investigated in chapter 4 and 5 in terms of protein activity and mechanism. Chapter 4 

assesses the role of the LeuA dimer regulatory domain in substrate selectivity in isopropylmalate 

synthase (IPMS) and citramalate synthase (CMS).9 Truncated versions of IPMS and CMS from 

Methanococcus jannaschii (MjIPMS and MjCMS, respectively) were created that remove the 

LeuA dimer regulatory domain. In truncated MjIPMS, lack of the regulatory domain does not 

affect substrate selectivity, which is consistent with previous reports identifying conserved active 

site residues that play this role.10 Loss of the regulatory domain in MjCMS, however, results in 

increased functional promiscuity. Both truncated enzymes exhibit a shift in quaternary structure 

from tetrameric to monomeric forms as judged by size-exclusion chromatography. Kinetic 

isotope effects suggest that loss of the regulatory domain results in unique effects on catalysis 

with chemistry becoming more rate-determining in MjIPMS and less rate-determining in 

MjCMS. Finally, substitution of conserved active site residues in the promiscuous truncated 

MjCMS affect substrate selectivity while identical substitutions cause no changes in the wild-

type enzyme. Overall, the data predicts a more complex role for the LeuA dimer regulatory 

domain in substrate selectivity through catalytic modulations rather than selectivity through 

differential binding as a result of extensive co-evolution between the catalytic and regulatory 

domains. 

In chapter 5, the study aims to determine evolution distinctions between IPMS1 and IPMS2 
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clusters in terms of strategies of binding AcCoA. The result indicates that residues R94 and K47 

are essential for protein activity. A multiple substitution, R94A V96R MjIPMS, was constructed 

to figure if the function of residue R94 can be replaced by a nearby arginine. However, compared 

to R94A MjIPMS, the multiple substituted MjIPMS does not change much in the activity, which 

suggests that R94 is an unreplaceable residue for MjIPMS. In addition, two residues at the 

corresponding sites in MtIPMS (IPMS2), K95 and R147, are reported not as critical as K47 and 

R94 in MjIPMS, which suggests that IPMS1 and IPMS2 may utilized diverse mechanisms to 

bind AcCoA, although they share similar functions.  

6.2 Future Work 

In chapter 3, to avoid any structural changes resulting from the chemical step of the wild 

type HepI reaction, the non-active enzyme D13A HepI was utilized. However, there is still 

possibility that the mutation D13A changes protein structure. Thus, in future work, it is necessary 

to apply HDX to investigate protein dynamics of the apo wild type HepI. By comparing the 

protein dynamics of apo wild type HepI against apo D13A HepI, it will be determined whether 

the wild type and the variant HepI have identical structures in the apo form.  

In addition to the HepI dynamic study, a global sequence network and structural study is 

also required in future work. Most research on glycosyltransferases focuses on enzymes 

separately in terms of their unique functions. While this research helps our understanding 

of individual GTs, it provides limited information to understand the global GT family. GT-Bs are 

believed to share well conserved structure in the C-terminal domain and commonly adopt a 

conformational change in reactions, although they may differ in stereochemistry and sequence 

families. HepI belongs to the GT9 family, which contains more than 1,889 sequences and has 
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only two reported functions, heptosyltransferase I and heptosyltransferase II. On the other hand, 

MshA is a member of GT4 subfamily, which includes almost 13,874 sequences and exhibits at 

least 20 functions. Despite both fitting the GT-B structure fold, CgMshA and HepI share 

considerable diversity with respect to functions and mechanisms. The sequence network analysis 

of the full GT4 and GT9 families will be necessary to investigate the relationship between 

conserved structure and diverse functions of GT-B enzymes.  

Following investigation of GT-B enzymes, the GT-A family will be a target for future 

projects. A common motif of all GT-A superfamily members is the DxD motif, which is reported 

to bind the phosphate group of the sugar donor with a required divalent cation. Depending on 

inverting or retaining stereochemistry of the reaction, aspartates of DxD function differently. 

While both aspartates bind with a Mn2+ ion in retaining enzymes, only the second aspartate binds 

with metal in inverting enzymes.4 Alanine scanning mutations can be generated on the DxD 

motif to further investigate their contributions to GT-A enzyme activities. In addition, in contrast 

to GT-B enzymes, there are no reports that suggest GT-A conformational changes. This is 

interesting since GT-A enzymes contain a Rossman-fold like N-terminal domain similar to GT-B 

enzyme domains. Thus, protein dynamics of GT-A enzymes can be determined in future work by 

HDX-MS. By comparing protein dynamics of both GT-A and GT-B enzymes, the understanding 

of globally shared conformational changes by GT enzymes may be improved.  
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