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ABSTRACT 

Understanding the evolution of functional and regulatory diversity in enzyme 

superfamilies addresses a fundamental biochemical problem by improving our ability to identify 

and exploit structure/function relationships. It opens up the possibility of engineering naturally 

occurring enzymes and designing new scaffolds for user defined goals. In an attempt to achieve 

this goal the DRE-TIM metallolyase superfamily has been investigated using bioinformatic and 

biochemical tools. Analysis of one of the member subgroups, the Claisen condensation-like (CC-

like) subgroup, identified the presence of an interesting pattern of functional and regulatory 

diversity. The CC-like subgroup has ~4300 sequences that catalyze the condensation of acetyl-

CoA with six different -keto acids. While some sequentially similar members of this subgroup 

exhibit distinct substrate specificities, some members with low sequence identities display 

identical activities. Though the underlying causes of these phenomena are still unknown, 

evolution of either regulatory and/or functional mechanisms could have generated these 

discrepancies. To explore diversity in the regulatory mechanisms, two evolutionarily distinct 

versions of -isopropylmalate synthase (IPMS) enzymes were analyzed. IPMS from 

Methanococcus jannaschii (MjIPMS) was investigated, and compared with the well 

characterized IPMS from Mycobacterium tuberculosis (MtIPMS). Isotope effects revealed the 

conservation of the mechanism of regulation in these different versions of IPMS enzymes. The 

presence of identical feedback regulation mechanisms in distinct enzymes indicates the 

complexity of identifying structure/function relationships in multidomain allosteric enzymes. To 
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understand the functional diversity in the CC-like subgroup, IPMS and citramalate synthase 

(CMS) from Methanococcus jannaschii, MjIPMS and MjCMS, respectively were investigated. 

MjIPMS and MjCMS share ~50% sequence identity and exhibit distinct substrate specificities 

for -keto acids. While rational design of substitutions to modulate the active site architecture 

provided some insight into the mechanism of substrate selectivity for MjIPMS, the mechanism of 

substrate selection is still unknown for MjCMS. The MjCMS active site was further explored by 

employing directed evolution tools involving irrational design of substitutions and genetic 

selection for IPMS activity. Irrational substitutions have been able to deliver initial candidates of 

MjCMS variants with slightly altered substrate selectivity. Characterization of these libraries 

should provide significant insight into the mechanism of functional diversity in the DRE-TIM 

metallolyase superfamily. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overall Significance of Studying Evolution of Enzymes 

Natural evolution of enzymes to catalyze a vast variety of reactions continues to be a 

topic of intense interest. It is fascinating to see that evolution caused some closely related 

proteins to have different functions, and some distantly related proteins to have identical 

functions. This process of evolution of enzymes by nature to perform different functions by 

reusing and remodeling a small number of protein scaffolds is not well identified. Understanding 

the mechanism of evolution of enzymes to perform different functions addresses this 

fundamental issue of biochemistry. In addition, a better understanding of the evolution of 

enzymes opens up the possibility of engineering naturally occurring enzymes or synthesizing 

new scaffolds for user defined goals such as biosensors, diagnostics, therapeutics, bioremediation 

etc.
1-7

 To completely understand the importance and the implications of the diversity of enzymes, 

the task is both to describe the structure-function relationships of enzymes, and use them to 

understand and exploit natural design principles.
8
 

1.2 Classification of Enzymes 

To discuss the evolutionary models of enzymes and their implications on protein design 

methodology we need to understand the terms associated with the classification of enzymes.  

These terms describe relationships in sequence, structure and function of proteins. The 

definitions discussed below are adapted from the Structure-Function Linkage Database (SFLD)
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which classifies proteins in a hierarchical order on the basis of shared chemical functions 

mapped on to conserved active site features.
9
 A family is a set of homologous enzymes that have 

identical functions with regard to mechanism as well as substrate specificity. Member enzymes 

of a family generally display greater than 30% sequence identity. The term enzyme superfamily 

constitutes of a broader set of homologous enzymes that share a chemical facet of catalysis. 

Member enzymes of a superfamily generally share less than 50% sequence identity, and often 

share less than 20% sequence identity. Enzyme superfamilies can further be classified as i) 

specificity diverse, and ii) mechanistically diverse.  

A specificity diverse superfamily is a set of enzymes catalyzing the same overall reaction 

with different substrate preferences. Serine proteases fit well with this description. Serine 

proteases are a large superfamily of enzymes constituting over one third of the known 

proteases.
10

 They are classified into 13 clans (on the basis of catalytic mechanism) and 40 

families (based on homology). Clans of serine proteases differ in terms of order of catalytic 

residues in the protein sequence and over all protein folding. Despite their significantly distinct 

features, serine proteases of different clans preserve the highly conserved active site architecture 

formed by the Ser-His-Asp catalytic triad performing hydrolytic cleavage of peptide bonds.
11

 

These proteases were also the first example of identification of convergent evolution in enzyme 

active sites. The distinct overall folds of serine proteases provide them the substrate diversity to 

hydrolyze different proteins with high efficiencies. Phylogenetic studies revealed that the tree 

constructed from the C-terminal substrate binding site yielded separation of functional groups 

similar to the tree constructed from the entire protease domain.
12

 These investigations strongly 

suggested that the driving force behind the evolution was substrate recognition. 



 

3 

 

A mechanistically diverse superfamily constitutes of a set of homologous enzymes 

catalyzing different overall reactions using different substrates but share a common mechanistic 

step such as a partial reaction, intermediate formation, transition step etc.
9
 Such enzyme 

superfamilies are typical examples of divergent evolution of function. The haloacid dehalogenase 

superfamily is an example.
13

 Member enzymes of this superfamily use Mg
2+

 bound to a 

conserved motif as a co-factor to form a covalent intermediate with an active site Asp. The 

haloacid dehalogenase superfamily uses this conserved active site motif to catalyze a diverse 

range of reactions such as dehalogenation, phosphoryl transfer, and hydrolysis of phosphate 

esters, phosphate anhydrides, and phosphonates.
14-17

  

1.3 Models for Divergent Evolution of Enzyme Function 

Nature tends to evolve proteins by redesigning conserved scaffolds. Understanding the 

criteria for the choice of template for sequence and structure redesign of proteins is vital in 

understanding the mechanism of protein evolution. Two primary models to explain the evolution 

of protein sequence and structure divergence have been studied extensively.
18-22

 The first model 

that proposes that “substrate binding” is the primary constraint for evolution was suggested by 

Horowitz in 1945.
19,20

 According to this theory active site residues involved in the binding of the 

specific substrate are conserved during evolution whereas the active site residues involved in 

catalysis change. This theory was also known as “Retrograde Evolution” theory. The second 

model proposed by Jensen in 1976 suggests that catalysis is the major constraint in protein 

evolution.
21,22

 According to this model a characteristic of catalysis such as a partial chemical 

reaction, intermediate formation etc. is conserved and the active site of the protein evolves to 

bind different substrates to catalyze different reactions.  
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Investigating the mechanisms of enzyme evolution would help us understand how and 

why nature chose specific templates for protein redesign. This information would be critical for 

selecting apt templates for protein engineering.
18

 The surge in genomic information due to the 

rapid increase in genome projects in the past few years has led to significant investigation and 

analysis of both of the proposed models for enzyme evolution.  

1.3.1 Mechanistically Diverse Superfamilies Support Catalysis-Constrained Evolution 

The evolutionary model that proposes that enzyme evolution is directed predominantly 

by requirements of catalysis rather than substrate binding is more widely found.
18,22,23

 This 

model suggests that the residues required for the conserved partial reaction are highly conserved 

in enzyme superfamilies and additional catalytic residues could vary in identity and position to 

perform different overall reactions.
18,23,24

 Extensive characterization of several mechanistically 

diverse enzyme superfamilies agrees with this model and provides overwhelming evidence that 

evolution of proteins generally occurs by retaining a structural scaffold and uses that to guide 

enzyme redesign to perform diverse reactions. For example the enolase superfamily has 

conserved residues at catalytic positions that bind a metal ion.
25

 This metal ion (Mg
2+

) is 

involved in the stabilization of the enolate intermediate generated by the abstraction of the α-

proton of a carboxylate substrate. The variation in the identity and position of the general base 

required for abstraction of the α-proton is what furnishes member enzymes of the enolase 

superfamily with the ability to catalyze different overall reactions. 

Through these mechanistically diverse enzyme superfamilies it was understood that 

functional diversity is much more complicated than sequence or structural diversity. Functional 

annotations based on just sequence similarity could result in incorrect functional assignment.
26

 

Similiarly structural similarity is not sufficient to assign specific functions to proteins. Therefore 
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in order to understand enzyme evolution, the investigation of both structure and function of 

enzymes is required.
27

 One approach to address this issue is by using the tools of “genomic 

enzymology”.  

1.4 Genomic Enzymology 

Genomic enzymology involves the integration of information obtained from 

bioinformatics, structural and kinetic studies to establish the mechanism of evolution in 

mechanistically or functionally diverse enzyme superfamilies. The strategy involves initial 

computational prediction of function of the protein sequence followed by experimental 

verification of computational predictions by structural and kinetic studies (Figure 1.1).
28

 This 

strategy was developed under the Enzyme Function Initiative (EFI) which works on the principle 

that computation based prediction of substrate selectivity is the core for functional assignment of 

unknown enzymes.
29

 EFI aims to develop a high throughput system for functional assignment of 

unknown proteins by using bioinformatics to predict the function, followed by experimental 

structural biology, and experimental enzymology to verify the enzymatic function in vitro, and 

finally using metabolomics to confirm the function in vivo.
28 

 

Before using this strategy to determine reliable functions for unknown proteins, it was 

developed by using proteins that were members of functionally diverse enzyme 

superfamilies.
18,25,30

 The benefit of applying this strategy to member enzymes of a functionally 

diverse superfamily is that in addition to sequence similarity based functional annotation, the 

conserved mechanistic attribute of the catalyzed reaction also plays a significant role. The 

enolase superfamily of enzymes is one of the superfamilies employed for this task.
30,31

 The goal 

of “genomic enzymology” is to segregate isofunctional protein families (identical reaction and 

substrate) and place uncharacterized proteins with the context of structure-function with the 
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Figure 1.1 Strategy of Enzyme Function Initiative. The goal of Enzyme Function Initiative is to 

develop a multidisciplinary, high throughput strategy for functional assignment of unknown 

enzymes involves bioinformatics, experimental structural biology and modeling, experimental 

enzymology to assign in vitro functions, followed by metabolomics to authenticate the in vivo 

function. Adapted from reference 28.  

 

experimentally characterized proteins to establish their functions. For the first part that involves 

computational prediction of function in enzymes, one of the faster and more user friendly 

techniques is Protein Similarity Networks (PSNs). 

1.4.1 Protein Similarity Networks 

  PSNs, one the significant bioinformatics tools employed to study enzyme evolution can 

be used to investigate interrelationships between proteins on a large scale.
32

 They allow the 

visualization of trends in function mapped onto the context of sequence similarity in proteins.
33

 

PSNs are generated by independent pairwise alignment between sequences of a collection of 

proteins (Figure 1.2A). Therefore PSNs are relatively simpler than multiple sequence alignments 

and phylogenetic trees (Figure 1.2B). They are easier to visualize as they allow the recognition 

of trends in orthogonal relations such as function of proteins from the context of 

sequence/structure similarity.
34

 Unlike phylogenetic analysis of proteins that are able to 

investigate only a small number of optimally scoring connections, PSNs are able to display all 

relationships amongst proteins that score higher than a user-defined similarity cut-off value. 

Multiple sequence alignments have a restriction on the number of sequences that can be analyzed  
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Figure 1.2 Representative protein similarity network. A) Sequences of three separate protein 

classes are represented by nodes (circles) of different colors are represented in a network. Edges 

(lines) are drawn between nodes if the protein sequence similarity is above a certain threshold 

based on a BLAST algorithm. Represented are four different thresholds.  At higher stringency 

the protein sequences break up into separated clusters, with each cluster having highly similar 

protein sequences. B) A simulated dendrogram for the protein sequence set used in protein 

similarity network. Adapted from reference 32.  

 

due to the limitation of being able to view alignments of a large number of sequences. PSNs 

overcome this by providing a visual of a network in place of a numerical alignment of protein 

sequences. 

PSNs are made up of nodes (circles), and edges (lines) connecting those nodes (Figure 

1.2). Each node can either depict a single protein sequence or represent a number of sequentially 

similar protein sequences for easier analysis of a large number of sequences. The edges 

connecting these nodes denote that those nodes have a sequence similarity score higher than the 

user-defined threshold based on a BLAST algorithm.
35

 Recent studies have utilized PSNs to 

investigate functionally diverse enzyme superfamilies and identify previously uncharacterized 
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subfamilies with different substrate specificities than the previously well characterized members, 

and explore functional relations among conserved structural domains.
31,32,36

 In order to develop a 

general strategy for functional assignment amongst member proteins, in addition to in vitro 

studies, these tools were applied to the well characterized mechanistically diverse enolase 

superfamily.
31

 

1.4.2 The Enolase Superfamily 

The enolase superfamily of enzymes was the first mechanistically diverse superfamily 

discovered. In 1990 the discovery that the three-dimensional structures of mandelate racemase 

(MR) and muconate lactonizing enzyme (MLE) from Pseudomonas putida were significantly 

superimposable suggested that these might be homologs evolving from a common progenitor 

(Figure 1.3).
37

 Even with a low sequence identity of ~25% these enzymes shared a (β/α)7β-barrel 

domain containing the conserved active site residues that performs the chemistry, and an α + β-

capping domain that plays a role in substrate recognition.
25,38

 Later in 1995 the yeast enolase was 

seen to have bidomain structure identical to MLE and MR.
39

 This led to the foundation of the 

mechanistically diverse “enolase superfamily” since these enzymes catalyzed different 

reactions.
38

  In addition to the domain similarity, these enzymes were seen to have a common 

partial reaction in which an active site base abstracted the α-proton from the carboxylate 

substrate to generate an enolate anion intermediate.
25

 The enolate intermediate is stabilized by 

the essential Mg
2+

 ion coordinated to the conserved side chain functional groups in the barrel 

domain of the enzymes. 

The enolase superfamily was used to develop EFI since it is one the best characterized 

functionally diverse superfamily and is therefore considered a “gold standard” for studying new  
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Figure 1.3 Structure comparison of the enolase superfamily. Comparison of the three 

dimensional structures of mandelate racemase (MR) and muconate lactonizing enzyme (MLE) 

from Pseudomonas putida, and enolase from yeast. The conservation of the N-terminal capping 

domain and C-terminal barrel domain provided significant evidence that divergent evolution can 

give rise to functional diversity. Adapted from reference 25.  
 

computational methods. Using PSNs
32

 the superfamily was partitioned into “clusters”, where 

each node (circle) represents a sequence/group of sequences and it was connected to all the other 

nodes by edges (lines) that shared a threshold BLAST E value (Figure 1.4).
30

 The network 

constructed using a threshold E value of <10
-90 

was able to generate clusters of isofunctional 

families. Different colors represent different reaction specificities with gray color representing 

unknown function. Based on the sequence similarity of the unknown enzymes with the 

previously characterized, PSNs aided in predicting functions. 
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Figure 1.4 PSN for the enolase superfamily of proteins. The protein sequences represented by 

nodes are connected by edges that have threshold E value of 10
-90

. The colored nodes represent 

functionally annotated proteins. The gray colored nodes represent unknown functions. Adapted 

from reference 30.  
 

For example one of the unknown family of enzymes shared ~30% sequence identity with 

the MLE from P. putida catalyzing syn-cycloisomerization of cis, cis-muconate to (4S)-

muconolactone.
40

 In vitro characterization revealed that a member of that family catalyzed the 

MLE reaction as expected but it was anti-cycloisomerization instead of syn. Structural studies 

involving product-enzyme complexes revealed that different spatial arrangement of the substrate 

specificity determinant residues affected stereochemical behavior of product formation.
41

 Further 

phylogenetic analysis suggested that the anti MLE family evolved from a different intermediate 
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progenitor than the syn MLEs. Since this intermediate progenitor would have evolved due to 

divergence from the common ancestor of the MLE subgroup, it implied “pseudoconvergent 

evolution” of enzyme function.
41

 Another significant member of the enolase superfamily is the o-

succinylbenzoate synthase (OSBS) family. OSBS is involved in the synthesis of OSB which is 

an intermediate in the biosynthesis of menaquinone (Vitamin K).
42

 PSNs, in silico docking of 

ligands and experimental characterizations were used to investigate the OSBS family.
31,43

 The 

results exhibited that the member enzymes of this family maintained their substrate specificity 

even with sequence identities as low as 15% amongst some members.
44,45

 Additional 

phylogenetic investigations strongly suggested that the OSBS family has a single evolutionary 

origin and all the diverse sequences are a result of “divergent evolution” which could be the 

cause of promiscuous behavior of some of the members.
31,44

 

1.5 The DRE-TIM Metallolyase Superfamily 

Another mechanistically diverse enzyme superfamily investigated by the integration of 

information obtained from bioinformatics, and structural and kinetic studies is the DRE-TIM 

metallolyase superfamily.
36

 The existence of this mechanistically diverse superfamily was 

proposed in 2006 with the investigation of crystal structures of two bacterial 3-hydroxy-3-

methylglutaryl-CoA lyases (HMG-CoA lyases). Structural superimposition of these enzymes 

with previously known TIM barrel proteins displayed significant similarity between them and the 

catalytic domains of 4-hydroxy-2-ketovalerate aldolase, 2-isopropylmalate synthase, and 

pyruvate carboxylase. Even with a low sequence identity of ~16%, member enzymes of the 

DRE-TIM metallolyase superfamily share a TIM barrel fold, a D-R-E active site motif, and a 

divalent metal cation for activity (Figure 1.5A).
46

 Enzymes in this superfamily catalyze a vast set 

of C-C bond forming and breaking reactions. They share a common enolate intermediate  
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Figure 1.5 Structure comparison of the DRE-TIM metallolyase superfamily. MtIPMS (tan), 

HMG-CoA lyase (blue), pyruvate carboxylase (pink), and 4-hydroxy-2-ketovalerate aldolase 

(green). PDB Files: 1sr9, 1ydo, 2qf7, and 1nvm. Adapted from reference 36. A) Overall structure 

overlay of the catalytic TIM barrel. B) Overlay of the conserved HXH active site motif. 

 

formation in their respective reactions which is stabilized by the conserved arginine of the DRE 

motif (Scheme 1.1). Members of this superfamily have highly conserved active site architecture 

with the arginine (R) and aspartate (D) being located next to each other on an α-helix and the 

glutamate (E) on an adjacent β-sheet (Figure 1.5B).
36

 The aspartate residue plays a role as a 

ligand to the divalent metal cation and to the two highly conserved histidines of the HXH motif. 

The glutamate residue is proposed to orient the arginine residue. 

In order to organize this functionally diverse superfamily into subgroups and families of 

sequences representing discrete reaction specificities, PSNs were created.
36

 A PSN for the 

members of the DRE-TIM metallolyase superfamily had 1261 representative nodes representing 

8817 unique sequences (Figure 1.6). Each node represents sets of protein sequences sharing 

greater than 60% sequence identity. A node is colored if the function of at least one protein from  
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Scheme 1.1 The enolate intermediate formed in the reaction mechanisms of members of the 

DRE-TIM metallolyase superfamily.  

 

the node is experimentally verified. At an E value of 10
-26

 the DRE-TIM metallolyase 

superfamily breaks up into four subgroups (median alignment length = 379 residues, and median 

percent sequence identity of pairwise comparisons = 29%). On the basis of biochemical 

characterization, the four subgroups were defined as Claisen condensation-like (CC-like), 

carboxylase-like, lyase-like, and aldolase-like (Scheme 1.1).  

Mutagenic studies on members of all the four subgroups highlight the role of the active 

site motif. Substitutions at the arginine of the DRE motif most likely compromise the 

stabilization of enolate intermediate resulting in inactive enzymes.
47-51

 In a member of the CC-

like subgroup the enzyme variants generated by substituting the aspartate residue to asparagine  
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Figure 1.6 Representative PSN of the DRE-TIM metallolyase superfamily. Nodes represent 

groups of proteins with at least 60% identity. Edges represent similarity between nodes with an 

E-cutoff value of 1×10
-26

. The size of the node represents the number of sequences represented 

(small: 1-9, medium: 10-99, large: 100-208). The color of the node represents characterized 

proteins. Nodes that are diamond shaped have a structure available in the protein database. 

Adapted from reference 36.  

 

and alanine were only partially active with kcat values almost 400-fold less than the wild type 

enzyme.
47

 Similarly substitution of aspartate to glutamate and histidine in a member of the lyase-

like subgroup caused a six-fold and 500-fold decrease in the catalytic efficiency, respectively.
52

 

In context to enzyme function, CC-like and carboxylase-like subgroups display 

significant functional diversity within each subgroup. Figure 1.6 displays the PSN for the four 

subgroups of the DRE-TIM metallolyase superfamily with each color representing a different 

function. The presence of more than one color in the carboxylase-like and CC-like subgroup 
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PSNs makes it relatively easy to visualize the occurrence of functional diversity present.  This 

identification of more than one function in the CC-like subgroup was one of the factors that 

stimulated the detailed investigation of the member enzymes of this subgroup. 

1.5.1 The CC-like Subgroup 

 The CC-like subgroup is a well established functionally diverse subgroup of the DRE-

TIM metallolyase superfamily. Member enzymes of the CC-like subgroup catalyze the 

condensation of -keto acids on acetyl-CoA (AcCoA). So far, six unique -keto acid 

specificities have been reported in the ~4300 sequences of the CC-like subgroup (Scheme 1.2).
36

 

On the basis of the substrate specificity, the member enzymes in this subgroup are annotated as 

α-isopropylmalate synthase (IPMS),
53-58

 citramalate synthase (CMS),
47,59,60

 homocitrate synthase 

(HCS),
61,62

 methylalkylmalate synthase (MAM),
63

 R-citrate synthase (R-CS)
64

, and 2-

phosphinomethylmalic synthase (PMMS).
65

 In order to investigate the functional diversity in the 

CC-like subgroup, the 583 representative nodes from the CC-like cluster (representing 4298 

sequences) were used to create a new PSN (Figure 1.7).
36

 The new network had a more stringent 

E value cutoff of 1 × 10
-80 

thereby breaking the subgroup into multiple clusters (median 

alignment length = 377 residues, and median percent sequence identity of pairwise comparisons 

= 43%). This new network indicates the presence of primarily six discrete sequence motifs 

organizing the proteins into six different clusters namely IPMS1/CMS1/MAM, IPMS2, CMS2, 

CMS3,  HCS (Lys), and R-CS. The six clusters share a sequence identity of ~50% within the 

members of a cluster and <20% amongst the members of different clusters. The PSN also 

identifies the presence of the main three activities of the CC-like subgroup i.e. IPMS, CMS and 

HCS, in multiple clusters. For example member enzymes of the IPMS1/CMS1/MAM cluster 

have four different activities, IPMS, CMS, MAM, and HCS being exhibited by a set of enzymes  
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Scheme 1.2 Six different functionalities found in the CC-like subgroup. 

   

that have ~50% sequence identity amongst them. At the same time identical IPMS activity is 

observed in the IPMS1/CMS1/MAM and IPMS2 clusters which exhibit a low sequence identity 

of ~20%.
36,66

 This suggested that there are evolutionarily different versions of enzyme sequences 

with identical functions and substrate preferences in the CC-like subgroup of the DRE-TIM 

metallolyase superfamily.  

IPMS, CMS, and HCS catalyze the first step in the biosynthesis of L-leucine, L-

isoleucine, and L-lysine, respectively. These enzymes are feedback regulated by the final product 

of the biosynthetic pathway.
67

 However the mechanism of regulation is not fully conserved in 

these three enzymes. In HCS the feedback regulation occurs through a competitive mechanism.
48
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Figure 1.7 Representative PSN of the CC-like subgroup. Nodes represent groups of proteins with 

at least 60% identity. Edges represent similarity between nodes with an E-cutoff value of 1×10
-

80
. The size of the node represents the number of sequences represented (small: 1-9, medium: 10-

99, large: 100-208). The color of the node represents characterized proteins. Nodes that are 

diamond shaped have a structure available in the protein database. Adapted from reference 36. 
 

Whereas IPMS and CMS share an additional conserved C-terminal regulatory domain along with 

the DRE-TIM metallolyase catalytic domain, known as the LeuA dimer domain. LeuA dimer 

domain is a well characterized regulatory domain that appears to lack structural and ligand 
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diversity. IPMS and CMS are allosterically regulated by the ligand binding to this regulatory 

domain. 

To analyze the interaction between these two domains, a representative PSN was created 

where the nodes were colored on the basis of domains present in the protein sequences (Figure 

1.8).
66

 The cyan colored nodes represent protein sequences that contain the catalytic and the 

regulatory domains, while green colored nodes represent sequences containing only the catalytic 

domain. Analysis of this representative PSN indicates that there are four distinct clusters of cyan 

nodes suggesting there are four sequence motifs defining the interactions between the DRE-TIM 

metallolyase catalytic domain and the LeuA dimer regulatory domain. To understand the 

structure/function relationships in allosterically regulated enzymes, a more detailed investigation 

of this family by genomic enzymology would be beneficial.  

