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“Catalytic mechanism and stereospecificity in class-I fumarate hydratase and L-tartrate 
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Asutosh Bellur 
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Research (JNCASR), Bangalore, India 

Thesis supervisor: Prof. Hemalatha Balaram 

 

The thesis deals with 3 enzymes, class-I fumarate hydratase, L-tartrate dehydratase, and inosine-

5' monophosphate dehydrogenase, wherein issues of catalytic mechanism, substrate specificity and 

regulation for the three enzymes are presented in 3 chapters. Each chapter is further divided into 5 

sections wherein the first section introduces the topic and concludes by laying down the objectives 

of the study. This is followed by a section that provides details of the methodology used. The final 

three sections provide results and discussion concluding with an overall perspective of the study 

along with future directions. Across the 3 chapters, the thesis has an overall of 15 sections. 

Fumarate hydratase (fumarase, FH, EC 4.2.1.2) catalyzes the stereospecific reversible 

conversion of fumarate to malate through an anti-addition of water molecule to fumarate to form 

S-malate (Jin & Hanefeld, 2011). The conversion of fumarate to malate in aqueous medium has an 

extremely high activation energy of 36 kcal/mol (Bearne & Wolfenden, 1995). FH are distinctly 

divided into two classes, class-I and class-II, based on the presence or absence of a [4Fe-4S] cluster 

(Woods et al., 1988). Both classes of FH are ubiquitous across all kingdoms of life. While, class-

II enzymes are of predominant occurrence in eukaryotes, class-I enzymes are widely distributed 

across archaea and prokaryotes with sparse representation in eukaryotes (Jayaraman et al., 2018). 

These two enzymes share absolutely no sequence or structural similarity, yet catalyze the same 

reaction with close to equal efficiencies with a rate enhancement of the order of 1015 fold compared 

to the non-enzymatic reaction at 370C (Bearne & Wolfenden, 1995; Kronen & Berg, 2015). Many 

eukaryotic unicellular pathogens including Plasmodium falciparum have been found to possess 
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the class-I type FH that is essential for the organism. However, because of its instability and high 

sensitivity to oxygen, it is difficult to carry out structural studies on FH from P. falciparum. In our 

study FH from Methanocaldococcus jannaschii (Mj) has been used as a model system to 

understand all class-I fumarate hydratases. With the present available studies on the catalytic 

mechanism of class I FH still in its nascent state, our understanding is majorly derived from studies 

carried out on class II FH. Though the biochemical equilibrium of the reaction catalyzed by FH is 

in the direction of fumarate to malate (Keq = 4), the problem has been viewed in the light of 

dehydration rather than hydration. A serine residue has been singled out as the catalytic base in 

class-II FH, where it is believed to form an oxyanion hole stabilized by interaction with positively 

charged neighbors. Extensive kinetic isotope experiments on class-II FH have revealed that the 

rate limiting step of the reaction does not involve a carbon-hydrogen bond breakage or formation 

and is proposed to be either the product release or proton exchange alongside a slow 

conformational isomerization (Rose et al., 1993; Bearne & Wolfenden, 1997). An alternative 

mechanism that explains the series of covalent changes that take place during the reaction of an 

enzyme bound substrate is the transition state theory (Porter & Bright, 1980). Rate enhancements 

in enzymes take place through reducing the activation barrier of the reaction by binding strongly 

to altered substrate in its transition state compared to the substrate in its ground state (Bearne & 

Wolfenden, 1995). FH stabilizes this altered substrate in its transition state by a reduction in free 

energy of at least 30 kcal mol-1 with a release in enthalpy of -24 kcal mol-1 and a gain in entropy 

of 19 kcal mol-1. It is observed that 3-carbanion intermediates bind FH very strongly, which could 

reflect the action of a transition state (Porter & Bright, 1980). It is suggested that large gain in 

entropy is accompanied along with electronic stabilization of the aci-carboxylate/carbanionic 

intermediate, which acquires greater negative charge as it approaches its transition state. Transition 

state stabilization is expected to occur by maximizing enzyme-substrate interactions such as 

hydrogen-bonding, electrostatic and hydrophobic interaction. Thus, it may be a cumulative effect 

of the active site residues interacting with the substrate to raise it to its transition state that drives 

the reaction in these largely enthalpically (Wolfenden, 2006) and entropically driven reactions 

rather than conventional acid/base mediated catalysis. Chapter one of the thesis introduces the 

reader to the literature review on the understanding of the mechanism of catalysis in both class-I 

and class-II FH and our efforts at understanding the same in class-I FH, using M. jannaschii FH 

as a model system. On this front, we have solved the apo-protein structure of MjFH and with the 
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already available active site architecture with bound substrate obtained from Leishmania major 

(Lm) FH, we have carried out extensive site-directed mutagenesis of all the active site residues in 

MjFH. Interestingly, we observe that mutation of the previously predicted catalytic residues did 

not lead to complete loss of activity. Mutating the catalytic base threonine to alanine led to 196- 

and 235-fold drop in catalytic efficiency for malate and fumarate, respectively as substrates, while 

mutating the catalytic acid aspartate to valine showed a 37- and 28-fold reduction for the two 

substrates. Surprisingly though, mutating the residues forming a hydrogen-bonded network with 

the carboxylate groups of the substrate led to complete abolishment in enzyme activity. This data 

is in concordance with the knowledge that transition state stabilization in the fumarase reaction is 

driven by both enthalpic and entropic factors (ΔH= -24 kcalmol-1 and ΔS= 19 kcal mol 1 K-1) 

(Bearne & Wolfenden, 1995).The large enthalpic stabilization must arise from the electrostatic 

interactions of the tri-negative aci-carboxylate anion at the substrate binding site, while the positive 

entropic gain can arise from the liberation of the water solvent shell around the fumarate dianion 

upon binding to the enzyme active site. Application of both DFT calculations and MD simulation 

studies in collaboration with Dr. Garima Jindal, department of organic chemistry, IISc, has also 

revealed the importance of the residues that form electrostatic interactions with the substrate 

carboxylate group. Natural population analysis has also revealed that the substrate at the active site 

of the enzyme is charge polarized which could play a major role in catalysis by taking the substrate 

close to its transition state, thus allowing a better attack of the water molecule on the bound 

substrate. From the good correlation obtained here, it can be said that non-covalent interactions 

present at the active site of FH also have an essential part in making the enzyme more efficient 

towards raising the substrate to its transition state by polarizing it. We believe that the affinity of 

FH active site for the binding of the transition state far exceeds the affinity for the substrate, thus 

catalyzing the reaction. Fumarate hydratase