1.5.2 α-Isopropylmalate Synthase 

 α-Isopropylmalate synthase (IPMS), a member enzyme of the CC-like subgroup, is a 

model system for studying allosteric regulation.
67

 IPMS catalyzes the first step in the 

biosynthesis of L-leucine in bacteria, archaea, and some eukaryotes. It catalyzes a Claisen-like 

condensation of AcCoA with keto-isovalerate (KIV) to form an isopropylmalyl-CoA 

intermediate followed by base catalyzed hydrolysis of the intermediate to form isopropylmalate 

and CoA (Scheme1.3). IPMS is feedback regulated by L-leucine binding to the regulatory LeuA 

dimer domain.
53,68

 The L-leucine biosynthetic pathway is absent in mammals making IPMS a 

potential drug target for designing novel antibiotics.
69

 This has led to extensive characterization 

of IPMS from Mycobacterium tuberculosis (MtIPMS).
36,53,68,70-73
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Figure 1.8 Representative PSN for the CC-like subgroup with regulatory domain. Edges are 

drawn if the similarity between a pair of nodes is better than an E-value threshold cutoff of 1x10
-

80
. Predicted functionalities of each cluster are indicated in bold and based on Swiss-prot curated 

annotations. The locations of nodes containing the sequences for MjIPMS and MtIPMS are 

labeled in italics. Nodes colored cyan are predicted to contain both the DRE-TIM metallolyase 

superfamily catalytic domain (Pfam id: PF00682) and the LeuA dimer regulatory domain (Pfam 

id: PF08502). Nodes colored in green are predicted to contain only the catalytic domain. Nodes 

in white are not annotated with respect to domain architecture. Adapted from reference 36. 
 

 

 

Scheme 1.3 Reaction mechanism of IPMS. 

 

 

1.5.3 Structural and Kinetic Characterization of MtIPMS 

1 
2 3 
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Structural studies revealed that MtIPMS exists as a homodimer (Figure 1.9).
74

 Each 644 

residue monomer is made up of three domains: a N-terminal (α/β)8 TIM barrel catalytic domain 

(residues 51-368), a linker domain divided into two subdomains (residues 369-424 and 434-490), 

and a C-terminal LeuA dimer regulatory domain (residues 491-644). The linker domain was 

proposed to act as a channel for allosteric communication between the catalytic and regulatory 

domain. The active site located at the C-terminal end of each (α/β)8 barrel shows a divalent metal 

and substrate KIV bound. This metal ion is coordinated by an aspartate residue (D81), and two 

histidines of the conserved HXH motif (H285 and H287).
74

 

Initial velocity studies using dead-end and product inhibitors indicated that MtIPMS 

follows random bi-bi kinetic mechanism to form a ternary complex before the chemistry 

occurs.
53

 MtIPMS requires a divalent metal cation (Mg
2+

, Mn
2+

, or Co
2+

) for catalytic activity.
71

 

This activation of MtIPMS by divalent metal is enhanced by the presence of monovalent cations, 

preferably K
+
. In order to establish the chemical mechanism 

1
H-NMR spectroscopy, kinetic 

isotope effects and pH studies were employed.
53

 pH rate profiles indicated that MtIPMS uses 

acid-base chemistry which requires two bases with pKa values ~ 6.7 for optimal catalytic activity.  

To determine if condensation or hydrolysis were rate limiting, primary kinetic isotope 

and solvent kinetic studies were performed by using [
2
H3-methyl]-AcCoA (deuterated AcCoA), 

and D2O, respectively (Scheme 1.4). Absence of any measurable isotope effects indicated that a 

step other than chemistry was rate limiting. Rapid reaction kinetic studies confirmed this 

hypothesis.
70

 On monitoring the first few turnovers of MtIPMS a burst of product formation was 

observed followed by a linear progress curve. This indicates that a step following chemistry, 

most likely product release, is the rate-determining step for MtIPMS (Figure 1.10). 
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Figure 1.9 Crystal Structure of MtIPMS. The three domains of MtIPMS are shown in different 

colors: catalytic (red and green), linker (yellow and orange), and regulatory (blue and teal). PDB 

File: courtesy of Blanchard Group at Albert Einstein College of Medicine, Bronx, NY.  
 

 

 

 

Scheme 1.4 Reaction mechanism for IPMS with KIEs for each step. 

 

1.5.4 Phenomenological Mechanism of Allosteric Regulation In MtIPMS 

 MtIPMS is allosterically feedback inhibited by the final product of the biosynthetic 

pathway L-leucine. Based on the kinetic parameters affected by allosteric inhibitors, they can be 

classified into two types- V-type and K-type. When an allosteric effector causes a change in the  
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Figure 1.10 Quench-flow kinetics of MtIPMS in the absence (o) and presence (●) of L-leucine. 

Adapted from reference 70. 

 

rate of catalysis (Vmax) without affecting the KM value, it is known as V-type inhibition (Figure 

1.11 A). Conversely, when binding of the effector causes a change in the KM value for the 

substrates without affecting the rate of the reaction, it is known as K-type inhibition (Figure 1.11 

B). Due to the fact that the kinetic parameters Vmax and KM values are made up of a number of 

microscopic rate constants of the overall reaction, determination of the specific step being 

affected is complex. For example the term Vmax constitutes all the steps of the reaction after the 

first irreversible step which generally includes chemistry and product release.
75

 Similarly 

determining K-type inhibitions can be complicated due to the fact that an effector molecule can 

have different affinities for different conformations of enzyme.
76

 Additionally an inhibitor can 

also cause a change in both Vmax and KM values by affecting more than one factors. MtIPMS is 

feedback inhibited by the final product of the biosynthetic pathway L-leucine. L-Leucine acts as 

a V-type inhibitor by affecting the kcat of the reaction with negligible effect on the KM values for 

the substrates.
68

 The inhibition occurs in a slow-onset manner which involves an initial  
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Figure 1.11 Michaelis-Menten curves depicting differences between V-type and K-type 

inhibition. 

 

E-Leu complex formation followed by a slow isomerization to a more tightly bound E-Leu* 

complex. Biphasic (non-linear) progress curves in the presence of L-leucine support this 

mechanism. To investigate if the allosteric regulation is achieved by changing the rate limiting 

step, primary kinetic isotope effects, solvent kinetic isotope effects, and rapid reaction kinetic 

studies were repeated in the presence of L-leucine (Scheme 1.4).
70

 The loss of burst phase in the 

presence of L-leucine indicated that the rate-determining step had shifted from product release to 

chemistry (Figure 1.10). The substantial solvent kinetic isotope effect in the presence of L-

leucine (3.3 ± 0.2 compared to 1.1 ± 0.2 in the absence) indicated that hydrolysis was the rate-

determining step. 

The three-dimensional structure of MtIPMS, and sedimentation velocity studies revealed 

that there were no changes in the quaternary structure in the presence of L-leucine.
53,74

 To 

understand how MtIPMS transmits an inhibitory signal from the regulatory domain to the active 

site away ~50Å without significant conformational changes to the enzyme, several mutations 

were made in the phylogenetically conserved active site residues near the interface of the 
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catalytic and linker domains.
72

 Further solution-phase backbone amide hydrogen-deuterium 

exchange (HDX) was performed to investigate the changes in the dynamics of MtIPMS caused 

by L-leucine binding.
77

 These investigations indicated that linker/catalytic domain interface 

plays a significant role in the communication between regulatory and catalytic site. 

1.6 Focus of Dissertation 

 With such detailed knowledge of the kinetic, chemical, and allosteric regulation 

mechanism in one of clusters of IPMS in the CC-like subgroup of the DRE-TIM metallolyase 

superfamily, it would be interesting to find whether these have diversified or are differentially 

conserved in each cluster. The goal of the research presented in this dissertation is to gain a 

greater understanding of the allosteric regulation mechanism as well as substrate selection 

mechanism in the architecturally and sequentially conserved yet functionally diverse CC-like 

subgroup of enzymes by employing genomic enzymology tools. 

Chapter 2 focuses on developing a deeper understanding of the conservation of allosteric 

regulation mechanism in the CC-like subgroup. IPMS from Methanococcus jannaschii 

(MjIPMS) is employed as a representative of the IPMS1 cluster to probe the kinetic, chemical, 

and allosteric regulation mechanism in the cluster. The results are compared with the previously 

well characterized MtIPMS of the IPMS2 cluster. 

Chapter 3 attempts to investigate the mechanism of substrate selection in the 

multifunctional IPMS1/CMS1/MAM cluster of the CC-like subgroup. MjIPMS and citramalate 

synthase from Methanococcus jannaschii (MjCMS) are selected as IPMS and CMS 

representatives, respectively, of the cluster. These enzymes have high sequence identity but 

distinct substrate preferences. Multiple sequence alignments, and site-directed mutagenesis are 

employed to probe the role active site residues in substrate selection. 
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Chapter 4 utilizes protein engineering tools to further investigate the active site residues 

that are differentially conserved residues in different clusters of the CC-like subgroup. In Chapter 

3, rationally designed substitutions indicated the significance of these residues in substrate 

selection in MjIPMS. However the role of these differentially conserved residues in substrate 

specific MjCMS was inconclusive. Therefore directed evolution random mutagenesis techniques 

such as site-saturation mutagenesis (SSM) and error prone-PCR are employed to provide some 

insight into the substrate selection mechanism in MjCMS. 

In addition to describing the regulatory and functional diversity in the DRE-TIM 

metallolyase superfamily, this dissertation includes the biochemical characterization of a 

glycosyltransferase glucosyl-3-phosphoglycerate synthase from Mycobacterium tuberculosis 

(MtGpgS). Chapter 5 attempts to establish the kinetic and chemical mechanism of this enzyme 

using dead-end inhibition studies, solvent kinetic isotope effects, and pH rate profiles. Site-

directed mutagenesis is also employed to investigate the role of several conserved active site 

residues. 
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CHAPTER 2 

EVOLUTIONARILY DISTINCT VERSIONS OF THE MULTI-DOMAIN ENZYME α-

ISOPROPYLMALATE SYNTHASE SHARE DISCRETE MECHANISMS OF V-TYPE 

ALLOSTERIC REGULATION 

(Adapted with permission from Kumar, G., and Frantom, P. A. Evolutionarily distinct versions 

of the multi-domain enzyme α-isopropylmalate synthase share discrete mechanisms of V-type 

allosteric regulation. Biochemistry. 2014;53:4847-4856. Copyright 2015, American Chemical 

Society) 

2.1 Introduction 

2.1.1 Genomic Enzymology 

The study of the evolution of structure/function relations in enzymes has been a topic of 

immense interest. In addition to addressing a fundamental biochemical problem, understanding 

enzyme evolution has a potential to impact enzyme engineering for user defined goals.
1
 

Deciphering the mechanisms of enzyme evolution contributes to the creation of more robust 

methods to functionally annotate genome data.
2
 A prevalent approach to study enzyme evolution 

is through “genomic enzymology”.
3
 Genomic enzymology integrates bioinformatics, structural 

and kinetic studies to investigate functionally diverse enzyme superfamilies. The obtained 

information can be used to establish mechanisms of functional evolution and exploit them for 

protein engineering.
4-8

 Recently, this approach of genomic enzymology was applied on the DRE-

TIM metallolyase superfamily.
9
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2.1.2 The DRE-TIM Metallolyase Superfamily 

The DRE-TIM metallolyase superfamily of enzymes catalyzes a diverse set of reactions 

involving the formation and breaking of C-C bonds. Despite the diversity in function, members 

of DRE-TIM metallolyase superfamily share many mechanistic aspects. The enzymes in this 

superfamily use a TIM barrel catalytic domain, a divalent metal cation, and conserved active site 

architecture including the signature D-R-E motif to aid the stabilization of the enolate 

intermediate formed (Figure 1.5). A bioinformatics investigation of the DRE-TIM metallolyase 

superfamily by protein similarity network was performed. Protein similarity networks are used to 

classify enzyme superfamilies into subgroups and families depicting discrete functional 

specificities. A protein similarity network of the DRE-TIM metallolyase superfamily indicated 

the presence of four main functional subgroups associated with the superfamily: Claisen-

condensation-like (CC-like), aldolase-like, carboxylase-like, and lyase like (Figure 1.6). 

2.1.3 Differential Conservation of Sequences In the CC-like Subgroup 

The CC-like subgroup of enzymes catalyzes the condensation of various α-keto acids on 

acetyl-CoA (AcCoA). Members of the subgroup include α-isopropylmalate synthase (IPMS), 

citramalate synthase (CMS), and homocitrate synthase (HCS). These enzymes catalyze the first 

steps in the biosynthetic pathways of L-leucine, L-isoleucine (pyruvate-dependent pathway), and 

L-lysine (α-aminoadipate pathway). Along with the conserved DRE-TIM metallolyase catalytic 

domain, IPMS and CMS share an additional C-terminal regulatory domain known as the LeuA 

dimer regulatory domain (Figure 1.9).
10,11

 HCS enzymes lack this regulatory domain and are 

feedback regulated through a competitive mechanism.
12

 Evaluation of the representative protein 

similarity network for CC-like subgroup indicates the presence of four distinct sequence motifs 

containing the LeuA domain. These form four clusters IPMS/CMS1/MAM, IPMS2, CMS2, and 
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CMS3 (four clusters of cyan nodes in Figure 1.9).
9
 Existence of all three activities in multiple 

clusters suggests that there are differentially conserved versions of the enzymes that are 

functionally identical. For example clusters IPMS1/CMS1/MAM and IPMS2 in spite of low 

sequence identity of ~20% amongst them, contain sequences coding for IPMS enzymes. These 

observations put forth the question of how similar functionalities and folds arise from 

differentially conserved sequences. Such patterns of enzyme evolution have been seen in enzyme 

superfamilies. In the case of enolase superfamily, mechanisms like divergent evolution for o-

succinylbenzoate synthases
13

, and “pseudoconvergent” evolution for N-succinyl amino acid 

racemase
14

 and muconate lactonizing enzyme
15

 are proposed to explain the development of 

similar functionalities from distinct sequences. However, the supplementary need for a 

coordinated regulatory mechanism with each distinct sequence, as seen in IPMS and CMS from 

the CC-like subgroup, has not been investigated. In an attempt to understand structure function 

relationship in multidomain enzymes, we investigated two clusters predicted to show IPMS 

activity: IPMS1/CMS1/MAM cluster and IPMS2 cluster. Sequences in the two clusters share an 

average sequence identity of <20% while sequences within each cluster share ~50% sequence 

identity. 

2.1.4 IPMS-A Model for Studying Allosteric Regulation 

IPMS catalyzes the first step in the biosynthesis of L-leucine in all three domains of life. 

The overall reaction is shown in Scheme 2.1. The first step is condensation of α-ketoisovalerate 

(KIV) with acetyl-CoA (AcCoA) to form α-isopropylmalate-CoA intermediate. The second step 

involves base-catalyzed hydrolysis of the intermediate to generate α-isopropylmalate and CoA. 

IPMS enzymes are allosterically feedback regulated by L-leucine binding to the LeuA dimer 

domain. This regulatory domain is present only in IPMS and CMS enzymes and responds to  
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Scheme 2.1 Reaction catalyzed by IPMS enzymes. 

 

feedback regulation by L-leucine and L-isoleucine, respectively. The LeuA dimer domain is 

capable of exhibiting both V-type and K-type allosteric regulation.
11,16

 However the structure 

function relationships that govern the difference in these regulation mechanisms are not well 

understood.
17

 No change is seen on the quaternary structure of the IPMS enzymes upon inhibitor 

binding ruling this as its allosteric regulation mechanism.  

Due to its role as a possible drug target, IPMS from Mycobacterium tuberculosis 

(MtIPMS) is the most characterized of the IPMS enzymes. MtIPMS lies in the IPMS2 cluster of 

CC-like subgroup. It is feedback regulated by L-leucine with V-type inhibition.
18

 The mechanism 

of inhibition is slow-onset. Solution-phase backbone amide hydrogen/deuterium exchange 

studies indicated the occurrence of global changes in the LeuA dimer domain and local changes 

in the active site of the catalytic domain.
19

 Rapid reaction kinetics and kinetic isotope effects 

established that the allosteric inhibitor inhibits the reaction by affecting the hydrolytic step of 

chemical mechanism (Scheme 1.4).
20

  

With such detailed knowledge of the mechanism of allosteric regulation in MtIPMS, 

interest turns to look into allosteric regulation mechanisms used by the other distinct sequence 

motifs in the CC-like subgroup. In an attempt to compare the allosteric regulation in IPMSs from 

IPMS1 cluster with IPMS2 cluster, IPMS from Methanococcus jannaschii (MjIPMS) was 

selected as a representative of IPMS1 cluster. Results from chemical and kinetic investigation of 
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MjIPMS were compared with those from the well characterized MtIPMS, of IPMS2 cluster. 

Additionally, PSNs were constructed to address mechanisms of co-evolution between catalytic 

and regulatory domains in the CC-like subgroup. 

2.2 Methods and Materials 

2.2.1 Materials 

Plasmid containing the MjIPMS gene leuA Mj1195 was acquired from ATCC (Manassas, 

VA).
21

 Primers for amplification of leuA Mj1195 were obtained from Eurofins Genomics 

(Huntsville, AL). Ac-CoA and ketoisovalerate were purchased from Sigma-Aldrich. 4,4’-

Dithiodipyridine (DTP) was purchased from Acros Organics. All other reagents and buffers were 

obtained from VWR and were of the highest quality available. The HisTrap HP column was 

obtained from GE Healthcare. Competent E. coli cells (BL21(DE3)pLysS and XL-10 Gold) were 

purchased from Invitrogen. 

2.2.2 Amplification and Overexpression of MjIPMS 

leuA Mj1195 was PCR amplified from ATCC plasmid AMJHH70 (pUC18 vector) using 

the following primers: 5’-GCTAGCATAATTTATAGGGAAGAGAATGAAATTAT-3’ (NheI 

site italicized) and 5’-CTCGAGTCATTTTTCTCTTTTTGCCAAG-3’ (XhoI site italicized). The 

PCR product was digested using restriction endonucleases, ligated into pET28 vector, and 

transformed into XL-10 Gold E. coli cells. Overnight cultures were grown from single colonies, 

and plasmid was re-isolated and sent for sequencing to confirm the genetic integrity of the gene. 

Positive clones were then transformed in BL21(DE3)pLysS E. coli cells. The plasmid containing 

BL21(DE3)pLysS E. coli cells were grown in LB media at 37 °C until OD600 = 0.4, and then the 

temperature was reduced to 18 
o
C. At OD600 = 0.8 the culture was induced with 1 mM isopropyl-
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b-D1-thiogalactopyranoside (IPTG) and allowed to incubate while shaking (250 rpm) for 12-16 

hours at 18 °C. The cells were harvested by centrifugation at 7000 × g for 10 minutes at 4 
°
C. 

2.2.3 Protein Purification 

Frozen cell pellets were resuspended in lysis buffer (20 mM potassium phosphate (pH 

7.4), 0.5 M potassium chloride, 20 mM imidazole, and 0.1% Triton), lysozyme (0.25 mg/mL), 1 

mM phenylmethylsulfonyl fluoride (PMSF), deoxyribonuclease (10 µg/mL) and 5 mM 

magnesium chloride. Cells were lysed by sonication and the supernatant was collected by 

centrifugation at 34540 × g for 30 minutes at 4°C. The supernatant was heat treated by 

incubating in a water bath at 50 °C for 10 minutes followed by centrifugation 34,540 × g for 10 

minutes at 4°C. The target protein was purified from the heat-treated supernatant using Ni
2+

 

HisTrap column (5 mL) over a linear gradient with elution buffer (20 mM potassium phosphate 

(pH 7.4), 0.5 M potassium chloride and 1 M imidazole). Protein purity was checked by SDS-

PAGE gel. Fractions containing MjIPMS were pooled and dialyzed against 20 mM potassium 

phosphate (pH 7.4) and 200 mM potassium chloride. Protein was concentrated by ultrafiltration 

to an approximate concentration of 100 µM, as determined by calculated extinction coefficient 

(280 = 21,110 M
-1

 cm
-1

). The concentrated protein was stored in 20% glycerol at -20°C. 

2.2.4 Steady State Kinetic Assays  

Initial velocities were determined by detecting the formation of CoA by DTP at 324 nm 

(Ɛ = 19.8 mM
-1

 cm
-1

). The standard conditions for a typical reaction mixture were 100 mM 

triethanolamine (TEA) (pH 7.8), 50 mM potassium chloride, 100 µM DTP, and saturating 

concentration of the non-varied substrate (keto-isovalerate or acetyl-CoA) in a 1 mL reaction at 

37
 
°C. Reactions were initiated by the addition of 20-30 nmoles of enzyme. The diluted enzyme 

used for the assay was kept at room temperature. The assay conditions to determine the 
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mechanism of feedback inhibition by L-leucine were 100 mM TEA (pH 7.8), 50 mM potassium 

chloride, 100 µM DTP, 500 µM of substrates and varied concentrations of leucine.  

The pH dependence of kcat and kcat/KM for KIV and AcCoA were determined at saturating 

concentrations of the non-varied substrate in the presence of 100 mM buffers. The buffers used 

were 2-[N-morpholino] ethanesulfonic acid (MES) (pH 5.5-6.9), N-[2-hydroxyethyl]-piperazin-

N’-[2-ethanesulfonic acid] (HEPES) (pH 6.9-8.3), and N-tris-[hydroxymethyl]methyl-2-

aminopropanesulfonic acid (TAPS) (pH 8.3-9.4). 

2.2.5 Solvent Kinetic Isotope Effects 

Solvent kinetic isotope effects on kcat were determined by performing the assay in 99% 

deuterium oxide in the presence of saturating concentrations of the non-varied substrate. All the 

components of the assay were made in D2O except the enzyme dilution. The data obtained were 

fit to equation 3. To account for the effect of the viscosity of D2O on the kinetic parameters of 

the enzyme, initial velocity studies were performed in the presence of 10% glycerol. The proton 

inventory on kcat was performed by varying the atom fraction of the deuterium oxide from 0 to 

0.8 in increments of 0.2, in triplicate in the presence of saturating concentrations of substrates. 

Assays conditions to determine solvent kinetic isotope effects in the presence of inhibitor 100 

mM TAPS (pL 8.2), 50 mM KCl, 50 µM DTP, 20 µM L-leucine, 1000 µM KIV and varied 

concentrations of AcCoA. 

2.2.6 Primary Kinetic Isotope Effects 

The standard assay conditions to determine the primary kinetic isotope effect were 100 

mM TEA (pH 7.8), 50 mM KCl, 50 µM DTP, 1000 µM KIV and varied concentrations of 
2
H3-

methyl AcCoA. Deuterated AcCoA was synthesized as previously described
16

 and determined to 

be 97% labeled by 
1
H-NMR spectroscopy. Assays to determine primary isotope effects in the 
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presence inhibitor were performed under standard conditions in the presence of saturating 

concentrations of L-leucine. 

2.2.7 Size Exclusion Chromatography 

The quaternary structure of the enzyme was determined using size exclusion 

chromatography. A GL Superdex 200 10/300 column was equilibrated with 20 mM potassium 

phosphate (pH 7.4) and 200 mM KCl. A molecular weight standard kit (Biorad) was used to 

calibrate the column. To determine the effect of L-leucine on the quaternary structure of the 

enzyme, the experiment was repeated with the addition of 50 µM L-leucine to the running buffer. 

The data was analyzed by plotting the log of molecular weight of each standard protein versus 

the calculated Kav value.  

2.2.8 Data Analyses 

Kinetic parameters were determined by fitting the initial velocities to the Michaelis-

Menten equation (equation 1) using Kaleidagraph (Synergy Software) where [S] is the 

concentration of the substrate being varied, KM is the Michaelis-Menten constant, and kcat is the 

maximal velocity. 

 

  
 

       

      
           (1) 

The effect of changes in pH on the catalytic parameters was determined by fits of the data 

to one of the equations describing either two residues contributing to a single acidic pKa value 

(equation 2), a bell shaped profile with two residues contributing to the acidic limb and one 

residue contributing to the basic limb (equation 3), or a bell shaped profile with two residues 

contributing to both the acidic and basic limbs (equation 4). For these equations, x is either kcat or 

kcat/KM, pH is the pH value of the assay, pKa is the the pK associated with the acidic limb, and 

pKb is the pK associated with the basic limb. 
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               (4) 

Primary kinetic isotope effect and solvent kinetic isotope effects in the presence of L-

leucine values were determined by the direct comparison method. Initial velocity data were 

globally fit (Grafit, Erithacus Software) to equation 5, which describes a kinetic isotope effect 

expressed on the kcat parameter or equation 6, which describes kinetic isotope effects on both kcat 

and kcat/KM. In equations 5 and 6, v is the initial velocity, Et is total enzymes, kcat is the maximal 

velocity, S is the concentration of varied substrate (AcCoA), F is the fraction of isotope (0 for 

non-labeled, 1 for fully labeled), and Ev and Ekcat/Km are the isotope effect on kcat and kcat/KM 

minus 1, respectively. 

 

 

  
 

        

                 
                                        (5) 

 

  
 

        

            
  

              
   (6) 

The proton inventory data was fit to equation 7 where n is the fraction of D2O, (kcat)n is 

the value of kcat at n fraction, (kcat)0 is the value of kcat in H2O,  is the fractionation factor, and x 

is the predicted number of protons in flight (either 1 or 2 as described in Results).
22

  

                          
     (7) 
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Inhibition parameters for L-leucine were determined by a fit of the data to equation 8 

using Kaleidagraph where [I] is the inhibitor concentration, V is the maximal velocity of the 

enzyme in the absence of inhibitor, vi is the velocity in the presence of varied concentration of 

inhibitor, Ki is the inhibition constant of the inhibitor, and β is residual activity at saturating 

concentrations of inhibitor.
23

  

   
             

      
                                                     

Construction of representative protein similarity network for sequences containing the 

LeuA dimer regulatory domain: Representative nodes from the Claisen-condensation-like (CC-

like) subgroup of the DRE-TIM metallolyase superfamily predicted to contain the LeuA dimer 

regulatory domain were used to generate a new sequence dataset (291 representative sequences). 

The sequences were aligned using MAFFT version 7
24

 and the portion of the aligned sequences 

corresponding to the HMM logo for the LeuA dimer regulatory domain Pfam entry
25

 was excised 

from the alignment.  All gaps introduced in the alignment were removed to generate a non-

aligned sequence dataset. Sequences in the regulatory domain dataset were then used in an all vs. 

all BLAST
26

 search to define edges between nodes based on a matrix of E-values. A Cytoscape-

readable file was created in Excel to produce networks that could be explored interactively using 

Cytoscape 3.1.
27

 Additional information associated with each node (cluster membership) or edge 

(alignment length or % sequence identity) was imported into the Cytoscape file. 

2.3 Results 

2.3.1 Assay Optimization and Steady State Kinetic Parameters 

Prior to a full kinetic analysis, optimal conditions for MjIPMS activity were identified 

with respect to the requirement for exogenous monovalent and divalent cations (Figure 2.1). As  
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Figure 2.1 Effect of EDTA, monovalent and divalent cations on MjIPMS. A) Values are initial 

velocities measured in the presence of 100 mM TEA, pH 8.5, and saturating concentrations of 

substrates. B) Optimization of concentration of KCl required by MjIPMS. Values are initial 

velocities measured in the presence of 100 mM TEA, pH 8.5, and saturating concentrations of 

substrates. 
 

isolated, MjIPMS was active in the absence of exogenous monovalent or divalent metals. 

Addition of 1 mM EDTA resulted in a 96% decrease in activity, consistent with the requirement 

for divalent metals in the DRE-TIM metallolyase superfamily and suggesting that the enzyme 

co-purifies with divalent metal. Activity increased 1.5-fold in the presence of 100 mM KCl or 

NaCl. Addition of 20 mM MgCl2, MnCl2, or ZnCl2 decreased activity. 

Under the optimized conditions, MjIPMS exhibits Michaelis-Menten kinetics with 

respect to both substrates (Figure 2.2). A value of 330 ± 5 min
-1

 was determined for kcat at 37 °C, 

and values of 90 ± 5 µM and 70 ± 5 µM were determined for the KKIV and KAcCoA, respectively. 

As the DTP-based thiol capture assay only reports on CoA formation, NMR spectroscopy was 

used to rule out the uncoupled formation of CoA due to hydrolysis. Using this assay, the 

formation of acetate could not be detected consistent with the kinetic parameters resulting from 

the KIV-dependent isopropylmalate formation reaction (Figure 2.3).  M. jannaschii is a  
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Figure 2.2 Michealis-Menten plots for MjIPMS. Data points are initial velocities in the presence 

of A) KIV and B) AcCoA and saturating concentrations of the non-varied substrate. Solid lines 

are from a fit of the data to equation 1. 
 

hypertheromophilic organism; however, background hydrolysis of AcCoA precluded evaluation 

of the enzyme at higher temperatures. MjIPMS does retain full activity after fifteen minute 

incubation in water up to 90 °C (Figure 2.4). As a control, kinetic parameters were determined at 

55 °C. The value for kcat is increased as one would predict (450  30 min
-1

), but the KM value for 

AcCoA is relatively unchanged (95  10 µM). 

2.3.2 Effect of pH on Catalytic Parameters 

Enzyme assays were performed at various pH values between 5.5-9.4 to identify pKa 

values for ionizable residues that may be involved in the catalytic mechanism of MjIPMS. Figure 

2.5A shows the effect of pH on kcat values. The data fit best to an equation describing two 

residues that must be deprotonated (pKa = 6.3 ± 0.1) and a single residue that must be protonated 

(pKa = 8.9 ± 0.1) for full activity. The effect of pH on kcat/KM values is shown in Figure 2.5B. In 

this case, both substrates display bell shaped profiles with slopes of 2 at the acidic and basic  
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Figure 2.3 
1
H-NMR spectroscopy of reaction products from MjIPMS. The reaction mixture 

contained 50 mM potassium phosphate (pH 7.5), 50 mM KCl, 1 mM AcCoA, 1.1 mM KIV, and 

100 µg MjIPMS. Spectra were collected using a 600 Mhz Bruker NMR spectrometer. Lack of 

signal at 1.95 ppm indicates no acetate is produced in the reaction catalyzed by MjIPMS. 
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Figure 2.4 Thermal stability of MjIPMS. MjIPMS was incubated at the indicated temperature for 

15 minutes, after which the enzyme was assayed under optimized conditions at 37 °C. Data 

points show the relative initial velocities. 

 
Figure 2.5 Effect of pH on kinetic parameters of MjIPMS. Experimental conditions are as 

described in Materials and Methods section. A) Effect of pH (, ) and pD () on kcat values. 

Values were determined by varying either KIV () or AcCoA (, ) at saturating 

concentrations of the other substrate. The solid line is a fit of the data to equation 3 and the 

dashed line is a fit of the data to equation 2. B) Effect of pH on the kcat/KM parameters for 

AcCoA () and KIV (). Solid lines are fits of the data to equation 4. 
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limbs. Values for the pKa’s of these residues were similar (6.2 and 6.5 on the acidic limb and 9.1 

and 9.2 on the basic limb for varied AcCoA and KIV, respectively.) 

2.3.3 Primary Deuterium and Solvent Kinetic Isotope Effects 

Kinetic isotope effects were used to identify the rate-determining step in the reaction. 

Primary deuterium effects on the condensation step were determined using 
2
H3C-acetyl-CoA  

 (Figure 2.6). The data were best fit to equation 5, which ascribes the full isotope effect to kcat. A 

value of 1.3 ± 0.1 was determined for 
D
kcat. A 

D2O
kcat value of 3.1 ± 0.4 is determined by 

comparing the maximal value for kcat at the pH/pD optima (Figure 2.5A). The proton inventory 

technique was used to determine the number of protons in flight that contribute to the solvent 

kinetic isotope effect (Figure 2.7A). A linear dependence of the 
D2O

kcat value with respect to 

fraction D2O is consistent with a single proton being responsible for the full solvent kinetic 

isotope effect. To rule out a contribution from the increase in solvent viscosity in D2O, a control 

reaction was run in 10% glycerol (Figure 2.7B). The kinetic parameters determined in the 

presence of glycerol are similar to those determined in water suggesting solvent viscosity does 

not contribute to the observed kinetic isotope effect. 

2.3.4 Inhibition by L-leucine 

As MjIPMS is predicted to contain the LeuA dimer regulatory domain, it was expected 

that the enzyme would be inhibited by the addition of L-leucine. Titration of L-leucine into the 

enzyme assay under kcat conditions indicates it binds tightly to the enzyme with a Ki value of 160 

± 16 nM (Figure 2.8A). Michaelis-Menten plots determined in the presence of saturating L-

leucine indicate that inhibition is due to a decrease in the kcat parameter, while values for the KM 

parameters of each substrate are slightly improved (Figure 2.8B). Results of experiments to 

determine a more accurate description of the inhibition mechanism are described below.  



 

48 

 

 

Figure 2.6 Primary deuterium kinetic isotope effects on MjIPMS. Initial velocities using varying 

amounts of AcCoA () and (
2
H3C)-AcCoA () in the presence of saturating concentrations of 

KIV. Experimental conditions are as described in Materials and Methods. Solid lines are from a 

fit of the data to equation 5. Values determined by the fit are kcat = 336  12, KAcCoA = 70  7 

µM, and 
D
kcat = 1.3  0.1. 

 
Figure 2.7 Control experiments to confirm the SKIE on MjIPMS. A) Proton inventory for 

MjIPMS solvent kinetic isotope effect. Experimental conditions as described in Materials and 

Methods. Solid line is a fit of the data to equation 6. B) Initial velocity studies were performed in 

the presence of 10% glycerol to mimic the viscosity effect of D2O. 
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Figure 2.8 Inhibition of MjIPMS by L-leucine. A) Titration of varying concentrations of L-

leucine on MjIPMS activity in the presence of saturating substrate concentrations. The solid line 

is a fit of the data to equation 2. B) Effect of 20 M L-leucine on the kinetic parameters of 

MjIPMS. Non-varied substrates were kept constant at saturating concentrations. Solid lines are 

fits of initial velocities to equation 1. Determined Michaelis constant values are KAcCoA = 36  2 

and KKIV = 70  5.   
 

 

Consistent with the allosteric nature of inhibition, MjIPMS retains approximately 20% activity in 

the presence of saturating L-leucine. 

2.3.5 The Effect of L-Leucine on the Quaternary Structure of MjIPMS 

Size-exclusion chromatography was used to determine the native molecular weight of 

MjIPMS (Figure 2.9). The enzyme eluted from the column as a single peak with a MWexp of 230 

kDa was determined for the enzyme, consistent with a tetrameric quaternary structure (MWcalc = 

226 kDa). The effect of L-leucine on the tetramer was determined by repeating the experiment in 

the presence of 50 µM L-leucine. In the presence of L-leucine, the enzyme eluted as a single  
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Figure 2.9 Size exclusion chromatography results for MjIPMS in the absence and presence of L-

leucine. Experimental conditions are as described in materials and methods. Protein elution was 

detected following absorbance at 280 nm. The black trace shows the elution profile of MjIPMS 

in the absence of L-leucine and the red trace in the presence of 50 M L-leucine added to the 

enzyme and running buffer. Native molecular weights for each peak are calculated as described 

in materials and methods. The predicted molecular weight for the tetramer was calculated by 

multiplying the calculated monomer weight (56.6 kDa) by four. 
 

peak with a MWexp of 210 kDa. These results suggest that inhibition of MjIPMS by L-leucine 

does not rely on changes to the quaternary structure of the enzyme. 

2.3.6 The Effect of L-Leucine on the Rate-Determining Step 

Using the methodology previously described for the characterization of L-leucine 

inhibition in MtIPMS
20

, kinetic isotope effect experiments were repeated in the presence of L-

leucine to determine the target of V-type allosteric inhibition. Primary deuterium isotope effects 

on 
D
kcat were slightly elevated to 1.6 ± 0.1 in the presence of L-leucine suggesting there is a 
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small increase in the rate-determining nature of the condensation step (Figure 2.10A). The 
D2O

kcat 

value of 3.1± 0.1 was determined at a pL-independent in the presence of L-leucine. This value is 

similar to that measured in the absence of the inhibitor (3.1 ± 0.4) suggesting the hydrolytic step 

remains primarily rate-determining in the presence of L-leucine, similar to the mechanism seen 

with MtIPMS (Figure 2.10B). 

2.3.7 Representative Protein Similarity Network for LeuA Dimer Regulatory Domain 

To look for evidence of co-evolution between the catalytic domain and LeuA dimer 

regulatory domain of IPMS and CMS enzymes, representative PSN’s were constructed from 

theisolated sequences corresponding to either the DRE-TIM catalytic and linker domains (red 

and blue ribbon in Figure 1.10, MjIPMS 1-368/MtIPMS 1-461) or the LeuA dimer regulatory 

domain (yellow and orange ribbon in Figure 1.10, MjIPMS 369-518/MtIPMS 462-644) (Figure 

2.11).  The representative sequence dataset was populated using truncated sequences from the 

previously defined Claisen-condensation-like subgroup of the DRE-TIM metallolyase 

superfamily predicted to contain both catalytic and regulatory domains (cyan nodes in Figure 

1.9). Overall, 291 representative sequences were collected and subjected to an all vs. all BLAST 

search to define edge values based on E-value scores. The representative PSN for the DRE-TIM 

catalytic/linker domain and LeuA dimer regulatory domain sequences is shown in Figure 2.11.  

Edges are drawn if the similarity between two nodes is better than and E-value cutoff of 1x10
-70

 

for Figure 2.11A or1x10
-20

 for Figure 2.11B. Cluster membership, as defined in Figure 1.8, was 

imported as an orthogonal attribute into each new representative network and is represented by 

different node colors in Figure 2.11. At these levels of stringency, sequences corresponding to 

the catalytic/linker and regulatory domains independently separate into clusters identical to those  
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Figure 2.10 Effect of L-leucine on kinetic isotope effects on MjIPMS. A) Primary KIE in the 

presence of 20 µM L-leucine. Initial velocities were determined using varying amounts of 

AcCoA () and (
2
H3C)-AcCoA (). Values determined are kcat = 86  2, KAcCoA = 38  3 µM, 

and 
D
kcat = 1.6  0.1. B) Solvent KIE in the presence of 20 µM L-leucine. Assays were 

performed in the pL-independent region for kcat (pL 8.2) in H2O () and D2O (). Values 

determined are kcat = 77  2, KAcCoA = 23  1 µM,  
D
kcat = 3.0  0.1, and 

D
kcat/KM = 3.1  0.6. 

 

 

Figure 2.11 Representative PSN for individual domains of predicted multi-domain sequences in 

CC-like subgroup. Node coloring is by cluster membership from Figure 1A with 

IPMS1/CMS1/MAM in red, IPMS2 in green, CMS2 in blue, and CMS3 in cyan.  A. Network 

corresponds to the catalytic and linker domains from cyan nodes in figure 1A. Edges are drawn if 

the similarity between a pair of nodes is better than an E-value threshold cutoff of 1x10
-70

 

(median alignment length = 361 residues, median percent identity of pairwise comparisons = 

50.5%). B. Representative network of sequences corresponding to the LeuA dimer regulatory 

domain from cyan nodes in Fig 1A). Edges are drawn if the similarity between a pair of nodes is 

better than an E-value threshold cutoff of 1x10
-20

 (median alignment length = 155 residues, 

median percent identity of pairwise comparisons = 41%). 
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seen when the full-length protein is used to generate the network. If the individual domains had 

formed unique clusters, each cluster would have multiple colors represented. 

2.4 Discussion 

2.4.1 Chemical Mechanism of MjIPMS 

To investigate the conservation of reaction mechanism in different sequence motifs of the 

CC-like group, IPMSs from Methanococcus jannashcii and Mycobacterium tuberculosis were 

selected. MjIPMS and MtIPMS belong to IPMS1 and IPMS2 clusters, respectively, and share 

~20% sequence identity.
9
 Despite low sequence identity, MjIPMS and MtIPMS appear 

mechanistically similar. The dramatic decrease in activity on adding EDTA to the assay, makes it 

evident that MjIPMS too, like MtIPMS requires a divalent metal cation for activity (Figure 

2.1).
16

 

Analysis of the pH rate profiles of MjIPMS displays that it uses general acid-base 

residues in catalysis, similar to MtIPMS.
16

 The pH rate profile for kcat values for MjIPMS shows 

that the pKa values are almost 1 unit more acidic than those for MtIPMS (Figure 2.5 A). This 

helps in characterization of basic residues previously predicted to be involved in the 

mechanism.
16

 One of the residues with the pKa value of 6.3 probably corresponds to the general 

base required for initial deprotonation of AcCoA. The second residue might correspond to the 

base needed for deprotonation of water during the hydrolysis of the intermediate α-

isopropylmalonyl-CoA. Due to the number of charged conserved residues present in the active 

site of the IPMS enzymes, it is difficult to predict the identities of the residues acting as general 

base. The residue on the basic limb with a pKa value of 8.9 most probably corresponds to the 

general acid involved in the protonation of the α-keto acid on condensation. For MtIPMS the pKa 

values for the general acid could not be determined. However, a similar pKa value of 8.0 on the 
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basic limb of homocitrate synthase of the CC-like subgroup has been observed.
28

 Analyzing the 

structural results from the CC-like subgroup members predicts that the residue capable of acting 

as a general base is the highly conserved arginine from the DRE motif. This arginine (R32 in 

MjIPMS and R80 in MtIPMS) is predicted to stabilize the enolate intermediate and is vital for 

IPMS activity.
9
 A pKa value of 9 for arginine would need significant perturbation from the 

environment. However, the available crystal structures haven’t been able to indicate the source 

of perturbation in the active site of these enzymes.  

2.4.2 Distinct Rate-Determining Step In MjIPMS and MtIPMS 

The principal difference observed between the mechanisms of MjIPMS and MtIPMS is 

the rate-determining step in catalysis. Solvent kinetic isotope effects are in agreement with 

hydrolysis being the rate limiting step in catalysis for MjIPMS. This is different in MtIPMS 

where product release is the rate-deteremining step in the absence of any inhibitor.
20

 Due to the 

fact that these are the only two IPMS enzymes characterized in this respect, it is difficult to draw 

a strong correlation between rate determining steps and cluster membership. 

2.4.3 Allosteric Regulation of MjIPMS 

L-Leucine acts as an allosteric inhibitor of MjIPMS activity (Figure 2.8). This feedback 

inhibition was in agreement with the results previously obtained for other enzymes with a LeuA 

dimer domain. The Ki value for L-leucine is approximately 14-fold lower than the overall 

inhibition constant of 2.3 µM for MtIPMS.
18,23

 While MtIPMS exhibits slow-onset inhibition by 

L-leucine, MjIPMS shows linear progress curves in the presence of L-leucine. This suggests that 

either MjIPMS inhibition does not occur via slow-onset mechanism or the binding of inhibitor 

and conformational change steps occur on similar timescales.  
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The unavailability of a structure for the LeuA dimer regulatory domain from the IPMS1 

cluster of enzymes makes it difficult to draw comparisons of residues involved in inhibitor 

binding. MjIPMS and MtIPMS retain significant activity even in the presence of saturating 

concentrations of inhibitor. Similar non-correlation between tightness of binding and degree of 

inhibition has been studied in K-type systems and cited as evidence against a two-state allosteric 

model.
29

 Size-exclusion chromatography indicates that L-leucine does not affect the quaternary 

structure of MjIPMS. This is consistent with the results obtained for IPMS enzymes for other 

cluster.  

 By decreasing the kcat value and having negligible effect on KM values for MjIPMS L-

leucine acts as a V-type allosteric inhibitor. Identification of a V-type allosteric regulation does 

not contribute to a deeper understanding of the mechanism of regulation as the kcat value is a 

combination of multiple rate constants that vary depending on the rate-limiting step of the 

reaction. In order to identify the target step of the allosteric regulator, kinetic isotope effects have 

been used to figure out the rate-determining step in the presence of L-leucine for MjIPMS 

similar to MtIPMS.
20

 In the absence of L-leucine solvent kinetic isotope effects are consistent 

with hydrolysis being the rate determining step.  Even though there is a slight increase in the 

primary kinetic isotope effect (1.3 to 1.6) in the presence of L-leucine, the solvent kinetic isotope 

effect on kcat remains fully expressed. Hence, two evolutionarily distinct versions of IPMS 

enzymes with low sequence identity and different quaternary structures apparently use identical 

regulation mechanisms based on disruption of the hydrolytic step of the reaction. However, it is 

still not known if the two clusters use identical sets of globally conserved residues or 

differentially conserved residues to affect the hydrolytic step of the catalytic reaction. It is 

difficult to address this issue as sequence alignments must include only those enzymes which use 



 

56 

 

identical mechanisms for allosteric regulation. This highlights the difficulty in identifying 

structure/function relationships in allosteric mechanisms and emphasizes why caution must be 

taken while comparing regulatory mechanisms for homologous enzymes. 

2.4.4 Possible Mechanisms for Evolving Multiple Versions of IPMS 

In order to identify structure/function relationships in multidomain allosterically 

regulated enzymes, an understanding of the evolution of different versions of IPMS and the 

diversity of regulatory mechanisms would be helpful. Many mechanisms have been put forth to 

illustrate how enzymes with low sequence identity might have evolved to catalyze the same 

reactions. Divergent evolution in enzymes is one such mechanism of evolution where different 

versions of an enzyme evolve from a common progenitor. In o-succinylbenzoate synthase 

enzymes the appearance of multiple versions of the enzyme that use differentially conserved 

residues to achieve different modes of ligand binding is explained through divergent evolution.
13

 

Another mechanism observed is “pseudoconvergent” evolution where different versions evolve 

from distinct but related progenitors. The appearance of distinct versions in muconate lactonizing 

enzyme
15

 and N-succinyl amino acid racemase
14

 have been justified via pseudoconvergent 

evolution. Due to this these enzymes exhibit different substrate and stereochemical selectivity. 

However, for the DRE-TIM metallolyase superfamily in the absence of any phylogenetic data 

either of the two possible mechanisms cannot be ruled out. 

 The comparison of the inhibition mechanisms for MjIPMS and MtIPMS show that 

enzymes with low sequence identities can share discrete regulatory mechanisms. Description of 

this kind of pattern by divergent evolution seems a little complicated if both the substrate 

specificity and regulatory ligand are simultaneously modified. This issue can be addressed by the 

theory of co-localization. Co-localization theory proposes that events such as gene fusion or 
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compartmentalization that increase the local concentrations of domains or subunits of an enzyme 

can create increased interactions between those domains.
30

 On similar lines for allosteric 

mechanisms each co-localization event can lead to exclusive linkage between two domains 

resulting in the evolution of unique structure/function relationships within a conserved enzyme 

family. Thus, a reasonable explanation for the appearance of two distinct IPMS clusters is that 

the LeuA dimer regulatory domain got fused to two separate, but related progenitors resulting in 

pseudoconvergent evolution. 

 In the absence of any phylogenetic analysis it is difficult to identify the mechanism of 

evolution in the CC-like subgroup. However, the PSNs of the individual domains of the 

regulatory LeuA dimer domain containing members indicate significant co-evolution between 

the two domains as they individually sort into identical clusters as seen with the full-length 

enzymes (Figure 2.11). This is in agreement with the previous studies where removal of the 

regulatory LeuA dimer domain affected the functionality of the catalytic domain including 

substrate binding in MtIPMS and substrate selectivity in IPMS from Arabidopsis thaliana.
31,32

 

Complementing these results, the allosteric regulation in MtIPMS is linked to intersubunit 

communication where the substitution of residues in the catalytic domain is seen to affect 

inhibitory properties of the regulatory domain.
23

 These results indicate the importance of 

integrating mechanisms of catalysis and regulation in multi-domain enzymes.  

2.5 Conclusions 

 This work provides a detailed characterization of catalytic and regulatory mechanisms of 

MjIPMS. MtIPMS and MjIPMS, two evolutionarily distinct forms of IPMSs with ~20% 

sequence identity share similar catalytic properties with differences in the identity of their rate-

limiting step. The mechanism of allosteric regulation is identical in the two enzymes with both 
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targeting the catalytic machinery used in the hydrolytic step of the reaction. For the difficult task 

of identifying structure/function relationships in allosteric mechanisms, the identification of 

distinct enzymes sharing similar allosteric mechanisms despite low sequence identity provides a 

fresh insight. Although in the absence of phylogenetic studies it is difficult to determine the 

mechanism of evolution responsible for the formation of evolutionarily distinct versions of 

IPMS, bioinformatics and biochemical studies indicate co-evolution of the catalytic and 

regulatory domains of IPMS enzymes with minimal domain exchange occurring.  
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CHAPTER 3 

INVESTIGATION OF THE MECHANISM OF SUBSTRATE SPECIFICITY IN THE 

SEQUENTIALLY SIMILAR YET FUNCTIONALLY DIVERSE CLAISEN 

CONDENSATION-LIKE SUBGROUP OF ENZYMES 

3.1 Introduction 

3.1.1 Annotation Errors In Enzyme Superfamilies 

Owing to the rapid increase in the number genome sequencing projects, there has been a 

significant addition of protein sequences into public databases.
1
 Experiment-based functional 

annotations are unable to keep up with the pace of new protein sequences being revealed.  Since 

the late 1990s, computational predictions have been the sole basis for annotations of a majority 

of protein sequences.
2
 Sequence similarity searching algorithms such as FASTA

3
 and BLAST

4
 

are employed to find the homologs of a novel sequence. Examining the functions of the 

homologs and the sequence regions common between the homologs and the novel protein helps 

in assigning a function to the novel protein.
5
 However using these automated tools to annotate 

new proteins have their shortcomings. Function assignment based off of simple pairwise 

comparisons with a homolog can be incorrect due a number of reasons including i) divergence of 

functions of homologous proteins, ii) omission of functions in multifunctional proteins, iii) error 

in annotation of the chosen homolog, and iv) choosing the wrong homolog for functional 

assignment.
6
 These issues are highlighted in difficulties in assignment of function in enzyme 

superfamilies.
7
 Enzyme superfamilies are a set of homologous enzymes that catalyze different 
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reactions sharing a common mechanistic step facilitated by conserved active site motifs.
8
 Hence 

sequence homology based function annotation is not completely reliable for such multifunctional 

superfamilies. In order to attenuate this problem and improve the quality and utility of 

annotation, more robust evidence in support of annotation assignment is required. “Genomic 

enzymology” is one such approach. Genomic enzymology assimilates information from 

bioinformatics, structural and kinetic studies to establish enzyme function in diverse enzyme 

superfamilies.
9-14

 This approach has been successfully applied to the enolase superfamily, one of 

the most extensively characterized mechanistically diverse superfamilies. Genomic enzymology 

was able to explain the presence of similar functionalities and structures arising from 

differentially conserved sequences occurring via divergent evolution in o-succinylbenzoate 

synthases and “pseudoconvergent evolution” in N-succinyl amino acid racemase and muconate 

lactonizing enzyme. In a recent publication the DRE-TIM metallolyase superfamily was 

similarly investigated to understand the role of active site residues in functional diversity.
15

 

The DRE-TIM metallolyase superfamily of enzymes catalyzes a range of carbon-carbon 

bond forming and breaking reactions and includes 3-hydroxy-3-methylglutaryl-CoA (HMG-

CoA) lyase, isoppropylmalate synthase (IPMS), 2-hydroxy-4-ketovalerate aldolase, and pyruvate 

carboxylase.
16

 Despite the variety of reactions catalyzed, member enzymes of this superfamily 

utilize conserved active site architecture including a signature active site D-R-E motif, to 

stabilize a common enolate intermediate. Enzymes of this superfamily have a conserved TIM 

barrel catalytic domain and use a divalent metal cation for activity. The DRE-TIM metallolyase 

superfamily was analyzed using the protein similarity network (PSN) tool. PSNs help in 

organizing the member enzymes of a superfamily in a hierarchal fashion to depict discrete 

reaction and substrate specificities.
17

 In a PSN a node (circle) represents either a sequence or a 
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group of sequences and edges (lines) are drawn between nodes that are sequentially similar 

above a certain threshold value based on the BLAST algorithm. The PSN generated for DRE-

TIM metallolyase superfamily (E-value cutoff of 1 × 10
-26

 having 1261 representative nodes 

depicting 8817 unique sequences) indicated four main enzyme activities associated with the 

superfamily based on clustering pattern: Claisen-condensation-like (CC-like), aldolase-like, 

carboxylase-like, and lyase-like (Figure 1.7).
15

 Analysis of the activities present in all four 

subgroups indicated that they are functionally diverse. This functional diversity exhibited by a 

sequentially similar subgroup of enzymes suggested the presence of differentially conserved 

residues at specific substrate binding sites. In order to test this hypothesis the functionally 

diverse CC-like subgroup was chosen. 

3.1.2 “Fingerprinting” the Active Site of CC-like Subgroup Members 

The CC-like subgroup is a well established functionally diverse subgroup of DRE-TIM 

metallolyase superfamily. Member enzymes of the CC-like subgroup catalyze the condensation 

of -keto acids on acetyl-CoA (AcCoA) in the biosynthetic pathways of primary or secondary 

metabolites.
15

 So far, six unique -keto acid specificities have been reported in the ~4300 

sequences of the CC-like subgroup. On the basis of the substrate specificity, the member 

enzymes in this subgroup are annotated as IPMS
18,19

, citramalate synthase (CMS)
20,21

, 

homocitrate synthase (HCS)
22,23

, methylalkylmalate synthase (MAM)
24

, R-citrate synthase (R-

CS)
25

, and 2-phosphinomethylmalic synthase (PMMS)
26

 (Scheme 1.2). A PSN of CC-like 

subgroup generated at a highly stringent E-value threshold cut off of 1 × 10
-80

 indicates the 

presence of primarily six discrete sequence motifs organizing the proteins into six different 

clusters namely IPMS1/CMS1/MAM, IPMS2, CMS2, CMS3, HCS (Lys), and R-CS (Figure 
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3.1).
15

 The six clusters share a sequence identity of ~50% within the members of a cluster and 

<20% amongst the members of different clusters. 

For such multifunctional enzyme families, identification of different substrate selectivity 

within a cluster of high sequence identity along with the presence of identical function in 

different clusters with low sequence identity complicates the prediction of enzyme function 

solely on the basis of local sequence alignments. For example member enzymes of 

IPMS1/CMS1/MAM, the largest cluster in the CC-like subgroup exhibit functional diversity. 

Enzymes in this cluster have a sequence identity of ~50% exhibiting distinct substrate 

specificities with IPMS, CMS, MAM, and HCS activities present. Whereas IPMSs in the 

IPMS1/CMS1/MAM and IPMS2 cluster have ~20% sequence identity but use identical 

substrates. This example emphasizes the need for a more refined annotation method to improve 

prediction accuracy. Figure 3.2 shows a representative PSN of the CC-like subgroup where green 

colored nodes represent protein sequences that are unreviewed experimentally and are 

functionally annotated only on the basis of sequence similarity. This PSN is a graphical 

representation of ambiguity in annotation when the functional assignment is exclusively on the 

basis of sequence alignments. Rather than relying on the local alignments of the complete protein 

sequences, determining the active site residues for affecting substrate selectivity would be 

conducive to improved functional annotation and identification of new activities in this large 

number of sequences. In an attempt to identify the mechanism of substrate selectivity, the 

sequentially similar yet functionally diverse IPMS1/CMS1/MAM cluster within the CC-like 

subgroup was selected. Member enzymes of this cluster -isopropylmalate synthase (MjIPMS) 

and citramalate synthase (MjCMS) from the organism Methanococcus jannashii share ~50%  
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Figure 3.1 Representative PSN for the CC-like subgroup. Each node represents a group of 

protein sequences sharing greater than 60% identity. Edges are drawn if the similarity between a 

pair of nodes is better than an E-value threshold cutoff of 1x10
-80

. Coloring is by confirmed in 

vitro activity from the organism. IPMS1 (●) IPMS2 (●) CMS1 (●) CMS2 (●) CMS3 (●) HCS 

(Lys) (●) HCS (NifV) (●) MAM (●) PMMS (●) R-CS (●). 

 
Figure 3.2 Representative PSN of the CC-like subgroup displaying unreviewed protein 

sequences. Each node representing a group of protein sequences sharing greater than 60% 

identity. Edges are drawn if the similarity between a pair of nodes is better than an E-value 

threshold cutoff of 1x10
-30

. Nodes of unreviewed protein sequences are colored green. 
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sequence identity.
15

 MjIPMS and MjCMS catalyze metal dependent condensation of different -

keto acids, keto-isovalerate (KIV) and pyruvate on AcCoA, to form the first product in the 

biosynthesis of L-leucine and L-isoleucine, respectively (Scheme 3.1). Both enzymes are 

allosterically feedback inhibited by the final product of the synthetic pathway.
27

 Due to the 

similarity in amino acid sequence and the reactions catalyzed, MjIPMS and MjCMS are thought 

to be evolutionarily related. However, on characterizing these enzymes, they were found to have 

different properties in terms of substrate specificities. While MjIPMS is functionally 

promiscuous and can catalyze the condensation of AcCoA on KIV (kcat/KM = 3.5 ± 0.2 × 10
6
 min

-

1
M

-1
) as well as pyruvate (kcat/KM = 1.5 ± 0.1 × 10

4 
min

-1
M

-1
), MjCMS is highly specific for 

pyruvate and does not accept KIV as its substrate even under high mM concentrations.
21

 With a 

detailed description of the kinetic mechanisms of MjIPMS and MjCMS in hand, comparison of 

substrate interacting residues in the active site would be the foremost method of “fingerprinting” 

the active site for substrate preference. 

The role of the proposed active site residues in other member enzymes of the CC-like 

subgroup, for example IPMS from Mycobacterium tuberculosis (MtIPMS) from IPMS1 cluster, 

and CMS from Leptospira interrogans (LiCMS) from CMS3 cluster have been examined.
20,28

 

However the mechanism of substrate selection in a sequentially similar cluster has not been 

investigated. Herein we examine the proposed active site residues of MjIPMS and MjCMS. Due 

to an absence of structure for either enzyme, multiple sequence alignments followed by modeling 

on previously well characterized enzymes within the CC-like subgroup were employed. The 

residues predicted to be of significance to substrate selectivity on the basis of structure guided 

sequence alignments were swapped between enzymes in an attempt to switch substrate 

preference in MjIPMS and MjCMS. Obtained kinetic parameters were compared with other  
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R = -CH-(CH3)2 KIV 

   = -CH3 pyruvate 

Scheme 3.1 Mechanism of condensation of AcCoA on -keto acids by IPMS and CMS enzymes. 

 

member enzymes of the CC-like subgroup to decipher the roles of residues constituting the 

active site. 

3.2 Methods and Materials 

3.2.1 Materials 

Plasmids containing the MjIPMS gene leuA Mj1195 and MjCMS gene cimA Mj1392 

were acquired from ATCC (Manassas, VA).
21

 Primers for synthesizing variants of leuA Mj1195 

and cimA Mj1392 were obtained from Eurofins Genomics (Huntsville, AL). AcCoA and KIV 

were purchased from Sigma-Aldrich. 4,4’-Dithiodipyridine (DTP) was purchased from Acros 

Organics. All other reagents and buffers were obtained from VWR and were of the highest 

quality available. The HisTrap HP column was obtained from GE Healthcare. Competent cells 

(BL21(DE3)pLysS E. coli and Rosetta(DE3)2 E. coli were purchased from Life Technologies. 

XL-10 Gold E. coli competent cells were purchased from Agilent Technologies.  

3.2.2 Generation of Protein Similarity Networks 

Protein similarity networks
17

 were generated using the Enzyme Function Initiative-

Enzyme Similarity Tool (EFI-EST).
29

 The initial data set for the DRE-TIM superfamily was 

generated on May 5
th

 2015 by the InterPro identifier IPR000891 for pyruvate carboxyltransferase 
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(database updated on March 23
rd

, 2015) which has the N-terminal HMGL-like catalytic domain 

(PF00682).
15

 Due to the large number of nodes and edges at the superfamily level, representative 

nodes were employed.
30

 Representative nodes represent protein sequences sharing greater than 

60% sequence identity. The new data set with 1855 nodes and 272,156 edges was downloaded as 

a Cytoscape
31

 readable xgmml file. Mapping the network nodes with additional data was done on 

the Cytoscape program. Edges were drawn between nodes that had an E-value less than 1 × 10
-30

. 

Of the four clusters generated, the CC-like cluster was selected to create a new network. The new 

network had edges drawn between nodes that had an E-value less than 1 × 10
-80 

(median 

sequence identity 49.84%, and median alignment length 380). The network had 882 

representative nodes and 37810 edges. 

3.2.3 Modeling Studies and Structure Guided Sequence Alignment 

The structure of IPMS from Neisseria meningitides (NmIPMS) pdb 3rmj
19

, an IPMS 

from IPMS1 cluster was used as a template to model MjIPMS and MjCMS, Uniprot ids 

Q585985 and Q58787, respectively. First the sequences of these three proteins (sequence 

identitites of ~47%) were aligned using the Needleman-Wunsch algorithm
32

 in the Sequence 

alignment program in Chimera.
33

 Using the alignment generated, the Modeler homology tool
34

 

from Chimera constructed a modelled 3D structure of MjIPMS and MjCMS sequences (zDOPE 

values 1.73 and 1.58, respectively). To analyze MjIPMS and MjCMS modelled active sites in 

comparison to previously well characterized members of the CC-like subgroup a multiple 

sequence alignment based on the structure alignment was created through the Matchmaker, 

followed by MatchAlign program between IPMS from Mycobacterium tuberculosis (MtIPMS) 

from IPMS2 cluster pdb 1sr9, CMS from Leptospira interrogans (LiCMS) from CMS3 cluster 

pdb 3bli, with sequence identities of ~20% and ~33% with the models of MjIPMS and 
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MjCMS.
20,35

 The structure based sequence alignment was used as a seed for generating a 

multiple sequence alignment between members of IPMS1 and CMS1 cluster using MAFFT, 

version 6.
36

 

3.2.4 Synthesis of MjIPMS and MjCMS Variants 

QuikChange Lightning site-directed mutagenesis (Agilent technologies) was used to 

create point mutations in the pET28::leuA Mj1195 and the plasmid pET28::cimA Mj1392. 

Oligonucleotide primers used to introduce each substitution are listed in Table 3.1. The PCR 

product was transformed into XL-10 Gold E. coli competent cells. Overnight cultures were 

grown from single colony growths, the plasmid was re-isolated and sent for sequencing to 

confirm the presence of the desired mutation. Positive clones of MjIPMS and MjCMS were then 

transformed in to BL21(DE3)pLysS E. coli and Rosetta(DE3)2 E. coli cells, respectively. 

3.2.5 Overexpression and Purification of MjIPMS and MjCMS Variants 

MjIPMS and MjCMS variants were overexpressed and purified similar to WT MjIPMS.
27

 

The cells were inoculated into 25 mL LB media and grown at 37 °C, 250 rpm overnight. 

Approximately 10 mL of the overnight culture was added to 1 L of LB and grown at 37 °C until 

an OD600 of 0.4 was reached. The temperature was lowered to 18 °C until an OD600 of 0.6-0.8 

was reached. At OD600 = 0.8, the cell cultures were induced with 1 mM isopropyl-B-D-1-

thiogalactopyranoside (IPTG) and incubated at 18 °C for 12-16 h. The cells were harvested by 

centrifugation at 6340 × g for 10 min. Cell pellets were stored at -80 °C until purified. Frozen 

cell pellets were resuspended in lysis buffer (20 mM potassium phosphate (pH 7.4), 0.5 M 

potassium chloride and 20 mM imidazole, 0.1% Triton), lysozyme (0.25 mg/mL), 1 mM 

phenylmethylsulfonyl fluoride (PMSF), deoxyribonuclease (10 µg/mL) and 5mM magnesium 

chloride. Cells were lysed by sonication and the supernatant was collected by centrifugation at  
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Table 3.1 Primer sequences for site-directed mutagenesis of MjIPMS and MjCMS. 

Primer Name for MjIPMS Primer Sequence (5’ to 3’) 

F66A_Forward 

F66A_Reverse 

5'-gagttgatgttattgaggctggtgctccagtatcatcattaggag-3' 

5'-ctcctaatgatgatactggagcaccagcctcaataacatcaactc-3' 

F66S_Forward 

F66S_Reverse 

5'-gagttgatgttattgaggctggtagtccagtatcatcattaggag-3' 

5'-ctcctaatgatgatactggactaccagcctcaataacatcaactc-3' 

L92A_Forward 

L92A_Reverse 

5'-aacttagatgctgaaatctgcggagcggcaagggctgtaaa-3' 

5'-tttacagcccttgccgctccgcagatttcagcatctaagtt-3' 

L92F_Forward 

L92F_Reverse 

5'-gatgctgaaatctgcggattcgcaagggctgt-3' 

5'-acagcccttgcgaatccgcagatttcagcatc-3' 

F114A_Forward 

F114A_Reverse 

5'-cggagttgatagaatccatacagctatagcaacctctccattgcat-3' 

5'-atgcaatggagaggttgctatagctgtatggattctatcaactccg-3' 

F114V_Forward 

F114V_Reverse 

5'-ggagttgatagaatccatacagttatagcaacctctccattgc-3' 

5'-gcaatggagaggttgctataactgtatggattctatcaactcc-3' 

Primer Name for MjCMS Primer Sequence (5’ to 3’) 

S45A_Forward 

S45A_Reverse 

5'-gttgatgttatagaggcaggtgcagctataacttcaaaaggag-3' 

5'-ctccttttgaagttatagctgcacctgcctctataacatcaac-3' 

S45F_Forward 

S45F_Reverse 

5'-ggagttgatgttatagaggcaggtttcgctataacttcaaaaggag-3' 

5'-ctccttttgaagttatagcgaaacctgcctctataacatcaactcc-3' 

F71A_Forward 

F71A_Reverse 

5'-gaaggtttaaatgcagaaatctgctcagctgttagagctttacctgtagata-3' 

5'-tatctacaggtaaagctctaacagctgagcagatttctgcatttaaaccttc-3' 
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F71L_Forward 

F71L_Reverse 

5'-ttaaatgcagaaatctgctcattagttagagctttacctgtagatat-3' 

5'-atatctacaggtaaagctctaactaatgagcagatttctgcatttaa-3' 

V93A_Forward 

V93A_Reverse 

5'-gatgtagatagtgtccatttagcagtgccaacatctcc-3' 

5'-ggagatgttggcactgctaaatggacactatctacatc-3' 

V93F_Forward 

V93F_Reverse 

5'-ccttagaatgtgatgtagatagtgtccatttattcgtgccaacatctccaat-3' 

5'-attggagatgttggcacgaataaatggacactatctacatcacattctaagg-3' 

 

34,540  g for 30 minutes at 4 °C. The supernatant was heat treated by incubating in a water bath 

at 50 °C for 10 minutes followed by centrifugation 34,540  g for 10 minutes at 4 °C. The target 

protein was purified from the heat-treated supernatant using Ni
2+

 HisTrap column (5 mL) by a 

linear gradient over 20 column volumes (CV) with elution buffer (20 mM potassium phosphate 

(pH 7.4), 0.5 M potassium chloride and 1 M imidazole). Protein purity was checked by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis. Fractions containing protein were pooled and 

dialyzed against 20 mM potassium phosphate (pH 7.4) and 200 mM potassium chloride. Protein 

was concentrated by ultrafiltration to an approximate concentration of 100 µM, as determined by 

calculated extinction coefficient (280 = 21,110 M
-1

 cm
-1 

and 17,880 M
-1

 cm
-1 

for MjIPMS and 

MjCMS respectively). Glycerol was added to the concentrated protein as a cryoprotectant (20%), 

and protein was stored at -20 °C. 

3.2.6 Kinetic Assays for MjIPMS and MjCMS Activity 

Initial velocities were determined by detecting the formation of CoA by DTP at 324 nm 

(Ɛ = 19.8 mM
-1

 cm
-1

). The standard conditions for a typical reaction mixture for MjIPMS activity 

assay were 100 mM triethanolamine (TEA) (pH 7.8), 50 mM potassium chloride, 50 µM DTP, 

and saturating concentration of the non-varied substrate (-keto acid or AcCoA) in a 1mL 
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reaction at 37
 
°C. Reactions were initiated by the addition of enzyme. The diluted enzyme used 

for the assay was kept at room temperature during the timeframe of the experiment. Kinetic 

assays for MjCMS were performed under similar conditions. MjCMS reaction mixture contained 

100 mM TEA (pH 7.56), 50 mM potassium chloride, 7.5 mM magnesium chloride, 50 M DTP, 

and 5-10 times the KM value of the non-varied substrate (α-keto acid or AcCoA). Reactions were 

initiated by the addition of enzyme. 

3.2.7 Data Analyses 

Kinetic parameters were determined by fitting the initial velocities to the Michaelis-

Menten equation (equation 1) using Kaleidagraph (Synergy Software) where [S] is the 

concentration of the substrate being varied, KM is the Michaelis-Menten constant, and kcat is the 

maximal velocity. 

 

  
 

       

      
           (1) 

Substrate Preference Quantification: The effect of substitutions on substrate preference for 

MjIPMS was determined by the ratio of catalytic efficiencies i.e. kcat/KM values determined for 

KIV and pyruvate as substrates, for each of the variants (equation 2). 

                     
         

         
           (2) 

Contribution of Residues to Specificity: The effect of identity of the residue to substrate 

specificity was calculated by comparing the ratios of “substrate preference” for native substrate 

vs non-native substrate for WT and enzyme variants (equation 3). A larger number would 

suggest lower substrate specificity in the variant, which would indicate larger contribution of that 

particular residue towards substrate specificity. 

                            
 

            

                
   

 
            

                
        

         (3) 
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3.3 Results 

3.3.1 Sequence Alignment and Modeling Studies 

MtIPMS and LiCMS are well-studied member enzymes of the CC-like subgroup.
20,35

 

Structures of these enzymes help to investigate the interactions of the active site residues with 

substrates. MtIPMS and LiCMS, both have a C-terminal (/β)8 catalytic barrel with binding sites 

for the divalent metal cations and the substrates, AcCoA and α-keto acid (Figure 3.3). Even with 

high tertiary structural similarity, MtIPMS and LiCMS have very distinct substrate specificities. 

MtIPMS accepts both KIV and pyruvate as it substrate, although KIV is the more preferred 

substrate. LiCMS is highly specific for pyruvate.
18,20

 In an attempt to investigate the mechanism 

of substrate selection in the CC-like subgroup, MtIPMS and LiCMS active sites were examined 

(Figure 3.3). All the residues within 5 Å of the methyl groups of the α-keto acid substrates, KIV 

and pyruvate, respectively, were selected for comparison, since they can be expected to play a 

role in substrate selectivity.  An overlay of the active sites of both of these enzymes displayed 

that the catalytic domain TIM barrel (/β)8 has the third, fourth, and fifth β-sheets lining the α-

keto acid binding site (Figure 3.3, 3.4A and B). In order to simplify the comparison of the 

residues on these β-sheets, the residues will be denoted according to their position and number of 

the β-sheet. Using this nomenclature, the residues proposed to have some interaction with the 

side chain of the α-keto acid were β3-5, β4-5, β4-7, β5-3, and β5-5 for MtIPMS and LiCMS 

(Figure 3.4A and B). For MtIPMS the identities of the residues at these positions were leucine 

(L143), histidine (H167), tyrosine (Y169), glutamate (E214), and serine (S216), respectively. 

Sequence alignment of MtIPMS along with other IPMS enzymes of the IPMS2 cluster divulged 

that the residues at these keys positions are highly conserved. This conservation indicates that 

there is possibility that the residues at the β3-5, β4-5, β4-7, β5-3, and β5-5 positions play an  
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Figure 3.3 Structure comparison of MtIPMS, LiCMS, MjIPMS and MjCMS. Overlay of the 

MtIPMS (green structure, pdb 1sr9), and LiCMS (salmon structure pdb 3bli) structures with the 

3d models of MjIPMS and MjCMS display the conservation in the 3d structure of the catalytic 

domain TIM barrel. 3D models of IPMS (blue structure, uniprotid Q58595) and CMS (mauve 

structure, uniprot id Q58787) from M. jannaschii was made on the basis of a sequence alignment 

with IPMS from N. meningitides (pdb 3rmj) as all are from IPMS1/CMS1 cluster. A structure 

based alignment was then performed between the MjIPMS model and MtIPMS and LiCMS. 

 

important role in substrate selection. This hypothesis is in agreement with the previous kinetic 

investigations of a few of those sites.
28

 Substitutions of the residues at the β3-5 (L143), and β4-7 

(Y169) sites in MtIPMS significantly affected the KM and kcat values, highlighting their role in 

substrate selection mechanism. On the same principle, structural analysis of LiCMS indicated the 

presence of the residues leucine (L81), asparagine (N102), leucine (L104), asparagine (N142), 

and tyrosine (Y144), at the β3-5, β4-5, β4-7, β5-3, and β5-5 positions, respectively. Sequence  



 

75 

 

 
Figure 3.4 Structure comparison of the active site architecture of MtIPMS, LiCMS, MjIPMS, 

and MjCMS. Active site architecture of A) MtIPMS, B) LiCMS, C) MjIPMS, and D) MjCMS 

showing the differentially conserved residues predicted to affect substrate specificity.  

 

alignment of LiCMS with other member enzymes of the CMS3 family displayed the 

conservation of the residues at these positions, suggesting that the identities of these residues 

might be important for substrate specificity in this cluster. Kinetic studies of LiCMS variants 

with substitutions at β3-5 (L81), and β4-7 (V104) positions substantiated the role of the specific 

residues at these positions.
20

 These bioinformatic and experimental studies for MtIPMS and 

LiCMS identified the differential conservation of residues at β3-5, β4-5, β4-7, β5-3, and β5-5 

positions, strongly indicating their significance in substrate selection for IPMS2 and CMS3 

clusters.  



 

76 

 

In order to investigate the mechanism of substrate selection in member enzymes of the 

multifunctional IPMS1/CMS1/MAM cluster, MjIPMS and MjCMS were selected. MjIPMS and 

MjCMS are sequentially similar (50%), yet exhibit distinct substrate specificities. While 

MjIPMS accepts both KIV and pyruvate (although with low substrate preference for pyruvate), 

MjCMS is highly specific for pyruvate.
27

 With their detailed bioinformatic and kinetic 

characterization in hand, MjIPMS and MjCMS seem to be the ideal candidates for fingerprinting 

the active site for its role in substrate selectivity. Due to unavailability of structures of MjIPMS 

and MjCMS, sequence alignment and modeling tools were employed using Chimera. Structures 

of IPMS from Neisseria meningitides (NmIPMS) (pdb 3rmj), an IPMS from IPMS1 cluster was 

used as a template to model MjIPMS and MjCMS (sequence identities of ~47%). IPMS from 

Mycobacterium tuberculosis (MtIPMS) from IPMS2 cluster pdb 1sr9, and CMS from Leptospira 

interrogans (LiCMS) from CMS3 cluster pdb 3bli, with sequence identities of ~20% and ~33%, 

respectively were overlaid on the models to analyze their active sites (Figure 3.3 and 3.4). Based 

on structural analysis and multiple sequence alignment of the protein sequences, differentially 

conserved residues potentially affecting substrate selectivity were identified. 

3.3.2 Selection of Substitutions in MjIPMS 

In MjIPMS the residues at the β3-5, β4-5, β4-7, β5-3, and β5-5 positions predicted to 

affect substrate specificity are L92, H112, F114, E152, and S154, respectively (Figure 3.4C). 

Multiple sequence alignments of all the known IPMS enzymes from the IPMS1/CMS1/MAM 

cluster exhibit complete conservation of residues at these positions (Figure 3.5). On comparing 

the active site fingerprint of MtIPMS and MjIPMS, conservation of similar residues was 

observed for both the IPMS enzymes (Figure 3.4). This suggests that although MtIPMS and  
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Figure 3.5 Multiple sequence alignment of IPMS1 and CMS1 sequences. A structure based 

sequence alignment for the catalytic domains of MtIPMS, NmIPMS, and LiCMS was generated 

using the matchmaker algorithm in Chimera, and used as a seed (sequences 1-3) for alignment of 

sequences selected from IPMS1 (sequences 4-9) and CMS1 (sequences 10-13) clusters using 

MAFFT. The red diamonds denote the differentially conserved residues lining the substrate 

binding active site in IPMS1 and CMS1 clusters. 

 

MjIPMS have low sequence identity (20%), and are in different clusters of the 

IPMS1/CMS1/MAM subgroup, they might share a mechanism of substrate selection.  

On the same principle, to compare the active site fingerprint of MjIPMS and MjCMS, the 

active site of MjCMS model was structurally analyzed. In MjCMS the residues at the β3-5, β4-5, 

β4-7, β5-3, and β5-5 positions predicted to affect substrate specificity are F71, H91, V93, E131, 

and S133, respectively (Figure 3.4D). Multiple sequence alignment of similar member enzymes 

of the node containing MjCMS (representing CMS1 enzymes), of the IPMS/CMS1/MAM cluster 

show conservation of residues at these positions (Figure 3.5). However, these fingerprints reveal 

that the difference in MjIPMS and MjCMS active site is mainly at the β3-5 and β4-7 position. 

While MjIPMS has L and F, respectively, at these positions, MjCMS has F and V, respectively. 

The residues at β4-5, β5-3, and β5-5 positions are H, E, and S for both the enzymes. This 

difference in the residues only at the β3-5 and β4-7 positions in the functionally distinct MjIPMS 
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and MjCMS indicates that these residues might be playing a significant role in affecting the 

substrate selection in these enzymes. The differential conservation of residues demonstrated by 

the multiple sequence alignments of IPMS and CMS enzymes further highlights the importance 

of those residues (Figure 3.5). This fits well with the prediction that the identity of residues at 

these keys positions plays a significant role in substrate specificity. 

In order to probe the role of these residues, and to modulate the MjIPMS active site to 

make it more favorable to pyruvate, the MjCMS substrate, substitutions at the β3-5 and β4-7 

positions were made. On the basis of the structural analysis, substitution of L92F and F114V in 

MjIPMS should be able to mimic the sterics of MjCMS, making it more efficient for pyruvate as 

its substrate. In addition to these residues directly lining the substrate binding pocket, F66 in 

MjIPMS (S45 in MjCMS) maybe affecting the sterics of the active site (Figure 3.4C and D). To 

prevent any steric hindrances to the L92F substitution in MjIPMS, F66 residue was substituted 

with the corresponding S present in the active site of MjCMS. The role of these residues in the 

MjIPMS was investigated by alanine scanning, along with substituting the residues with the 

corresponding residues in MjCMS to generate single, double, and triple variants. The variants 

generated were investigated using DTP coupled continuous assays. 

 3.3.3 Alanine Scanning of MjIPMS Residues 

The kinetic parameters determined for alanine scanning of MjIPMS residues are listed in 

Table 3.2. Although none of the substitutions abolished IPMS activity completely, a significant 

decrease in the kinetic parameters was observed. There was a 100-fold decrease in the catalytic 

efficiency of the variants as compared to WT MjIPMS, with KIV as its substrate. The alanine 

substitutions had an effect on the KM values for AcCoA as well. The KM values for AcCoA 

increased ~2-8-fold. Similarly, alanine variants of MjIPMS exhibited low catalytic efficiencies  
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Table 3.2 Kinetic parameters for alanine scanning of MjIPMS residues. 

 

with pyruvate as substrate. Even though one of the variants, F114A MjIPMS displayed low KM 

values for pyruvate in comparison to WT MjIPMS, the low kcat values decreased the overall 

catalytic efficiency for pyruvate as a substrate. In order to further investigate the effect of 

substitutions on “substrate preference”, catalytic efficiencies for both the substrates, KIV and 

pyruvate, for each of the variants were compared. Substrate preference is defined as the ratio of 

kcat/KM values defined with KIV and pyruvate as substrates (equation 3). It was observed that 

substrate preference for KIV vs pyruvate decreased from 233 in WT MjIPMS to 40, 15 and 22 

for F66A, L92A and F114A MjIPMS variants, respectively. This decrease in the substrate 

preference for KIV in the alanine variants of MjIPMS indicates the significance of these residues 

in substrate selectivity. 

3.3.4 Substitutions in MjIPMS to Mimic MjCMS Active Site Architecture 

To further investigate the role of specific residues lining the active site of MjIPMS and 

MjCMS, variants were generated by interchanging the amino acids in each of these enzymes. 

MjIPMS 

Variants 

kcat for 

KIV 

(min
-1

) 

KKIV 

(µM) 

kcat/ KKIV 

(min
-1

 M
-1

) 

kcat for 

pyruvate 

(min
-1

) 

Kpyr 

(µM) 

kcat/ Kpyr 

(min
-1

 M
-1

) 

(kcat/ KKIV)/ 

(kcat/ Kpyr) 

WT 320 ± 5 90 ± 5 3.5 ± 0.2 × 10
6

 155 ± 5 10000 ± 650 15000 ± 180 233 

F66A 1.90 ± 0.1 105 ± 5 1.6 ± 0.1 × 10
4

 8 ± 0.5 21000 ± 2000 400 ± 30 40 

L92A 17 ± 2 900 ± 190 1.8 ± 0.3 × 10
4

 40 ± 5 31000 ± 6000 1200 ± 160 15 

F114A 1.50 ± 0.10 80 ± 15 1.5 ± 0.2 × 10
4

 2.2 ± 0.2 3500 ± 400 680 ± 75 22 
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Kinetic parameters of the singly substituted F66S, L92F, and F114V MjIPMS variants were 

obtained and compared with WT MjIPMS (Table 3.3). With respect to WT MjIPMS, lower 

catalytic efficiencies for KIV as a substrate suggests that the residues at the β3-5 and β4-7 

positions play an important role in substrate specificity. For AcCoA the residue at β3-5 position 

did not have an effect at the KM value. Whereas the substitutions at the β4-7 and F66 positions 

had a ~6-7-fold effect on the KM value. Overall the kinetic parameters observed for single 

substitutions were lower than the values obtained for WT MjIPMS. However in comparison to 

the alanine variants at the β3-5 and β4-7 positions, the singly substituted MjIPMS variants had 

relatively higher kcat values. Similarly, for pyruvate as substrate the singly substituted MjIPMS 

variants had improved kinetic parameters than the values observed for the alanine variants (Table 

3.2). These kinetic parameters indicated that the substitution with the residues present in MjCMS 

rescued some enzymatic activity for pyruvate as its substrate. However, the catalytic efficiencies 

were still lower than observed for WT MjIPMS. Substrate preference for KIV vs pyruvate had 

reduced to 132, 31, and 18 for F66S, L92F, and F114V MjIPMS variants respectively, as 

compared to 233 seen in WT MjIPMS. The diminished effect on the value of substrate 

preference in F66S MjIPMS suggests that this site is least important in terms of substrate 

specificity.  

Having established the significance of L92 and F114 at the β3-5 and β4-7 positions in 

MjIPMS, double and triple variants were generated in an attempt to mimic the MjCMS active 

site architecture as closely possible. The L92F_F114V and F66_L92F_F114V MjIPMS variants 

had increased KM and decreased kcat values for KIV as a substrate, suggesting that these 

substitutions impaired KIV preference (Table 3.4). For AcCoA, the L92F_F114V and 

F66S_L92F_F114V MjIPMS variants exhibited a ~3-fold increase in the KM values. In contrast  
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Table 3.3 Kinetic parameters for MjIPMS variants generated by swapping residues with their 

equivalents in MjCMS. 

 

MjIPMS 

Variants 

kcat for KIV 

(min
-1

) 

KKIV 

(µM) 

kcat/ KKIV 

(min
-1

 M
-1

) 

kcat for 

pyruvate 

(min
-1

) 

Kpyr 

(µM) 

kcat/ Kpyr 

(min
-1

 M
-1

) 

(kcat/ KKIV)/ 

(kcat/ Kpyr) 

WT 320 ± 5 90 ± 5 3.5 ± 0.2 × 10
6

 155 ± 5 10000 ± 650 15000 ± 180 233 

F66S 6 ± 0.2 150 ± 15 3.3 ± 0.2 × 10
4

 10.5 ± 1 41000 ± 9000 250 ± 30 132 

L92F 50 ± 5 150 ± 15 3.7 ± 0.4 × 10
5

 210 ± 5 18000 ± 1700 12000 ± 750 31 

F114V 15 ± 1 85 ± 10 1.6 ± 0.3 × 10
5

 30 ± 1 3500 ± 500 8800 ± 700 18 

 

the F66S_L92F_F114V MjIPMS variant had a significant effect of ~17-fold on the KM value for 

AcCoA.  These kinetic parameters indicate the unsettling effect of the F66S substitution on the 

MjIPMS active site. For pyruvate as its substrate, the double and triple variants had improved KM 

values than the WT MjIPMS. However, the overall catalytic efficiency was still lower. The 

L92F_F114V and F66_L92F_F114V MjIPMS variants also displayed decreased substrate 

preference for KIV vs pyruvate of 2 as compared to WT MjIPMS of 233.  

3.3.5 MjCMS Variants 

Based on multiple sequence alignment and modeling studies, substitutions 

complimentary to MjIPMS were designed to modify MjCMS active site. It was predicted that 

substitutions at the β3-5 and β4-7 positions should be able to modulate the sterics of MjCMS 

active site well enough to use KIV as a substrate. The kinetic parameters, kcat and KM values for 

pyruvate as its substrate for the alanine and singly substituted variants of MjCMS are listed in 

Table 3.5. The kinetic parameters obtained for alanine variants of S45 and V93 displayed no  
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Table 3.4 Kinetic parameters for MjIPMS double and triple variants generated to mimic the active site of MjCMS. 

MjIPMS 

Variants 

kcat for 

KIV 

(min
-1

) 

KKIV 

(µM) 

kcat/ KKIV 

(min
-1

 M
-1

) 

kcat for 

pyruvate 

(min
-1

) 

Kpyr 

(µM) 

kcat/ Kpyr 

(min
-1

 M
-1

) 

(kcat/ 

KKIV)/ 

(kcat/ Kpyr) 

WT 320 ± 5 90 ± 5 3.5 ± 0.2 × 10
6

 155 ± 5 10000 ± 650 15000 ± 180 233 

F66S_L92F 4.5 ± 0.2 270 ± 25 7.8 ± 0.6 × 10
3

 3.3 ± 1 11000 ± 2000 300 ± 40 26 

L92F_F114V 13 ± 2 520 ± 60 3.7 ± 0.4 × 10
4

 60 ± 2 5500 ± 450 11000 ± 600 2 

F66S_L92F_F114V 0.5 ± 0.02 700 ± 100 1.6 ± 0.3 × 10
2

 2.2 ± 0.1 6500 ± 600 350 ± 30 2 
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Table 3.5 Kinetic parameters for MjCMS variants generated by alanine scanning and swapping 

residues with their equivalents in MjIPMS. 

 

MjCMS 

Variants 

kcat 

(min
-1

) 

Kpyr 

(µM) 

kcat/ Kpyr 

(min
-1

 M
-1

) 

WT 84.4 ± 1.8 75.6 ± 9.0 1.1 ± 0.1 × 10
6
 

S45A 50.0 ± 1.7 121.3 ± 19.6 4.0 ± 0.6 × 10
5
 

F71A 1.3 ± 0.03 93.5 ± 9.9 5.1 ± 2.0 × 10
4
 

V93A 71.2 ± 3.4 95.4 ± 2.3 7.5 ± 2.0 × 10
5
 

S45F 33.3 ± 1.6 180.8 ± 38.1 2.0 ± 0.3 × 10
5
 

F71L 32.2 ± 1.3 51.5 ± 8.8 6.0 ± 0.9 × 10
5
 

V93F 25.7 ± 0.8 91.6 ± 12.0 3.0 ± 0.3 × 10
5
 

 

 

significant changes from WT MjCMS. However the F71A variant had a reduced kcat value of 1.3 

± 0.03, which is 80-fold lower than the kcat for WTMjCMS. In order to modulate MjCMS 

enzymatic activity, an active site cavity similar to MjIPMS was generated by expressing and 

characterizing F71L, V93F and S45F MjCMS variants. None of the substitutions eliminated 

MjCMS activity, although a three-fold decrease in the kcat values was observed.  Surprisingly 

KIV was still not accepted as a viable substrate for any of the MjCMS variants up to a 

concentration of 20 mM despite alanine substitution. 

3.4 Discussion 

Mechanistically diverse enzyme superfamilies can evolve new functionalities that 

challenge automated functional algorithms.
8
 The CC-like subgroup of the DRE-TIM 

metallolyase enzyme superfamily is a typical example of such multifunctional enzyme families.
15
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Member enzymes of this subgroup can be organized into six major clusters on the basis of 

sequence motifs: IPMS1/CMS1/MAM, IPMS2, CMS2, CMS3, HCS (Lys), and R-CS (Figure 

3.1). IPMS1/CMS1/MAM, the largest cluster of this subgroup, is a collection of protein 

sequences that share an approximate sequence identity of 50%. This cluster of highly similar 

proteins has functionally evolved to have multiple activities IPMS, CMS, MAM, and HCS, with 

distinct substrate specificities. This report focuses on elucidating the mechanism of substrate 

specificity in the IPMS1/CMS1/MAM cluster of this subgroup. Previously characterized 

MjIPMS and MjCMS were used as representatives of IPMS1 and CMS1 enzymes.
21,27

 Due to 

unavailability of their structures, modelling tools were employed. Active sites of the MjIPMS 

and MjCMS models were compared with the previously known and well characterized member 

enzymes of the CC-like subgroup. Structural analysis of these enzymes and differential 

conservation of residues at the sites lining the substrate binding pocket identified the active site 

residues potentially affecting substrate selection. 

3.4.1 Residues at the β3-5 and β4-7 Positions are Critical for KIV Selectivity in MjIPMS 

The catalytic domain TIM barrel (/β)8 of IPMS has the third, fourth, and fifth β-sheets 

lining the KIV binding site (Figure 3.3). L92, the β3-5 residue in MjIPMS, lies within 5 Å of the 

methyl group of the KIV side chain, and is conserved in all IPMS enzymes (Figure 3.3, 3.4, 3.5). 

The ten-fold increase in the KM for KIV (900 µM) on substituting it to alanine emphasized its 

role in substrate selection. The interchanged residue L92F MjIPMS variant, while maintaining 

the ten-fold reduction in substrate preference for KIV as shown in the alanine variant, increased 

the kcat value (Table 3.3). Although the L92F substitution had higher kcat value for pyruvate as its 

substrate too, it did not affect pyruvate preference significantly more than the alanine 

substitution.  
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The other residue lining the binding pocket of KIV is F114 at the β4-7 position. 

Substantial reduction in the kcat value on substituting this residue to alanine pointed out the 

importance of this residue. Substituting F114 with valine rescued some of the activity (ten-fold). 

However, it was still 20-fold lower than WT. The insensitivity of the KM value for KIV for any 

substitution at this phenylalanine suggested that this residue might be playing a role in ensuring 

effective catalysis rather than substrate binding. 

To test the combinatorial influence of multiple substitutions on the substrate selection 

F66S_L92F, L92F_F114V, and F66S_L92F_F114V MjIPMS variants were also investigated 

(Table 3.4). The most dramatic reduction for KIV specificity was observed in the L92F_F114V 

double and F66S_L92F_F114V triple variant. The decrease in KIV preference was 100-fold 

compared to WT MjIPMS. The substrate preference value dropped from 233 to 2. Since each 

substitution at the β3-5 and β4-7 positions had an effect of ~10-fold separately, this 100-fold 

decrease in KIV preference in double and triple variants indicates that these substitutions have a 

multiplicative effect. This could be due to the combined effect of multiple substitutions 

disturbing different active site-substrate interactions. The F66 to serine mutation was 

hypothesized to prevent steric hindrance to the L92 to phenylalanine mutation. However the 

kinetic parameters indicate otherwise. Lower kcat values for the triple variant vs the double 

variant suggest that the F66S mutation is unsettling the active site rather than organizing it. 

Although the selected residues play a significant role in the preference for natural substrate and 

catalytic efficiency, the inability of the doubly and triply swapped variants to have greater 

preference for the non-natural substrate suggests that additional factors might be involved in 

substrate selection. 
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3.4.2 IPMS1 and IPMS2 Clusters Share a Mechanism of Substrate Selection 

Member enzymes of the IPMS1 and IPMS2 clusters catalyze identical reactions and 

exhibit conservation of the residues at the β3-5 (leucine) and β4-7 (aromatic phenyalanine and 

tyrosine, respectively) positions (Figures 3.3A, B and D).
28

 In an attempt to investigate the 

conservation of the mechanism of substrate selection amongst these two clusters, the 

contribution of the residues at these key positions towards substrate specificity was examined. To 

quantify the contribution of the residues at β3-5 and β4-7 positions to the specificity of the 

catalyzed reaction, the ratios of substrate preference for the native vs non-native substrate for the 

WT and enzyme variants were compared (Table 3.6) (Equation 3). If both the WT and the 

variant of the enzyme had high substrate preference for the native substrate, that residue had low 

contribution to specificity of the reaction. Whereas decreased native substrate preference in the 

enzyme variant would imply that the residue has significant contribution to reaction specificity. 

The residue at β3-5 position has a contribution of ~16-fold and ~41-fold to substrate selectivity 

for MjIPMS and MtIPMS, respectively. The contribution of the residues at this position is due to 

significantly increased KM values. The decrease in preference for KIV as a substrate is almost 

identical in both the IPMS forms. L143A MtIPMS (L92 in MjIPMS), alanine variant of the β3-5 

residue, displayed an increased KM for KIV by 20 fold similar to MjIPMS.
28

 The residue at β4-7 

position has a contribution of ~11-fold and ~24-fold to substrate selectivity for MjIPMS and 

MtIPMS, respectively. The residues at this position is affects activity of the enzyme by slowing 

down the catalysis without having an effect on the KM values. For example the kcat value 

exhibited by Y169A MtIPMS, alanine variant of the β4-7 residue was significantly lower than 

the value obtained for WT MtIPMS. However the KM value for KIV as substrate was similar in 

WT and Y169A MtIPMS. These results are similar to the values exhibited by F114A MjIPMS.  
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Table 3.6 Substrate specificity switch in MjIPMS and MtIPMS on mutating the residues on the 

β3 and β4 sheets to alanine. 

 

Residue 

position 

β3-5∆alanine 

WT(kcat/KM
native

)/ (kcat/KM
non-native

)∕ 

Variant(kcat/KM
native

)/ (kcat/KM
non-

native
) 

β4-7∆alanine 

(kcat/KM
native

)/ (kcat/KM
non-native

)∕ 

Variant(kcat/KM
native

)/ (kcat/KM
non-

native
) 

MjIPMS 15.55 10.59 

MtIPMS 40.96 24.29 

 

This concurs with our proposal of β4-7 residue in IPMS enzymes playing a part in the ensuring 

efficient enzyme catalysis rather than just substrate binding. However, due to a lack of 

coordinated experiments in terms of substitution of residues at the particular sites in the active 

site, analysis is cursory. 

3.4.3 Multiple Sequence Alignments Aid In Prediction of Catalytically Important Residues 

On comparing the active sites of MjIPMS and MjCMS models with the previously well 

characterized enzymes of the CC-like subgroup, the identities of the residues at the β3-5 and β4-

7 positions were predicted to be of importance to substrate selection in the IPMS1/CMS1/MAM  

cluster (Figure 3.3, 3.4). Simultaneously, the multiple sequence alignment of IPMS1 and CMS1 

enzymes also displayed differential conservation of residues (Figure 3.5). Substitutions at those 

key positions substantially affected the kinetic parameters. These effects suggested that the 

identities of the residues at the β3-5 and β4-7 positions should be a strong indication of the 

preferred enzymatic activity. Therefore, on the basis of structural analysis and multiple sequence 

alignments the fingerprinting of the active site was successful. 
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The credibility of multiple sequence alignments in active site fingerprinting was 

confirmed by using them to analyze the sequences in the CMS1 cluster at an E-value of 10
-130 

(median sequence identity 50.39%, and median alignment length 502) (Figure 3.6 A). At this 

stringency level, the IPMS1/CMS1/MAM cluster separates into IPMS1/MAM and CMS1 

clusters. However the node representing MjIPMS was in the CMS1 cluster instead of IPMS1 

cluster. Also, the CMS1 cluster had one representative node whose functional annotation had 

been experimentally verified to match with CMS.
21

 All the protein sequences in the CMS1 

cluster were from Archaea. To annotate all the nodes in the CMS1 cluster accurately the 

sequences with L and F residues at β3-5 and β4-7 positions, respectively, were designated as 

IPMS Archaea. Similarly the sequences with F and V residues at β3-5 and β4-7 positions, 

respectively, were designated as CMS Archaea (Figure 3.7). On increasing the cutoff E-value to 

10
-150 

CMS1 cluster forms two different clusters, separating IPMS Archaea and CMS Archaea 

(median sequence identity 57.91%, and median alignment length 495) (Figure 3.6 B). MjIPMS, a 

representative node in IPMS Archaea matches the fingerprint, as well as in vitro activity of the 

previously characterized IPMSs of IPMS1 cluster (Figure 3.4).
27

 These results confirmed that 

multiple sequence alignments and modelling studies are successful in predicting sites which are 

potentially in contact with the alpha-keto substrates and identify the differential conservation of 

residues at those sites for the CMS1 cluster. 

3.4.4 IPMS1 and CMS3 Clusters Exhibit Differential Conservation of Residues for 

Substrate Specificity 

Similar to MjCMS, LiCMS from CMS3 cluster has a very substrate specific active site.
20

 

WT LiCMS has no detectable activity for α-keto acids other than pyruvate. Previous studies had 

attempted to generate an active site that accepts the non-native substrate KIV.
20

 On the basis of  
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Figure 3.6 Representative PSN for IPMS1/CMS1/MAM cluster of the CC-like subgroup. Each 

node represents a group of protein sequences sharing greater than 60% identity. A) Edges are 

drawn if the similarity between a pair of nodes is better than an E-value threshold cutoff of 1x10
-

130
. The IPMS1/MAM cluster separates from the CMS1 cluster. All the nodes in the CMS1 

cluster were recolored and named IPMS Archae or CMS Archae on the basis of the fingerprint 

for IPMS and CMS activity. B) Representative PSN of the CMS1 cluster with edges are drawn if 

the similarity between a pair of nodes is better than an E-value threshold cutoff of 1x10
-150

. 
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Figure 3.7 Multiple sequence alignment of IPMS Archae and CMS Archae sequences. A 

structure based sequence alignment for the catalytic domains of MtIPMS, NmIPMS, and LiCMS 

was generated using the matchmaker algorithm in Chimera and used as a seed for alignment of 

sequences selected from CMS1 cluster. On the basis of the fingerprint of residues at β3-5 and β4-

7 positions the protein sequences were annotated as IPMS Archae (sequences 4-20) and CMS 

Archae (sequences 21-30). 

 

structural analysis the residues at β3-5 and β4-7 positions were substituted with the 

corresponding residues in MtIPMS (Figures 3.3, 3.4A and B).
20

 Since WT LiCMS does not 

accept KIV as a substrate, analysis of the contribution of the specific residues to substrate 

specificity (by comparing the ratios of substrate preference for the native vs non-native substrate 

for the WT and enzyme variants for MjIPMS and LiCMS) was not possible. However when we 

compare the decrease in substrate preference of native substrate for MjIPMS and LiCMS 

variants, the contribution of these residues is emphasized (Table 3.7). L81A at the β3-5 position 

of LiCMS (L92A MjIPMS) displayed a substrate preference for pyruvate vs KIV of ~tenfold. 

Considering the unacceptance of KIV by WTLiCMS, this residue was predicted to play a  
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Table 3.7 Native substrate preference in MjIPMS and LiCMS on mutating the residues on the β3 

and β4 sheets. 

 

Residue 

position 

β3-5∆alanine 

Variant(kcat/KM
native

)/ 

(kcat/KM
non-native

) 

β4-7∆valine 

Variant(kcat/KM
native

)/ (kcat/KM
non-

native
) 

MjIPMS 40.00 18.00 

LiCMS 11.05 192.31 

 

significant role in substrate binding. A significantly increased KM value for pyruvate in L81A 

LiCMS was in agreement with the results for MjIPMS proposing that the β3-5 position residue 

plays an important role in substrate binding for the CC-like subgroup. Residue interchange at the 

β4-7 position exhibited similar results to MjIPMS by affecting kcat values significantly but 

having negligible effect on the KM value for the native substrate. Comparing the results with 

MjIPMS and MtIPMS, it would be fair to conclude that the residue at this position probably 

plays a role in maintaining the architecture of the active site to ensure efficient catalysis rather 

than substrate binding.  

3.4.5 CMS1 and CMS3 Clusters have Different Mechanisms of Substrate Selection 

MjCMS displays substrate specificity identical to LiCMS. Based on the similarity in 

substrate selection MjCMS variants were predicted to behave like LiCMS variants. However the 

inefficacy of any substitutions to modify the substrate specificity proved otherwise. The F71 

residue mutation should have exhibited noticeable change in KIV activity. This absence of 

altered substrate selection in MjCMS suggests that making the active site larger to accommodate 

a bigger functional group is not enough in CMS1 cluster unlike CMS3 cluster. The steric 
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regulation by residues adjacent to the residues comprising the active site might be playing a 

crucial role in substrate accommodation for the CMS1 cluster.  

3.5 Conclusion 

This work attempts to understand the mechanism of substrate selection in the multifunctional 

IPMS1/CMS1/MAM cluster of the CC-like sub group. Rational design of mutations was used to 

alter substrate preference in MjIPMS and MjCMS. The 100-fold reduced substrate preference of 

MjIPMS variants for KIV revealed that the identity of residues at β3-5 and β4-7 positions is 

essential to IPMS selectivity. However we were still not able to convert MjIPMS into an efficient 

CMS. Conversely we were unable to modulate MjCMS binding site by any of the designed 

substitutions to coerce it into accepting KIV as its substrate. These results suggest that the 

mechanism of substrate regulation is not identical for different clusters in CC-like sub group. In 

addition to site directed mutagenesis, directed evolution techniques need to be employed to 

unearth the mechanism of substrate selection in the multifunctional IPMS1/CMS1 cluster of the 

DRE-TIM superfamily.  
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CHAPTER 4 

INVESTIGATION OF THE SUBSTRATE SPECIFIC CITRAMALATE SYNTHASE FROM 

METHANOCOCCUS JANNASCHII USING DIRECTED EVOLUTION 

4.1 Introduction 

Understanding the evolution of enzyme function has many implications for functional 

prediction and designing user-defined proteins.
1
 In an attempt to do so, bioinformatics, structural 

and kinetic studies are generally used to investigate mechanistically diverse enzyme 

superfamilies.
2
 This approach was applied to DRE-TIM metallolyase superfamily, which 

catalyzes carbon-carbon bond forming and breaking reactions via a common enolate 

intermediate formation.
3
 Using protein similarity networks (PSNs) the DRE-TIM superfamily 

was classified into four main subgroups on the basis of enzymatic activities, namely Claisen-

condensation-like (CC-like), aldolase-like, carboxylase-like, and lyase-like (Figure 1.7).  The 

CC-like subgroup is a functionally diverse subgroup of DRE-TIM metallolyase superfamily. A 

PSN of CC-like subgroup generated at a highly stringent E-value threshold cut off of 1 × 10
-80

 

indicates six primary sequence motifs breaking it into clusters of sequentially similar proteins - 

IPMS1/CMS1/MAM, IPMS2, CMS2, CMS3, HCS (Lys), and R-CS. At this threshold, each 

member of a cluster shares ~50% sequence identity with other members of the cluster, and <20% 

sequence identity with members of a different cluster. Previous investigation of the member 

enzymes of the CC-like subgroup revealed the conservation of the mechanism of regulation in 

the α-isopropylmalate synthase (IPMS) enzymes of the IPMS1/CMS1/MAM and IPMS2 

clusters, which share <20% sequence identity amongst them.
4
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In contrast to the previously investigated IPMS2 cluster which described the presence of 

functional conservation in sequentially diverse enzymes, the IPMS1/CMS1/MAM cluster of 

enzymes exhibited functional diversity in a sequentially similar group of enzymes.
4
 As described 

in chapter 3 investigation of member enzymes of the IPMS1/CMS1/MAM cluster divulged 

information about the mechanism of substrate selection. MjIPMS and MjCMS catalyze metal 

dependent condensation of different -keto acids, keto-isovalerate (KIV) and pyruvate on 

AcCoA, to form the first product in the biosynthesis of L-leucine and L-isoleucine, respectively 

(Scheme 3.1). These enzymes are also feedback regulated by their end products.
4
 However these 

sequentially similar enzymes (sharing ~50% sequence identity) exhibit distinct substrate 

preferences. While MjIPMS can use KIV as well as pyruvate (with a relatively low preference) 

as a substrate, MjCMS is very substrate specific and uses only pyruvate as its substrate.
5
 To 

study the mechanism of substrate selection in these enzymes, modelling tools of Chimera 

software were used to identify the active site residues in the vicinity of the substrate binding 

pocket. Structural analysis revealed that the difference in the identities of the fifth residue on the 

third β-sheet (β3-5) and seventh residue on the fourth β-sheet (β4-7) of MjIPMS and MjCMS 

seemed to be affecting substrate selection. Multiple sequence alignments indicated that IPMS 

and CMS enzymes of the IPMS1/CMS1/MAM subgroup exhibited differential conservation of 

residues at those positions. While IPMS enzymes had leucine and phenylalanine at β3-5 and β4-7 

positions respectively, CMS enzymes had phenylalanine and valine. Kinetic investigations of the 

β3-5 and β4-7 positions in MjIPMS by substituting the residues (L92 and F114) with the 

corresponding residues in MjCMS (F71 and V93) revealed that the identity of residues at these 

positions significantly affected the selectivity for KIV in MjIPMS. However site-directed 

mutagenesis to replace the residues at the β3-5 and β4-7 positions in MjCMS with the 
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corresponding residues present in MjIPMS was incapable of modulating the active site sterics 

well enough to make it accept KIV as a viable substrate. Since rationally designed substitutions 

were unable to identify the mechanism of substrate selection in CMS enzymes of the 

multifunctional IPMS1/CMS1/MAM cluster, additional tools and techniques are required. This 

project attempts to understand the mechanism of substrate selection in the highly specific 

MjCMS using directed evolution tools involving irrational design of enzyme variants and genetic 

selection for IPMS activity.  

 Natural evolution of enzymes produces a large variety of enzyme variants with distinct 

functions and efficiencies by re-using the same template. Directed evolution technique replicates 

the effect of natural evolution under laboratory conditions by repetitive gene mutagenesis 

followed by phenotype selection until the desired effect is observed.
6,7

 In comparison to rational 

design of variants, directed evolution has the advantage of producing unpredictable substitutions 

that can have a significant effect on the properties of enzymes. Investigations have shown 

directed evolution to be a successful technique to adapt enzymes to accept novel substrates and 

to explore the mechanisms and substrate specificities in various enzymes.
8,9

 The two random 

mutagenesis techniques employed in this work are site-saturation mutagenesis (SSM) and error-

prone PCR.  

 SSM is used for studying enzymes when residue positions critical for activity or 

specificity are known due to crystal structures or bioinformatic tools such as sequence 

alignments and phylogenetic trees.
10,11

 SSM is an effective technique when the selected residues 

are less than 6 Å from the substrate.
12

 SSM uses degenerate oligonucleotides to randomize the 

specific active site residues by allowing the substitution of 20 amino acids at that position. SSM 

also assists in providing unforeseen results. For example in the investigation of “old yellow 
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enzyme” from Sacchromyces pasteurianus it was predicted that the substitution of W116 with 

smaller amino acids would adapt the enzyme to accept large substrates.
13

 However, SSM at this 

site displayed that W116F and W116I variants of the enzyme were able to bind substrates in a 

way that the stereochemistry of the products was reversed compared to that of wild type-enzyme. 

Since in MjCMS residues less than 5 Å from the side chain of the substrate predicted to affect 

substrate selection have been identified, F71 and V93, and rationally designed substitutions were 

unable to affect its substrate preferences, SSM should be able to provide significant insight into 

the mechanism of functional specificity in these enzymes. 

While SSM works best for predicted residues in close proximity to the active site, error-

prone PCR (epPCR) is used to investigate effects of substitutions on residues distal to the active 

site, generally ~5-15 Å away.
14

 epPCR works by increasing the frequency of errors in DNA 

replication. The error rate is affected by a number of factors such as imbalanced dNTP 

concentrations and addition of Mn
2+

 for reducing base pair specificity.
6,15,16

 epPCR was 

successfully used to explore a P450 monooxygenase from Bacillus subtilis, CYP102A2.
17

 In 

CYP102A2 epPCR was able to show that a substitution at P15, a residue not in the immediate 

vicinity of the substrate binding pocket was able to improve its catalytic activity significantly. As 

described in chapter 3, investigation of the mechanism of substrate selection in MjCMS from the 

IPMS1/CMS1/MAM cluster of the CC-like subgroup was inconclusive using rational design of 

substitutions. Employing random mutagenesis methods of directed evolution should be able to 

provide significant insight into the mechanism of substrate selection for the CMS enzymes of the 

IPMS1/CMS1/MAM cluster. 
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4.2 Methods and Materials 

4.2.1 Materials 

Plasmids containing the MjCMS gene cimA Mj1392 were acquired from ATCC 

(Manassas, VA). Primers for amplification and synthesizing variants of cimA Mj1392 were 

obtained from Eurofins Genomics (Huntsville, AL). pBADHisA vector was obtained from Life 

Technologies. The leuA knockout strain of Escherichia coli (ΔleuA E. coli) of Keio collection 

was donated by Dr. Brian Miller’s lab at Florida State University. Plasmid DNA extraction kit 

was purchased from Omega. Gel and PCR clean up system was obtained from Promega. 

PfuTurbo Hot Start Master Mix was purchased from Life Technologies. GeneMorphII Random 

Mutagenesis Kit was obtained from Agilent Technologies. AcCoA and KIV were purchased 

from Sigma-Aldrich. 4,4’-Dithiodipyridine (DTP) was purchased from Acros Organics. All other 

reagents and buffers were obtained from VWR and were of the highest quality available. The 

HisTrap HP column was obtained from GE Healthcare. Competent BL21(DE3)pLysS E. coli 

cells were purchased from Life Technologies. Competent XL-10 Gold E. coli cells were 

purchased from Agilent Technologies.  

4.2.2 Selective Media Plates 

 M9 minimal media agar plates were used to select positive clones of the knockout strain 

competent cells. A 5X stock solution of M9 salts was made by adding 64 g of Na2HPO4.7H2O, 

15 g of KH2PO4, 2.5 g NaCl, and 5.0 g of NH4Cl to 1L of water. The 5X M9 salts solution was 

sterilized by autoclaving it for 15 minutes at 15 psi. For M9 minimal media plates 200 mL 5X 

M9 salts, and 15 g of Agar were added to water to make it a total volume of 980 mL. The media 

was sterilized by autoclaving it for 15 minutes at 15 psi. After removing it from the autoclave, it 

was allowed to cool to a temperature of ~55 °C with constant stirring. To the cooled media, 2 mL 
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of 1 M MgSO4, 0.1 mL of 1 M CaCl2, 20 mL of 20% glucose (w/v), 0.2% arabinose (as 

required), 0.2 mg/mL L-leucine (as required), and antibiotics (kanamycin and/or ampicillin as 

required) were added, followed by immediate pouring of plates. After the media hardened 

completely, the plates were stored at 4 °C.  

In addition to minimal media plates for selecting positive clones, selected colonies were 

also grown on LB Agar rich media plates with the appropriate antibiotics for optimal growth of 

cells.  To maintain consistency, for further reference the nomenclature of the plates will be as 

described in Table 4.1. 

4.2.3 Synthesis of Electrocompetent ΔleuA E. coli Strain 

 ΔleuA E. coli cells were streaked on M9 Agar (Kan) plates with and without 0.2 mg/mL 

of L-leucine supplement as positive and negative control, respectively. Contaminant free ΔleuA 

E. coli cells were used to synthesize electrocompetent ΔleuA E. coli cells. 5 mL LB with 

kanamycin (30 µg/mL) was inoculated with a colony of ΔleuA E. coli cells. The cultures were 

grown for 12-16 hours at 37 °C with shaking at 250 rpm. 2.5 mL of the overnight culture was 

used to inoculate 500 mL LB with kanamycin (30 µg/mL), and allowed to grow at 37 °C with 

shaking to an O.D.600 = 0.5-0.6. The cells were chilled on ice for 15 minutes, followed by 

harvesting for 20 minutes by centrifugation at 5000 × g at 4 
°
C. The cell pellet was resuspended 

in 5 mL ice-cold sterile water, followed by washing them twice with 500 mL ice-cold sterile 

water. The cells were washed again with 40 mL of ice-cold glycerol by mixing and centrifuging 

at 5000 × g at 4 
°
C for 10 minutes. The washed cells were resuspended in ice-cold 10% glycerol 

solution to a final concentration of 2 × 10
11

 cells/mL. Cells were aliquoted in prechilled 

centrifuge tubes (200 µL in each tube) and stored at -80 
°
C. 
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Table 4.1 Nomenclature of media plates for selecting/growing E. coli cells. 

Media Antibiotics Arabinose Nomenclature 

M9 Kanamycin - M9 Agar (Kan) 

M9 Kanamycin + M9 Agar (Kan/Ara) 

M9 Kanamycin, Ampicillin - M9 Agar (Kan/Amp) 

M9 Kanamycin, Ampicillin + M9 Agar (Kan/Amp/Ara) 

LB Kanamycin - LB Agar (Kan) 

LB Ampicillin - LB Agar (Amp) 

LB Kanamycin, Ampicillin - LB Agar (Kan/Amp) 

 

4.2.4 Cloning of MjCMS and MtIPMS in pBADHisA Vector 

 cimA Mj1392 (MjCMS) was PCR amplified from ATCC plasmid AMJHH70 (pUC18 

vector) using the PfuTurbo Hot Start Master Mix from Life Technologies. leuA from 

Mycobacterium tuberculosis (MtIPMS) was PCR amplified from a vector plasmid (pET 28). The 

primers used for amplification of MjCMS were 5’-TTTTT-CTCGAG-

ATGATGGTAAGGATATTTGATACAACAC-3’ (XhoI site italicized) and 5’-TTTTT-

GAATTC-TTAATTCAATAACATATTGATTCCTTCC-3’ (EcoRI site italicized). For the 

amplification of MtIPMS 5’-TTTTT-CTCGAG-GTGACAACTTCTGAATCGCCCGAC-3’ 

(XhoI site italicized) and 5’-TTTTT-GAATTC-CTAGCGTGCCGCCCGGTT-3’ (EcoRI site 

italicized) primers were used. The 50 µL PCR amplification was carried out with ~8 ng DNA 

template, 0.5 µM primers, and 25 µL of 2X MasterMix. The PCR product was purified, digested 

using restriction endonucleases, ligated into pBADHisA vector, and transformed into XL-10 

Gold E. coli cells. These cells were grown on LB Agar (Amp) plates as the pBADhisA vector 
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has ampicillin resistance. Overnight cultures were grown from single colonies, and plasmid was 

re-isolated and sent for sequencing to confirm the genetic integrity of the gene. The MjCMS-

pBADHisA plasmid was used as the parental template for mutagenesis. MtIPMS-pBADHisA 

plasmid was used as a positive control for growing the ΔleuA E. coli on M9 Agar 

(Kan/Amp/Ara) plates in the absence of L-leucine. 

4.2.5 Generation of Mutant Library by Site-Saturation Mutagenesis 

 A random saturation mutagenesis library at the selected codons for residues F71 and V93 

of MjCMS-pBADHisA plasmid was created using the QuikChange Lightning site-directed 

mutagenesis kit (Stratagene). The oligonucleotide primers used to introduce substitutions are 

listed in Table 4.2. The PCR protocol as recommended in the manufacturer’s manual was used. 

The PCR product was digested with DpnI enzyme and transformed into electrocompetent ΔleuA 

E. coli using an eporator. The electroporated cells were transferred onto M9 Agar 

(Kan/Amp/Ara) plates without L-leucine.  

4.2.6 Generation of Mutant Library by Random Mutagenesis by Error-Prone PCR 

 A random mutagenesis library was created using GeneMorphII Random Mutagenesis Kit 

(Stratagene). Primers used for PCR were 5’-TTTTT-CTCGAG-

ATGATGGTAAGGATATTTGATACAACAC-3’ (XhoI site italicized) and 5’-TTTTT-

GAATTC-TTAATTCAATAACATATTGATTCCTTCC-3’ (EcoRI site italicized). 800 ng of 

plasmid construct was used as DNA template. Twenty five amplification cycles were used in the 

PCR. The PCR product was purified, digested using restriction endonucleases, ligated into 

pBADHisA vector, and transformed into electrocompetent ΔleuA E. coli using an eporator. The 

electroporated cells were transferred onto M9 Agar (Kan/Amp/Ara) plates without L-leucine. 
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Table 4.2 Degenerate primers for SSM at F71, V93, and S45 positions in MjCMS. The codons 

for F71, V93, and S45 are replaced with the degenerate sequence NNK and MNN in the forward 

and reverse primers, respectively, where N = A, T, G or C, K = G or T, and M = A or C. 

 

Mutation Primer sequence 

F71X forward 5'-gaaggtttaaatgcagaaatctgctcaNNKgttagagctttacctgtagata-3' 

F71X reverse 5'-tatctacaggtaaagctctaacMNNtgagcagatttctgcatttaaaccttc-3' 

V93X forward 5'-gatgtagatagtgtccatttaNNKgtgccaacatctcc-3' 

V93X reverse 5'-ggagatgttggcacMNNtaaatggacactatctacatc-3' 

S45 forward 5'-gttgatgttatagaggcaggtNNKgctataacttcaaaaggag-3'    

S45 reverse 5'-ctccttttgaagttatagctgcaccMNNctctataacatcaac-3'     

 

4.2.7 Selection Methodology 

 Product plasmids were transformed into electrocompetent ΔleuA E. coli by 

electroporation. Transformants were grown M9 Agar (Kan/Amp/Ara) plates. MjCMS-

pBADHisA-ΔleuA E. coli cells are incapable of growing on selective media in the absence of 

any supplemented L-leucine. Colonies from the libraries of SSM and error-prone PCR that grew 

on selective media plates without L-leucine supplement were grown in 5 mL of LB containing 

kanamycin (30 µg/mL and ampicillin (100 µg/mL). The cultures were grown for 12-16 hours at 

37 °C with shaking at 250 rpm. Plasmid was re-isolated and sent for sequencing. 

4.2.8 Overexpression and Purification of MjCMS variants 

Sequenced plasmids were transformed in BL21(DE3)pLysS E. coli cells. The plasmid-

containing BL21(DE3)pLysS E. coli cells were grown in LB media with kanamycin (30 µg/mL) 

and ampicillin (100 µg/mL) at 37 °C until OD600 = 0.4, and then the temperature was reduced to 

18 
o
C. At OD600 = 0.8 the culture was induced with 0.2% arabinose and allowed to incubate 
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while shaking (250 rpm) for 12-16 hours at 18 °C. The cells were harvested by centrifugation at 

7000 × g for 10 minutes at 4 
°
C. Cell pellets were stored at -80 

°
C until purified. 

Frozen cell pellets were resuspended in lysis buffer (20 mM potassium phosphate (pH 

7.4), 0.5 M potassium chloride, 20 mM imidazole), lysozyme (0.25 mg/mL), 1 mM 

phenylmethylsulfonyl fluoride (PMSF), deoxyribonuclease (10 µg/mL) and 5 mM magnesium 

chloride. Cells were lysed by sonication and the supernatant was collected by centrifugation at 

34540 × g for 30 minutes at 4°C. The supernatant was heat treated by incubating in a water bath 

at 50 °C for 10 minutes followed by centrifugation 34,540 × g for 10 minutes at 4°C. The target 

protein was purified from the heat-treated supernatant using Ni
2+

 HisTrap column (5 mL) over a 

linear gradient with elution buffer (20 mM potassium phosphate (pH 7.4), 0.5 M potassium 

chloride and 1 M imidazole). Protein purity was checked by SDS-PAGE gel. Fractions 

containing MjCMS were pooled and dialyzed against 20 mM potassium phosphate (pH 7.4) and 

200 mM potassium chloride. Protein was concentrated by ultrafiltration to an approximate 

concentration of 100 µM). The concentrated protein was stored in 20% glycerol at -20°C. 

4.2.9 Kinetic Characterization of Selected MjCMS Variants 

Initial velocities were determined by detecting the formation of CoA by DTP at 324 nm 

(Ɛ = 19.8 mM
-1

 cm
-1

). The standard conditions for a typical reaction mixture for MjCMS reaction 

were 100 mM TEA (pH 7.56), 50 mM potassium chloride, 7.5 mM magnesium chloride, 50 µM 

DTP, and 5-10 times the KM value of the non-varied substrate (α-keto acid or AcCoA). Reactions 

were initiated by the addition of enzyme. 

4.3 Results and Discussion 

 As described in chapter 3, previous attempts to modulate the substrate selection in 

MjCMS from the IPMS1/CMS1/MAM cluster using rational design of mutations have been 
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unsuccessful. A different method was required to investigate the substrate selection mechanism 

in this enzyme. Directed evolution techniques are being increasingly used as an alternative to 

rational design because of their ability to produce unexpected substitutions. These novel enzyme 

variants end up having user-desired effects on enzyme properties such as altered stability, 

selectivity, or inhibition.
8-10,13,17

 The goal of this project was to adapt substrate specific MjCMS 

to accept KIV as its substrate using irrational design algorithm. Directed evolution involves the 

use of knockout strains of cells (cells with the target gene knocked out from the genome) as an 

approach to identify novel catalytic potential in enzymes. The knockout strain is complemented 

with a vector plasmid carrying the target gene and is grown on minimal media which has a 

normally unusable carbon source. These target sequences are generally mutated using various 

molecular biology tools and techniques. The mutated target genes that grow on minimal media 

can be selected for further characterization as they have successfully adapted to exhibit desired 

activity. 

 For this project ΔleuA E. coli cells of the Keio collection were used.
18

 ΔleuA E. coli cells 

is a strain of E. coli cells that has the leuA gene deleted from its genomic DNA. The leuA gene is 

replaced by a kanamycin resistance cassette in the genome of the ΔleuA E. coli cells. The leuA 

gene codes for IPMS in E. coli cells, which catalyzes the first step in L-leucine biosynthesis. Due 

to the absence of this gene, ΔleuA E. coli cells are unable to synthesize L-leucine. Hence these 

leucine auxotrophs do not grow on M9 Agar (Kan) plates unless the plates are supplemented 

with L-leucine or if the cells are contaminated. The vector plasmid used to complement ΔleuA E. 

coli cells was pBADHisA. pBADHisA is an L-arabinose inducible vector plasmid with an 

ampicillin resistance gene in its sequence. In principle, complementation of ΔleuA E. coli cells 

with a copy of pBADHisA vector which has a leuA gene cloned in its DNA sequence should 
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grow on M9 Agar (Kan/Amp/Ara) plates. These plates are supplemented with ampicillin to 

select for the vector plasmid, and with arabinose to induce expression of the target gene in the 

vector. This positive control would confirm the role of the leuA in the growth on the ΔleuA E. 

coli cells on selective media. cimA, the gene coding for the highly substrate specific MjCMS is 

the target gene of this investigation. Since MjCMS is unable to use KIV as its substrate to 

catalyze the first step in the biosynthesis of L-leucine, ΔleuA E. coli cells complemented with 

cimA gene carrying pBADHisA plasmid (cimA-pBADHisA-ΔleuA E. coli) should not grow on 

M9 Agar (Kan/Amp/Ara) plates. However on supplementing these plates with L-leucine, the 

cimA-pBADHisA-ΔleuA E. coli cells should grow on M9 Agar (Kan/Amp/Ara) plates. To 

generate a library of cimA mutants that has acquired the catalytic potential of leuA, SSM and 

epPCR tools were employed. The cimA-pBADHisA plasmid was used as a template for all 

random mutagenesis. These mutated genes in vector plasmids were transformed into ΔleuA E. 

coli cells and grown on M9 Agar (Kan/Amp/Ara) plates in the absence of L-leucine. The library 

that grew was selected and used for further characterization. 

4.3.1 Contaminant Free ΔleuA E. coli Cells 

 ΔleuA E. coli cells are kanamycin resistant as the leuA gene is replaced with a kanamycin 

resistance gene cassette. To grow these cells optimally, initially they were streaked on rich media 

LB Agar (Kan) plates. Since these cells are missing leuA gene, they should not grow on M9 Agar 

(Kan) plates in the absence of any L-leucine supplement. However on plating the ΔleuA E. coli 

cells on M9 Agar (Kan) plates, growth was observed. This growth was probably due to 

contamination in the ΔleuA E. coli cells. To separate the contamination from the ΔleuA E. coli 

cells, six single colonies were picked from the initial LB Agar (Kan) plate and streaked on 

separate LB Agar (Kan) plates. These single colonies were further streaked on M9 Agar (Kan) 
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plates. The colonies that did not grow on M9 Agar (Kan) plates were contaminant free. These 

colonies were used for all further experiments.  

4.3.2 Optimization of L-Leucine Concentration in Selective Plates 

 ΔleuA E. coli cells do not grow on M9 Agar (Kan) plates in the absence of L-leucine. In 

order to optimize the concentration of L-leucine to grow this knockout strain, 0.5 and 1 mg/mL 

of L-leucine was titrated into the plates. Although all the plates with L-leucine had ΔleuA E. coli 

cell colonies growing on them, plates with 0.5 mg/mL L-leucine grew more colonies than those 

with 1 mg/mL of L-leucine (Figure 4.1). 0.1 and 0.2 mg/mL of L-leucine was titrated into the 

plates to check if lower concentrations of L-leucine were favorable to the growth of the knockout 

strain,. While the cell growth on the plates with 0.2 mg/mL L-leucine was similar to the growth 

on the plates with 0.5 mg/mL L-leucine, plates with 0.1 mg/mL L-leucine had reduced growth. 

This suggested the relatively highest and lowest concentration of 1 and 0.1 mg/mL of L-leucine 

might be inhibitory to the growth of the knockout strain. Therefore a concentration of 0.2 mg/mL 

of L-leucine was selected to be the optimum concentration for maximum growth ΔleuA E. coli 

cells. 

4.3.3 Optimization of Arabinose Concentration for Inducing pBADHisA Vector 

 The pBADHisA vector is an ampicillin resistant L-arabinose inducible vector plasmid.
19

 

leuA and cimA genes were inserted into the pBADHisA vector for transforming them into ΔleuA 

E. coli cells. The leuA gene employed was from Mycobacterium tuberculosis. To optimize the 

concentration of L-arabinose for optimal expression of the gene, leuA-pBADHisA-ΔleuA E. coli 

cells were used. The leuA-pBADHisA-ΔleuA E. coli cells should be able to grow on M9 Agar 

(Kan/Amp/Ara) plates with optimal L-arabinose supplement to induce the expression of the leuA 

gene. Varied amounts of 0.0002%, 0.002%, 0.02%, 0.2%, 0.4%, and 0.6% L-arabinose were  
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Figure 4.1 Streaking ΔleuA E. coli cells on selective media with varied L-leucine titrations. Plate 

A and B have 1 and 0.5 mg/mL L-leucine respectively.   

 

titrated in M9 Agar (Kan/Amp/Ara) plates followed by streaking with leuA-pBADHisA-ΔleuA 

E. coli cells. The cells did not grow at all in the 0.0002% and 0.002% L-arabinose supplemented 

plates which suggested that these concentrations of arabinose were too low to induce gene 

expression. While the 0.2% L-arabinose supplemented plates had very sparse growth. 0.2%, 

0.4%, and 0.6% had significant growth. Since the growth in 0.2%, 0.4% and, 0.6% were similar, 

0.2% of L-arabinose was selected as the optimum concentration for maximum expression. 

4.3.4 Library by Site-Saturation Mutagenesis 

 Since all the conditions for the maximized growth of cells had been optimized, 

construction and selection of mutagenesis libraries was started. For MjCMS three 

complementary pairs of primers were designed for sequences surrounding residues S45, F71, and 

V93 encoded by codons TCA, TTT, AND GTA, respectively. Each of the codons was replaced 

with degenerate sequence NNK, where N = A, T, G, or C, and K = G or T. This 32 member 
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mixture encodes all 20 amino acids and one stop codon. The library of variants was selected by 

transforming the library into ΔleuA E. coli cells and growing it on M9 Agar (Kan/Amp/Ara) 

plates. Since cimA-pBADHisA-ΔleuA E. coli cells do not grow on these plates due to their 

inability to synthesize L-leucine, all the colonies of cells that grew must have developed a 

mechanism of synthesizing L-leucine (Figure 4.2 and 4.3). This suggested that the site-saturation 

mutagenesis generated MjCMS variants with substitutions that are altering its substrate 

specificity. 

Several colonies from the library were selected and sequenced. The sequencing results 

displayed several problems with the libraries. Binding of multiple oligonucleotide primers to the 

template DNA was observed in the sequence results. This led to shifting of the reading frame 

there by inserting stop codon early on in the sequence. On analyzing these short sequences it was 

observed that the catalytically important residue motifs of this enzyme subgroup such as HXH 

and GNGER motifs were missing. This absence of signature motifs indicated that these cimA 

mutants would not be able to catalyze the condensation of KIV with AcCoA. 

False positives were observed in the selection. For example, for the F71 residue in 

MjCMS, the library had multiple samples with phenylalanine residue at that position and still 

growing on the M9 Agar (Kan/Amp/Ara) plates without any L-leucine supplement. Similarly a 

previously unsuccessful substitution F71L was also observed in the library of positive clones on 

M9 Agar (Kan/Amp/Ara) plates. To confirm that these were not artifacts, plasmids were re-

transformed into ΔleuA E. coli cells and plated on M9 Agar (Kan/Amp/Ara) plates. The 

repeatable growth of these plasmids indicated that they were viable strains. To confirm the 

catalytic potential of the F71F and F71L MjCMS variants 
1
H-NMR spectroscopy was employed. 

The reaction between AcCoA and KIV was monitored in the presence of MjCMS variants under  
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Figure 4.2 Negative control of cimA-pBADHisA-ΔleuA E. coli cells on selective media without 

L-leucine supplement. 
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Figure 4.3 SSM on cimA-pBADHisA plasmid grew pink colonies on the selective media plates. 
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standard reaction conditions. The reaction conditions to monitor the reaction were 50 mM TEA 

buffer (pH = 7.8), 50 mM KCl, 7.5 mM MgCl2, 1 mM AcCoA, 1.1 mM KIV, and 80 µL D2O in 

a total volume of 800 µL.  The reaction was initiated by the addition of 100 µg of enzyme. No 

change in the concentration of substrates even after 24 hours verified that these were false 

positives. To confirm that these MjCMS variants were not inactivated by some unidentified 

factor, the reaction between AcCoA and pyruvate, the natural substrates of MjCMS, in the 

presence of F71F and F71L MjCMS variants was also monitored. This positive control verified 

that the MjCMS variants were active with pyruvate as substrate.  

In addition to the regular white ΔleuA E. coli cell colonies on the plates, there were pink 

colonies (Figure 4.3). To analyze these pink colonies they were grown in liquid LB with 

kanamycin and ampicillin (Figure 4.4). Their growth was inconsistent and only a few batches of 

those grew. From the ones that grew, plasmid DNA was extracted and sent for sequencing. These 

pink colonies were observed to have the mutated cimA-pBADHisA plasmid. 

4.3.5 In Vitro Characterization of Variants 

Other than the false positives, substitutions observed for the F71 position were - lysine, 

methionine, isoleucine, and tyrosine. Similarly the V93 position had proline, asparagine, 

arginine, and threonine substitutions. These substituted MjCMS enzymes seemed to be 

promising candidates for having developed novel enzymatic activity of using KIV as a substrate. 

MjCMS V93 position substituted with proline, asparagine, arginine, and threonine were selected 

for in vitro characterization. V93N and V93P MjCMS variants were overexpressed, purified and 

kinetically characterized using the DTP coupled assay. V93N and V93P MjCMS were screened 

for activity with pyruvate and KIV. For pyruvate as its substrate, the variants V93N and V93P 

MjCMS exhibited a reaction rate of 0.9 min
-1

 and 1.35 min
-1

, respectively in the presence of 1  
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Figure 4.4 Inconsistent growth of pink colonies in LB media. A) Batch of pink colonies not 

growing. B) Batch of pink colonies growing at different rates. C) Harvested cells of a pink 

colony. 

 

mM pyruvate and 100 µM AcCoA under normal reaction conditions. However the V93N 

MjCMS did not show any activity with KIV as its substrate up to a concentration of 5 mM. This 

suggested that the V93N MjCMS variant was a false positive. On the other hand, the V93P 

MjCMS variant was observed to have some activity with KIV as its substrate. Although the rate 

of the reaction was very low (~0.1-0.2 min
-1 

for KIV concentrations ranging from 2.5 mM to 15 

mM), there was a definite effect on the substrate specificity of MjCMS.  

4.4 Conclusion 

 In an attempt to overcome the inability of the rationally designed substitutions in 

modulating the MjCMS active site, directed evolution random mutagenesis techniques were 

employed. SSM was successful in providing initial candidates of MjCMS variants with slightly 

altered substrate selectivity. Generating and screening larger number of libraries by SSM and 
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epPCR would help in identification of residues both proximal and distal to the active site, 

affecting substrate preference in MjCMS. Robust characterization of these libraries should be 

able to provide significant insight into the mechanism of substrate selection for CMS enzymes of 

the IPMS1/CMS1/MAM cluster. 
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CHAPTER 5 

BIOCHEMICAL CHARACTERIZATION OF THE RETAINING 

GLYCOSYLTRANSFERASE GLUCOSYL-3-PHOSPHOGLYCERATE SYNTHASE FROM 

MYCOBACTERIUM TUBERCULOSIS 

(Adapted with permission from Kumar, G., Guan, S., and Frantom P. A. Biochemical 

characterization of the retaining glycosyltransferase glucosyl-3-phosphoglycerate synthase from 

Mycobacterium tuberculosis. Arch Biochem Biophys. 2014;564:120-127. Copyright 2015, 

Elsevier) 

5.1 Introduction 

5.1.1 Significance of MGLPs In Mycobacterium tuberculosis 

Mycobacterium tuberculosis continues to be one of the world’s most deadly pathogens, 

accounting for over one million deaths annually.
1
 The combination of a synergistic relationship 

with HIV co-infection and the rapid development of drug resistant strains necessitates the 

development of new treatment options for infected individuals. An area of exploitation involves 

the targeting of biosynthetic pathways unique to the organism. One such biosynthetic pathway 

characteristic of mycobacterium species is the biosynthesis of cytoplasmic methylated 

polysaccharides.
2
 These polysaccharides are unique to mycobacteria and contain methylated 

hexoses thereby having slight hydrophobic properties. In M. tuberculosis methylglucose 

lipopolysaccharide (MGLP) has been identified as an important methylated polysaccharide.  

MGLPs are made up of 16-20 hexose units that have esterified acetate, propionate, 

isobutyrate and octanoate and a variable content of succinic acid (Scheme 5.1).  In vitro these 



 

118 

 

 

Scheme 5.1 MGLP structure where R, R’, and R’’ are acyl groups. R’, acetate, propionate, or 

isobutyrate; R, octanoate; and R’’, succinate. 
 

 polysaccharides are found to form stable compounds with medium and long chain fatty acids 

and acyl-CoAs and stimulate the activity of the fatty acid synthase I suggesting that these 

polysaccharides are important regulators of fatty acid metabolism in mycobacteria.
3,4

 Due to 

their significance in the physiology of mycobacteria, the enzymes involved in the biosynthesis of 

these unique polysaccharides are perceived as a source of potential antigens and targets for new 

vaccines, diagnostics, and drugs for tuberculosis. 

The putative precursor for MGLP synthesis in M. tuberculosis is the small molecule 

glucosylglycerate (GG). This functionalized monosaccharide is a versatile molecule existing as a 

free organic solute in bacteria and archaea, where it accumulates under combined osmotic stress 

and nitrogen starvation.
3
 In M. tuberculosis the biosynthesis of GG has been shown to occur 

through a two-step process involving the synthesis of glucosyl-3-phosphoglycerate (GPG) from 

UDP-glucose and 3-phosphoglycerate (3-PGA) by the enzyme glucosyl-3-phosphoglycerate 

synthase (GpgS) encoded by Rv1208 (Scheme 5.2) and its subsequent dephosphorylation by 

glucosyl-3-phosphoglycerate phosphatase (GpgP) encoded by Rv2419.
5-7
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Scheme 5.2 Reaction catalyzed GpgS. 

 

5.1.2 Classification of GpgS 

 GpgS, catalyzing the first step in the biosynthesis of MGLPs, belongs to the 

glycosyltransferase family of enzymes.
8,9

 Glycosyltransferases catalyze the transfer of sugar 

from nucleotide sugar and lipid-phosphosugar donors to acceptor substrates including 

saccharides, proteins, lipids, organic molecules, and deoxyribonucleic acids. Similar to other 

enzymes, glycosyltransferases are classified into families on the basis of sequence similarity.
10,11

 

As of 2014, 90 distinct families are known. However, structural characterization of 

representatives of these families revealed that only two general folds, namely GT-A and GT-B 

have been observed in the known structures of these glycosyltransferases.
11-13

 The GT-A fold 

consists of an open twisted β-sheet surrounded by α-helices on both sides (Figure 5.1A).
14-16

 

These folds, also known as Rossmann-like folds, are typical of nucleotide binding proteins and 

lead to formation of a continuous central β-sheet due to the tight association of two β/α/β 

domains. The GT-A enzymes also mostly possess a DXD motif in which the carboxylates 

generally coordinate a divalent cation and/or a ribose.
17,18

 GT-B fold is similar to the GT-A fold, 

with two β/α/β Rossmann domains linked together although more flexibly (Figure 5.1B).
19

  

On the basis of the stereochemical configuration of the product, glycosyltransferases are 

also classified as retaining or inverting with respect to the anomeric configuration of the donor 

substrate (Scheme 5.3).
11,20

 Mechanistic investigations of inverting glycosyltransferases show  
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Figure 5.1 Overall folds of glycosyltransferase enzymes. A) GT-A fold represented by a 

retaining GpgS from Mycobacterium tuberculosis (pdb id: 4dec), and B) GT-B for represented 

by retaining MshA from Corynebacterium glutamicum (pdb id: 3c4v).  

 

 

 
 

Scheme 5.3 Reaction schematic of inverting and retaining glycosyltransferases. 

Glycosyltransferases catalyze the transfer of glucosyl group with either inversion or retention of 

the anomeric stereochemistry with respect to the donor sugar. Adapted from reference 20. 
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that they use a direct displacement SN
2
-like reaction mechanism that results in an inverted 

anomeric configuration of product.
14,21

 However the mechanism of retaining glycosyltransferases 

is still not clear.
20

 The first mechanism proposed for these retaining glycosyltranferases was a 

double-displacement mechanism that forms a discrete enzyme stabilized oxocarbenium ion 

intermediate which is shielded on one side by the enzyme, thereby making the nucleophilic 

attack impossible on the other side.
22,23

 This explained the retention of configuration in the 

product. However the absence of a stringently conserved active site moiety that might play a role 

in protecting a side of the substrate, suggested the presence of a different mechanism. Another 

mechanism that seems to fit the best is one which involves the formation of discrete ion pair 

intermediates (Scheme 5.4).
24,25

 This mechanism is known as SNi where “i” stands for internal 

return. In SNi
 
the ion pair intermediate is proposed to need a backside nucleophilic “push” by the 

enzyme without actual covalent interaction. This ion pair can then undergo an attack on the front 

by an incoming nucleophile, leading to a product with same stereochemistry as the substrate. 

5.1.3 Structural Investigation of MtGpgS 

Glycosyltransferases are organized in 90 distinct families on the basis of sequence 

identities.
10,11

 GpgS belongs to the GT-81 family of retaining glycosyltransferases.
26

 In M. 

tuberculosis, GpgS is predicted to be essential for growth while disruption of the gene encoding 

GpgS in M. smegmatis resulted in bacteria with a severely deficient growth rate.
6,27

 Predicted 

GpgS enzymes from several organisms have been recombinantly expressed and characterized 

including multiple Mycobacterium species
5
, Methanococcoides burtonii

28
,  and the thermophile 

Persephonella marina
29

. The structures revealed that all GpgS enzymes utilizes a GT-A fold 

with the canonical DXD motif and a required divalent cation. All characterized enzymes exhibit  
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Scheme 5.4 Proposed SNi mechanism for the retaining glycosyltransferases. Adapted from 

reference 20. 

optimum activity between pH 7-8. The three-dimensional structures of GpgS from M. 

tuberculosis
8,9

 and Mycobacterium paratuberculosis
30

 have also been reported.  

MtGpgS exists as a homodimer and has the conserved DXD motif to coordinate the 

divalent metal cation (D134-S135-D136) (Figure 5.2). Recent biophysical and structural studies 

of MtGpgS indicate the importance of a flexible loop in the active site.
8
 This loop (residues 256-

263, linking β8 and α9) connects the acceptor binding domain and the C-terminal binding 

domain. This loop was observed to adopt catalytically active and inactive conformations named  
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Figure 5.2 Overall structure of MtGpgS. A) Overall structure of MtGpgS in complex with 

Mn
2+

.UDP.PGA (pdb id: 4dec). The core of the protein has a continuous β-sheet flanked by -

helices on either side. The sugar donor-binding domain is colored orange and the acceptor-

binding domain is colored yellow. The second monomer is shown in pink. B) Structural 

comparison of the catalytic loop as observed in the ternary complex Mn
2+

.UDP.PGA (red) and in 

its inactive conformation LI in the apo-form (blue) (pdb id: 4ddz).
8
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LA and LI, respectively. Detailed analysis highlighted the significance of four residues R256, 

A257, H258, and R261 in the L loop. In the inactive form, R256 makes hydrogen bonds with the 

side chain OH of D136 (of the conserved DXD motif), and D212. R261 forms a hydrogen bond 

with the side chain of Y229. H258, another highly conserved and catalytically important residue, 

coordinates to the divalent metal ion in GpgS as well as other GT-A enzymes. However, in the LI 

conformation, H258 has van der Waals interactions with the side chain of Y165 making it unable 

to coordinate to the divalent metal ion. 

Although much information is known about the structure of MtGpgS, a robust kinetic 

characterization of the enzyme is still lacking. This project employs steady-state kinetics and 

dead-end inhibition studies to establish the kinetic mechanism for GpgS. Additionally, pH rate 

profiles, solvent isotope effects, and solvent viscosity effects were used to provide catalytic 

details yet to be reported for GT-81 family members. Finally, site-directed mutagenesis has been 

utilized to probe how active site residues participate in catalysis.  

5.2 Materials and Methods 

5.2.1 Materials 

Primers for amplification and mutagenesis of Rv1208 were obtained from Eurofins 

Genomics (Huntsville, AL). UDP-Glucose was purchased from Merck Millipore (Billerica, MA). 

3-phosphoglycerate, NADH and phosphoenolpyruvate (PEP) were purchased from Sigma-

Aldrich (St. Louis, MO). The coupling enzymes pyruvate kinase (PK) and lactate dehydrogenase 

(LDH) were obtained from Roche Diagnostics (Indianapolis, IN). The HisTrap HP and the Q 

Sepharose HP column were obtained from GE Healthcare (Piscataway, NJ). Competent E. coli 

cells (BL21(DE3)pLysS and XL-10Gold) were purchased from Invitrogen (Grand Island, NY). 

All other reagents were obtained from VWR (Radnor, PA). 
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5.2.2 Amplification and Overexpression of MtGpgS 

Amplification of Rv1208 (gene encoding GpgS) was performed as previously described 

with the exception that the amplified gene was cloned into pET28 and transformed into 

BL21(DE3)pLysS E. coli cells.
9
 The plasmid-containing BL21(DE3)pLysS E. coli cells were 

grown in LB media at 37 
°
C until OD600 = 0.8, induced with 0.5 mM isopropyl -D-1-

thiogalactopyranoside, and allowed to incubate at 30
°
C while shaking for 8 hours. Cells were 

harvested by centrifugation at 7000 g for 10 minutes at 4 
°
C. 

5.2.3 Enzyme Purification 

Cell pellets (3-4 grams) were resuspended in lysis buffer (20 mM sodium phosphate (pH 

7.4), 0.5 M sodium chloride, and 20 mM imidazole), lysozyme (0.25 mg/mL), 1 mM 

phenylmethylsulfonyl fluoride (PMSF), deoxyribonuclease (10 µg/mL) and 5 mM magnesium 

chloride. Cells were then lysed by sonication, and the supernatant was collected by 

centrifugation at 34540  g for 30 minutes at 4 
°
C. The target protein was purified from the 

supernatant using Ni
2+

 HisTrap column (5 mL) with a linear gradient over 20 column volumes of 

elution buffer (20 mM sodium phosphate (pH 7.4), 0.5 M sodium chloride, and 1 M imidazole). 

Protein expression and purity was checked by SDS-PAGE. Fractions containing the desired 

protein were pooled and dialyzed against 20 mM sodium phosphate (pH 7.4). The protein was 

further purified using anion exchange Q Sepharose HP column equilibrated with 20 mM sodium 

phosphate (pH 7). Enzyme was eluted with a linear gradient of elution buffer (20 mM sodium 

phosphate (pH 7), and 1 M sodium chloride) over 20 column volumes. The purest fractions were 

pooled and dialyzed against 20 mM sodium phosphate (pH 7.4) and 200 mM sodium chloride. 

Protein was concentrated by ultrafiltration to an approximate concentration of 150 µM. Glycerol 

was added as a cryoprotectant (20%), and the enzyme was stored at -20 °C. 
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5.2.4 Enzyme Assays 

Standard conditions for a typical reaction mixture were 50 mM triethanolamine (TEA) 

(pH 7.8), 100 µM NADH, 250 µM phosphoenol pyruvate (PEP), 20 mM magnesium chloride, 

20 units of pyruvate kinase (ammonium sulfate suspension) (PK), and 55 units of lactate 

dehydrogenase (ammonium sulfate suspension) (LDH), and saturating concentration of the non-

varied substrate (UDP-glucose or 3-PGA) in a 1mL reaction at 25
°
C. Reactions were initiated by 

the addition of enzyme. The formation of UDP was measured by using the PK-LDH coupled 

assay at 340 nm (Ɛ=6.22mM
-1

cm
-1

).
31

 The effect of pH on catalysis was determined using 2-(N-

morpholino)ethanesulfonic acid (MES) for pH 5.5-7 and Tris-HCl for pH 7-9. Experiments were 

performed with buffers having overlapping pH values. pD profiles were determined in the same 

buffer systems with all components of the assay in D2O except the coupling enzymes and the 

GpgS dilution (98% deuterium oxide overall). Buffers made in D2O had their pD values 

determined using a standard pH electrode and adding 0.4 to the pH value.
32

 Solvent viscosity 

studies were performed at varied concentrations of sucrose (9% w/v, 18% w/v, and 27% w/v) in 

addition to the standard reaction conditions. Relative viscosities for sucrose were calculated as 

previously described.
33

 A control reaction using the macroviscogen PEG-8000 (18% w/v) was 

performed. The amount of coupling enzyme was doubled under all extreme conditions of 

viscosity and pH to ensure the GpgS reaction remained rate-limiting. 

5.2.5 Site-Directed Mutagenesis 

QuikChange Lightning site-directed mutagenesis (Stratagene) was used to create point 

mutations in the pET28::Rv1208 plasmid. Oligonucleotide primers used to introduce each 

substitution are listed in Table 5.1. Product plasmids were sequenced (Eurofins Genomics, 

Huntsville, AL) to confirm the presence of the desired mutation. The plasmids with positive  
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Table 5.1 Primers used for site-directed mutagenesis of MtGpgS. 

 

Primer Sequence (5’ to 3’) 

K114A Forward cggtacggcccggcgcaggtgaggcattgt 

K114A Reverse acaatgcctcacctgcgccgggccgtaccg 

D134A Forward catcgtggtgttcatcgcctcagacctgatcaacc 

D134A Reverse ggttgatcaggtctgaggcgatgaacaccacgatg 

D136A Forward gtgttcatcgactcagccctgatcaacccgcac 

D136A Reverse gtgcgggttgatcagggctgagtcgatgaacac 

T187A Forward gcgggagggtcgccgagctggtg 

T187A Reverse caccagctcggcgaccctcccgc 

E232A Forward ggctacggcgtggcgatcggcctcttg 

E232A Reverse caagaggccgatcgccacgccgtagcc 

R256A Forward  caggtcaacttgggcgttgcggcgcaccgt 

R256A Reverse  acggtgcgccgcaacgcccaagttgacctg 

H258A Forward  ggcgttcgggcggcccgtaaccggcc 

H258A Reverse  ggccggttacgggccgcccgaacgcc 

R261A Forward  gggcgcaccgtaacgcgcccctagacga 

R261A Reverse tcgtctaggggcgcgttacggtgcgccc 

 

results were then transformed in to BL21(DE3)pLysS E. coli cells. The GpgS variants were 

overexpressed and purified similar to wildtype GpgS. 
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5.2.6 Data Analyses  

Kinetic parameters were determined by fitting initial velocities to the Michaelis-Menten 

equation (equation 1) using Kaleidagraph (Synergy Software, Reading, PA) where [S] is the 

concentration of the substrate being varied, Km is the Michaelis-Menten constant, and kcat is the 

maximal turnover number. For the initial velocity plots when both the substrates were varied, 

intersecting initial velocity plots were fit to equation 2 using Grafit (Erithacus Software) where 

[A] and [B] are the concentrations of the substrates, KA and KB are the Michaelis-Menten 

constants for the first and second substrates to bind, respectively, and K’A is the dissociation 

constant of the first substrate from the binary EA complex. Substrate inhibition data were fitted 

to equation 3 to determine the inhibition constant where Ki is the inhibition constant for 3-PGA. 

Inhibition data showing competitive, noncompetitive or uncompetitive patterns in double 

reciprocal plots were fitted to equation 4, 5, and 6, respectively. In the equations, [I] is the 

concentration of the inhibitor added to the reaction. Inhibition data showing S-parabolic 

noncompetitive inhibition were fit to equation 7, where pH profiles indicating a single ionizable 

group were fit to equation 8. In equation 8, x is either kcat or kcat/KM, [H
+
] is the hydrogen ion 

concentration and Ka is the association constant for the ionizable group. Solvent viscosity effects 

were determined by a plot of the relative viscosity of the solution versus the relative velocity 

(velocity in water/velocity in viscogen) for the reaction.  
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5.3 Results 

5.3.1 Steady State Kinetics 

In order to characterize MtGpgS, a PK-LDH coupled assay was employed to determine 

the production of UDP by following the production of UDP linked with NADH
 
consumption.

31
 

The kcat value for the MtGpgS catalyzed reaction is 49 ± 2 min
-1

 and Km values for UDP-glucose 

and 3-PGA are 820 ± 60 µM and 200 ± 30 µM, respectively (Figure 5.3). Substrate inhibition is 

observed for 3-PGA at higher concentrations (5 mM – 30 mM) when UDP-glucose is saturating 

(Figure 5.4A). In order to investigate the mechanism of substrate inhibition Lineweaver-Burk 

plots at varying concentrations of UDP-glucose and fixed inhibiting (15 mM and 25 mM) and 

non-inhibiting concentrations of 3-PGA (0.5 mM, 1 mM) were plotted (Figure 5.4B). The 

intersecting nature of the plot at inhibitory concentrations suggests that both the substrates bind 

at the same site.  
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Figure 5.3 Michaelis-Menten plots for MtGpgS. Initial velocity for A) 3-PGA and B) UDP-

glucose were determined as described in methods and materials. The velocities obtained for each 

substrate are represented by ●. Solid lines are from the data fit to equation 1.  

 

 

Figure 5.4 Kinetics of MtGpgS substrate inhibition by 3-PGA. A) Kinetics of substrate inhibition 

by 3-PGA were determined as described in methods and materials. The solid line is from the data 

fit to equation 3.  B) Lineweaver Burk plot for substrate inhibition. Concentrations of UDP-

glucose were varied at fixed non-inhibiting concentrations of 0.5 mM (○) and 1 mM (●) and 

inhibiting concentrations of 15 mM (■) and 25 mM (♦) concentrations of 3-PGA. 
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Initial velocity studies were performed to characterize the kinetic mechanism of MtGpgS. 

An intersecting initial velocity pattern is obtained by varying the concentration of 3-PGA (at 

non-inhibiting levels) at fixed variable concentrations of UDP-glucose (Figure 5.5). In order to 

determine the kinetic mechanism of MtGpgS, dead end inhibition studies with UMP (UDP-

glucose analogue) and 3-phosphopropionic acid (3-PPA, 3-PGA analogue) were performed. For 

this set of experiments, 3-PGA and UDP-glucose were kept at concentrations equal to their 

respective KM values when used as the non-varied substrate. The resulting Lineweaver-Burk 

plots are shown in Figure 5.6 and the results are summarized in Table 5.2. In support of a 

competitive substrate inhibition mechanism, 3-PPA exhibited S-parabolic noncompetitive 

inhibition versus 3-PGA resulting in a non-linear slope replot (Figure 5.7). This result suggests 

that two molecules of 3-PPA can bind to MtGpgS to create an EI2 complex. 

5.3.2 Kinetic Parameters Dependence on pH 

To investigate the pH dependence of kcat and kcat/Km for UDP-glucose, assays were 

performed in a range of pH 5.5-9.0. To avoid complications from substrate inhibition, the 

concentration of 3-PGA was held at 2 mM (10X KM). The kcat vs pH profile exhibits a single pKa 

value (6.3  0.1) corresponding to a residue that must be deprotonated for full activity (Figure 

5.8A). The kcat/KUDP-glu profile displays a decrease in efficiency of the enzyme at lower pH, with 

a slope of 1 (Figure 5.8B). The fit of data to equation 7 indicates the presence of a single 

ionizable residue with a pKa value of 7.1 ± 0.1. Due to elevated Km values for UDP-glucose at 

lower pHs, the pH profile for varied 3-PGA concentrations was not performed. 

5.3.3 Solvent Kinetic Isotope Effects on Kinetic Parameters 

Reactions in D2O were performed over a pD range of 6-9 with varied concentrations of 

UDP-glucose (closed squares in Figure 5.8). The pKa value measured for kcat undergoes a shift  
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Figure 5.5 Initial velocity plot for 3-PGA vs. UDP-glucose. Initial velocity pattern for MtGpgS 

catalyzed reaction where 3-PGA was varied at fixed concentrations of UDP-glucose where 50 

µM is represented by ○, 100 µM is represented by ●, 250 µM is represented by □ and 1000 µM 

is represented by ■. Solid lines are from the data fit to equation 2 using Grafit. 

 

when performed in D2O to 7.0 ± 0.1, while the pKa value associated with kcat/KM remains 

unchanged within error. Comparisons of the maximal values determined by fits of the data to 

equation 7 can be used to calculate both the 
D2O

kcat and 
D2O

kcat/KM values. Significant effects are 

seen on both parameters with a 
D2O

kcat value of 2.1 ± 0.3 and a 
D2O

kcat/KM value of 3.3 ± 1.3.   

5.3.4 Solvent Viscosity Effects on Kinetic Parameters 

To check for the viscosity effect from D2O on the rate of reaction various concentrations 

of sucrose were used to measure the effect of changes in solvent viscosity. The relative maximal 

velocities obtained at saturating concentrations of the substrates were plotted against relative 

viscosities (Figure 5.9). The plot of sucrose gives a slope of 0.29 ± 0.01. To check for changes in 

the dielectric constant induced by the viscogens, an assay was performed in the macroviscogen  
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Figure 5.6 Dead-end inhibitor patterns for MtGpgS. The assays were performed as described in 

the methods and materials. A) UDP-glucose vs varied concentrations of UMP (No inhibitor (○), 

50 µM (●), 100 µM (□), 250 µM (■) and 500 µM (∆). Solid lines are generated by fitting the 

data to equation 4 for competitive inhibition. B) 3-PGA vs varied concentrations of UMP (No 

inhibitor (○), 100 µM (●), 250 µM (□) and 500 µM (■). Solid lines are generated by fitting the 

data to equation 6 for uncompetitive inhibition. C) UDP-glucose vs varied concentrations of 3-

PPA (No inhibitor (○), 10 mM (●), 20 mM (□) and 30 mM (■). Solid lines are generated by 

fitting the data to equation 4 for competitive inhibition. D) 3-PGA vs varied concentrations of 3-

PPA (No inhibitor (○), 25 mM (□), 40 mM (■) and 50 mM (●). Solid lines are generated by 

fitting the data to equation 5 for S-parabolic noncompetitive inhibition. Kinetic parameters 

determined from these fits can be found in Table 5.2. 
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Table 5.2 Kinetic parameters for dead-end inhibitors of MtGpgS
a
 

Varied Substrate Inhibitor Pattern kcat (min
-1

) KM (µM) Ki (mM) 

UDP-glucose UMP C 25.6  0.4 450  40 0.21  0.02 

UDP-glucose 3-PPA C 7.6  0.1 540  40 21  3 

3-PGA UMP UC 31  1 240  10 0.22  0.01 

3-PGA 3-PPA S-parabolic 

NC 

21  1  580  70 48  7 (Kis) 

45  8 (Kii) 

a
experiments performed as describe in methods section 

 

  

Figure 5.7 Slope replot for 3-PPA versus 3-PGA dead-end inhibition. Data points are from 

individual analysis of each reciprocal plot in Figure 5.6D. Solid lines are calculated slopes using 

the results from a global fit of the data in Figure 5.6 D to equation 7. 
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Figure 5.8 pL rate profile for MtGpgS. The kcat (A) and kcat /Km (B) were determined at various 

pH (●) and pD () values. The data are fit to equation 8 represented by the solid line.  
 

 

 

Figure 5.9 Viscosity effects of sucrose on the reaction catalyzed by MtGpgS. The relative 

velocity determined at the relative viscosity of the viscogen is represented by ●. The solid line 

represents a fit of the data to a linear equarion. There are two data points for each relative 

viscosity; however, they are obscured by overlap. 
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PEG-8000 (18%). The kinetic parameters determined matched those determined in the absence 

of any viscogen ruling out the effect of a changed dielectric constant. 

5.3.5 Site-Directed Mutagenesis 

To investigate the proposed roles for various amino acids in the GpgS active site (Figure 

5.10), alanine-scanning site-directed mutagenesis was employed to create enzyme variants. 

Kinetic parameters determined for wildtype GpgS and each of the variants are reported in Table 

5.3. Substitution of either of the canonical GT-A D134XD136 aspartic acids with alanine resulted 

in enzyme variants without detectable activity. Substitution of several basic residues along a 

flexible loop covering the active site resulted in various types of catalytic impairment. Of the 

residues on the loop, alanine substitution at R256 resulted in active enzyme; however, Km values 

for the substrates were elevated such that only second-order rate constants (kcat/Km) could be 

determined. The values determined while varying UDP-glucose and 3-PGA were reduced 600- 

and 2400-fold, respectively, relative to the values determined for wildtype GpgS. Substitution of 

H258 with alanine resulted in an enzyme with 25-40-fold increases in KM values relative to 

values determined with the wildtype enzyme but did not perturb the kcat value. Substitution of 

R261 resulted in an enzyme with kinetic parameters not drastically different than those 

determined for wildtype GpgS. 

Three residues previously predicted to be involved in substrate recognition were also 

investigated. T187 is proposed to interact with the carboxylate group of 3PGA.
9
 However, when 

the residue is substituted with alanine, changes in the Km values for either substrate are minor. 

Surprisingly, T187A GpgS exhibits a 100-fold decrease in the value of kcat relative to the value 

determined with wildtype GpgS. K119 and E232 are proposed to form hydrogen bonds with the  
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Figure 5.10 MtGpgS active site residues investigated by site-directed mutagenesis. The active 

site of MtGpgS is shown in brown (pdb id: 4dec). A molecule of UDP-glucose is shown in the 

active site based on a structural superimposition with GpgS from M. avium (pdb id: 3ckq). 

Residues selected for substitution are labeled. The active site Mn
2+

 ion is shown in purple. Figure 

created with Chimera. 

 

 

Table 5.3 Kinetic parameters for MtGpgS variants.
a 

 

Enzyme kcat (min
-1

) KUDP-glucose  

(mM) 

kcat/KUDP-glu 

(mM
-1 

min
-1

) 

K3-PGA 

(mM) 

kcat /K3-PGA 

(mM
-1

 min
-1

) 

WT 50 ± 2 0.80 ± 0.06 70 ± 5 0.20 ± 0.03 215 ± 25 

D134A ND
b
 ND ND ND ND 

D136A ND ND ND ND ND 

T187A 0.70 ± 0.03 0.48 ± 0.07 1.43 ± 0.16 0.74 ± 0.09 0.85 ± 0.09 

E232A 50 ± 2 0.58 ± 0.03 76.6 ± 3.6 0.25 ± 0.03 205 ± 20 

R256A ND ND 0.11 ± 0.01 ND 0.09 ± 0.01 

H258A 45 ± 5 20 ± 2 2.30 ± 0.11 8 ± 1 2.06 ± 0.20 

R261A 23 ± 1 1.5 ± 0.1 14.9 ± 0.8 1.1 ± 0.1 18.5 ± 1.3 

a
Experimental conditions as described in Materials and Methods. 

b
Not detectable. The limit of 

detection for the PK-LDH coupled assay is < 0.2 min
-1

 at 1 µM enzyme. 
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C-3, C-4 and C-6 hydroxyl groups of UDP-glucose.
9
 Substitution of K119 with alanine resulted 

in mis-folded and insoluble enzyme, so kinetic characterization of this enzyme variant is not 

possible. The E232A enzyme variant exhibited kinetic parameters similar to those determined for 

wildtype GpgS.    

5.4 Discussion 

GpgS catalyzes the first step in the biosynthesis of methylated lipopolysaccharides found 

in actinomycetes. As this family contains the global pathogen M. tuberculosis, characterization 

of enzymes involved in unique biosynthetic pathways provide insight into the design of novel 

therapeutics. Previously, the basic characterization of GpgS from several organisms has been 

reported.
5,28,29

 All of these reports utilized a TLC-based assay following the transfer of 

radiolabeled glucose from UDP-glucose to the glucosylglycerate product. Here we utilize a 

continuous spectrophotometric assay to follow the activity of MtGpgS. The kinetic parameters 

determined using the continuous assay are equivalent to or better than those previously reported.  

5.4.1 Kinetic Mechanism of MtGpgS 

MtGpgS catalyzes the transfer of glucose from UDP-glucose to 3-PGA to form glucosyl-

3-phosphoglycerate. The intersecting Lineweaver-Burk plot is consistent with a sequential 

kinetic mechanism for MtGpgS, similar to other GT enzymes. Interpretation of the dead-end 

inhibitor results are complicated by the appearance of competitive substrate inhibition by 3PGA 

vs UDP-glucose. Both UMP (UDP-glucose analog) and 3PPA (3PGA analog) exhibit 

competitive patterns versus UDP-glucose. This result is consistent with binding of 3PPA with the 

same form of the enzyme as UDP-glucose (Scheme 5.5).  The S-parabolic noncompetitive 

pattern for 3PPA vs. 3PGA is consistent with the ability of 3PPA to compete for binding at the 

3PGA binding site, as well as inhibition caused by 3PPA binding to the UDP-glucose binding  
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Scheme 5.5 Kinetic mechanism of MtGpgS. 

 

site, mimicking substrate inhibition by 3PGA (Figure 5.4). The clearest data in support of an 

ordered kinetic mechanism is the uncompetitive inhibition pattern exhibited for UMP vs. 3PGA. 

This result is consistent with UMP binding to the 3PGA-Enz binary complex. Taken together, 

the kinetic results are consistent with a mechanism shown in Scheme 5.5 where 3PGA binding is 

followed by UDP-glucose to form a ternary complex prior to the chemical step. The kinetic 

results supporting an ordered mechanism with 3PGA binding first are not in agreement with 

general mechanisms for GT-A enzymes where the donor sugar binds first followed by acceptor 

sugar
34,35

 and recent biophysical studies on MtGpgS using isothermal titration calorimetry
8
. 

However, there is precedence for this ordered kinetic mechanism seen in the inverting GT-B 

enzyme oleandomycin glycosyltransferase.
36

 The authors of the biophysical study conclude that 

3PGA does not bind to free enzyme while 3PGA can bind to the (UDP-glucose)-enzyme binary 

complex. Differences in the two experiments that could result in differing results are not 

currently clear. A series of experiments using solution-phase backbone amide 

hydrogen/deuterium exchange is currently underway in the Frantom laboratory to provide an 

additional line of inquiry into this issue. 

5.4.2 Chemical Mechanism of MtGpgS 

An internal-return, SNi-like mechanism has been proposed for MtGpgS (Scheme 5.6) as 

structural reports fail to identify a residue in the active site that can act as a catalytic base to  
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Scheme 5.6 SNi mechanism for MtGpgS. 

 

deprotonate the C-2 OH of 3-PGA.
9
 This is similar to structural reports for other GT-A and GT-

B retaining glycosyltransferases.
20,31,37-40

 Recent biochemical data using mimetic inhibitors has 

provided experimental evidence for such a mechanism in retaining glycosyltransferases.
39,40

 The 

SNi-like mechanism is often combined with substrate-assisted catalysis with the -phosphoryl 

group acting as a base to deprotonate the acceptor sugar for attack.
31

 Indeed, in the superimposed 

structure shown in Figure 5.10 the bridging oxygen on the -phosphoryl group is located 2.8 Å 

from the C2-OH of 3-PGA. The pKa value of 6.3 determined for the kcat value is consistent with 

the phosphoryl group playing the role of general base in the reaction. 

Significant solvent kinetic isotope effects are observed on kcat and kcat/KM suggesting that 

proton transfer prior to nucleophilic attack is the rate-determining step in this reaction. The 

similarity in value of the 
D2O

kcat and 
D2O

kcat/KM suggests the effect is on a step represented in both 

parameters, consistent with the chemical step (k5) in Scheme 5.5. To rule out contributions from 

solvent viscosity to the kinetic isotope effect, the viscosity effect on kcat (0.29) was used to 

calculate the theoretical effect of viscosity of D2O (rel = 1.24) on the kcat. The calculated effect 

due to D2O viscosity is 1.08. This value is significantly lower than the solvent kinetic isotope 

effect measured for GpgS, suggesting the isotope effect is due to isotopic substitution, not the 

viscosity of D2O.  
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5.4.3 Role of Active Site Amino Acids in MtGpgS 

While the structures of several GpgS enzymes have been reported, biochemical evidence 

describing contributions by active site residues to catalysis or substrate specificity is lacking. 

Three families of GT-A enzymes have been identified that catalyze the transfer of a sugar to 

either glycerate or 3-phosphoglycerate (GT-55, GT-78, and GT-81). While much structural work 

has been done on these three families,
9,30,35,41,42

 the most extensive analysis of amino acid 

residues has been done for mannosylglycerate synthase from Rhodothermus marinus (RmMgS) 

from the GT-78 family.
35

 These results have been used to predict roles for amino acids in the 

GT-55 and GT-81 families. However, GT-78 is currently a much smaller family of enzymes 

containing five entries while the GT-81 and GT-55 families include 423 and 57 entries, 

respectively. Results presented below indicate that predictions based on results from RmMgS 

should be used cautiously as predictors for members of the GT-81 family.  

For example, a recurring motif in GT-A enzymes is the presence of a three amino acid 

network consisting of two carboxylate residues and a positively charged residue interacting with 

one edge of the donor sugar. In the case of MtGpgS, these residues are D134-K114-E232, where 

D134 (leading residue in the DXD motif) interacts with the C3-OH, K114 interacts with C3-OH 

and C4-OH, and E232 interacts with the C6-OH of the donor sugar. The D134A variant is 

inactive, consistent with results from other GT-A enzymes indicating the DXD motif is essential 

for activity in these enzymes.  Substitution of K114 with alanine resulted in insoluble enzyme, 

suggesting this residue is important for structural integrity of MtGpgS. In contrast, the 

corresponding substitution in RmMgS resulted in an enzyme with no catalytic impairment.
35

 

Substitution of the final residue in the network, E232A, results in a fully functioning enzyme 

suggesting this residue is not critical to function in GT-81 enzymes. Previous results with 
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RmMgS, however, show that the corresponding substitution, D192A, results in inactive 

enzyme.
35

 Thus, despite the overall conservation of these residues between the GT-81 and GT-78 

families, this motif appears to play different roles in each GT family.  

A second conserved architecture in GT-A enzymes is the presence of a flexible loop 

covering the active site containing several positively charged residues (residues 253-262 in 

MtGpgS). The motion and conformation of this loop have been implicated in the catalytic and 

specificity properties of several GT-A enzymes, including MtGpgS.
8
 All of the substitutions 

made to loop residues in MtGpgS resulted in enzymes with perturbations to the KM values of 

both substrates with little effect on kcat values.  Substitution of R256 results in the largest 

disruption and drastically increasing the value of KM for both substrates such that only kcat/KM 

parameters could be measured. Substitution of R261 results in much smaller perturbations with 

2-5 fold increases in KM values for both substrates. The corresponding residue in RmMgS is 

Y220. The Y220A variant of RmMgS results in a 1000-fold increase in KM value for the acceptor 

substrate and only a 10-fold increase for the donor substrate, suggesting it plays an important 

role in substrate interactions in GT-78 enzymes whereas the corresponding R261 plays a much 

smaller role in the GT-81 family. Differences in the role of these equivalent residues again 

suggest different contributions by residues on the flexible loop for different GT-A families.  

A conserved histidine residue found on the flexible loop plays a special role as a possible 

ligand to the catalytically-required divalent metal ion in addition to D136 of the DXD motif. 

Substitution of D136 with alanine abolishes enzyme activity consistent with its proposed role as 

a metal ligand. However, substitution of H258 with alanine in MtGpgS results in an active 

enzyme with elevated KM values for both substrates. While metal binding to H258A MtGpgS has 

not been measured directly, this result suggests H258 is not crucial for metal binding. The 
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corresponding substitution in RmMgS (H217A) exhibits activity and only affects the KM value 

for the acceptor substrate. The H217A substituted also induced a change in preference for the 

identity of the divalent ion in RmMgS. It is interesting to note that loss of a proposed metal 

ligand in either family does not affect the kcat parameter suggesting the divalent metal’s role in 

catalysis is limited or that a change in ligands occurs during catalysis in these two families of GT 

enzymes. Indeed, multiple structures of the loop from MtGpgS indicate that R256 can also 

participate in metal ligation.
8
  

Finally, contrast can be seen in the contribution from a conserved hydroxyl-containing 

residue in the acceptor substrate binding pocket. This residue (T187 in MtGpgS) is predicted to 

form a hydrogen bond with the carboxylate of 3-phosphoglycerate in MtGpgS or glycerate in 

RmMgS.
9,35

 In RmMgS, substitution of T139 with alanine results in an over 1000-fold increase 

in the KM value for glycerate with little effect on the value of kcat.
35

 However, the equivalent 

substitution in MtGpgS has little effect on the KM value and instead decreases the kcat value by 

over 50-fold.  

5.5 Conclusions  

 Conservation of the GT-A fold in GT enzymes suggests there are important structural and 

functional properties required for catalysis. Dead-end inhibition studies are consistent with an 

ordered mechanism for MtGpgS with the acceptor substrate binding first. This is at odds with 

current reports on other GT-A enzymes and will be subject to further investigations to try and 

understand the discrepancy. Results of solvent kinetic isotope effects and pH rate profiles 

complement previous structural studies and provide catalytic details concerning a retaining 

mechanism accomplished by an “SNi-like” mechanism. Finally, despite the conservation of the 

GT-A fold, comparison of mutagenesis results among similar enzymes suggests that shared 
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architecture in the fold can be used for very different functionalities. Thus comparisons between 

GT families should be used with caution and further studies are needed to identify the diversity 

used by the GT-A fold in catalysis and substrate selectivity. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Summary 

 Understanding the evolution of enzymes has a significant impact in designing novel 

enzymes for user-defined roles in fields such as therapeutics, and biosensors.
1,2

 One of the 

approaches to address this issue is by integrating the information from bioinformatics, kinetic 

studies and structural analysis to understand the structure/function relationships in 

mechanistically diverse enzyme superfamilies.
3
 Using these tools the DRE-TIM metallolyase 

superfamily of enzymes has recently been investigated.
4
 Analysis of this superfamily identified 

that one of the subgroups, CC-like exhibits an interesting pattern of functional and regulatory 

diversity. In the CC-like subgroup while some sequentially similar sequences exhibit distinct 

substrate specificities, some sequences with low sequence identities display identical activities.
5,6

 

The focus of this dissertation was to investigate the conservation of regulation and function in 

the member enzymes of the CC-like subgroup.  

 Chapter 2 focused on exploring the conservation of the catalytic and allosteric regulation 

mechanism in the member enzymes of the CC-like subgroup. MtIPMS and MjIPMS are two 

sequentially different members of the CC-like subgroup catalyzing identical reactions. The 

catalytic and regulatory mechanism of MtIPMS had previously been characterized in an 

extensive manner due to its possible role as a drug target.
5,7-9

 In order to identify any 

conservation in the regulatory and catalytic mechanisms in the two evolutionarily distinct 

versions of IPMS enzymes, MjIPMS was investigated and compared with MtIPMS.
6
 Using 
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kinetic isotope effects it was identified that MtIPMS and MjIPMS had different rate-determining 

steps. While in MjIPMS condensation was the rate-determining step, product release was the 

rate-determining step in MtIPMS. However solvent kinetic isotope effects revealed that the 

mechanism of allosteric regulation is conserved in these two versions of IPMS enzymes. In the 

presence of the allosteric inhibitor L-leucine, the hydrolytic step was rate-determining in both 

MjIPMS and MtIPMS.
5,6

 

 Chapter 3 attempted to investigate the mechanism of substrate selection in the 

multifunctional IPMS1/CMS1/MAM cluster of the CC-like subgroup. MjIPMS and MjCMS, 

member enzymes of this cluster are sequentially similar (~50% sequence identity) yet have very 

distinct substrate specificities. Using structural analysis and multiple sequence alignments, 

differentially conserved active site residues potentially affecting substrate selection were 

identified in MjIPMS and MjCMS. Site-directed mutagenesis was employed to make MjIPMS 

mimic MjCMS active site architecture. Rationally designed substitutions to make the MjIPMS 

binding site smaller were successful. However, these substitutions were still unable to convert 

MjIPMS into an efficient CMS enzyme. Similar substitutions in MjCMS active site to make it 

mimic MjIPMS were uneffective. MjCMS did not accept the MjIPMS substrate, KIV. This 

suggested that the mechanism of substrate selection is different for different clusters in the CC-

like subgroup. 

 Since rational design of substitutions was unsuccessful in modulating the MjCMS active 

site, a different approach was required to investigate its active site. Chapter 4 utilized directed 

evolution random mutagenesis techniques to understand the mechanism of substrate selection in 

the CMS enzyme members of the multifunctional IPMS1/CMS1/MAM cluster. Differentially 

conserved residues potentially affecting substrate preference in the highly substrate specific were 
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investigated using SSM. These studies provided MjCMS variants with altered substrate 

preference. Robust characterization of these variants would provide significant insight into the 

mechanism of substrate selection for the CMS enzymes of the IPMS1/CMS1/MAM cluster. 

In addition to the investigation of the regulatory and functional diversity in the DRE-TIM 

metallolyase superfamily, this dissertation describes the biochemical characterization of a 

retaining glycosyltransferase MtGpgS.
10

 Dead-end inhibition studies indicated an ordered 

mechanism with the acceptor substrate binding first. Solvent kinetic isotope effects and pH rate 

profiles identified that the rate-determining step in the reaction catalyzed by MtGpgS involved a 

proton transfer. Site-directed mutagenesis identified several conserved active site residues having 

a significant effect on the kinetic parameters. 

6.2 Impact of Study 

 These investigations give a deeper insight into the regulatory and functional diversity of 

the DRE-TIM metallolyase superfamily. The allosteric regulation mechanism was explored in 

MjIPMS, member enzyme of the IPMS1/CMS1/MAM cluster, and compared to MtIPMS, 

member enzyme of the IPMS2 cluster.
6,8,9

 Despite having evolutionarily distinct origins and low 

sequence identity, MtIPMS and MjIPMS share discrete mechanisms of V-type allosteric 

regulation. The identification of identical mechanism of feedback regulation in distinct enzymes 

highlights the need for caution while comparing regulatory enzymes. Similarly, the investigation 

of MjIPMS and MjCMS of the IPMS1/CMS1/MAM cluster gives a better understanding of the 

mechanism of substrate selection in the DRE-TIM superfamily. The success in fingerprinting the 

residues essential for IPMS activity in MjIPMS indicates that bioinformatic tools such as PSNs, 

multiple sequence alignments and structural analysis can significantly aid in prediction of 

catalytically important residues. Newly discovered proteins can be scanned for these fingerprints 
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to prevent misannotations caused by automated functional annotation algorithms that rely on 

local alignments of the whole sequences. The inability of the rationally designed substitutions to 

convert MjCMS into an active IPMS enzyme indicates the diversification of the mechanism of 

substrate selection even in sequentially similar enzymes. 

6.3 Current Work 

Since rational design of substitutions to modulate the highly substrate specific MjCMS 

was unsuccessful, directed evolution tools involving irrational designed enzyme variants are 

employed. Currently SSM and epPCR are the two techniques being used. SSM has successfully 

generated a library of MjCMS variants with unexpected substitutions. Kinetic characterization of 

these variants is underway. While some of the enzyme variants are false positives as they do not 

exhibit IPMS activity in vitro, one of the MjCMS variants displayed some activity with the IPMS 

substrate, KIV. A detailed kinetic characterization of this variant would confirm its modulation 

of substrate preference. In vitro characterization of the complete library of MjCMS variants 

generated by the random mutagenesis technique SSM may aid in identifying the mechanism of 

substrate selection in the CMS enzymes of the IPMS1/CMS1/MAM cluster of the CC-like 

subgroup. Similarly the library generated by the epPCR technique needs to be explored.  

6.4 Future Work 

 The investigation of other members of the DRE-TIM metallolyase superfamily would 

lead to better understanding of the functional and regulatory diversity in the superfamily. The 

multiple sequence alignments of the IPMS1/CMS1/MAM clusters indicated the presence of 

some protein sequences which did not have a fingerprint of either of those enzymes. It would be 

interesting to investigate these outliers. These protein sequences would be overexpressed and 

characterized similar to MjIPMS and MjCMS to explore their substrate selection strategies. 



 

152 

 

Their regulation mechanism would also be investigated by analyzing their kinetic parameters to 

determine the rate-determining step in the absence and presence of their respective feedback 

regulators. In general there is a lack of structures available for member enzymes of the DRE-

TIM metallolyase superfamily. Although modeling studies can help in structural investigation 

but they are not as accurate. Studies to get crystal structures would be helpful in structural 

analysis of the enzymes of this superfamily. These investigations would lead to a greater 

understanding of the structure/function relationships in the DRE-TIM metallolyase superfamily.  
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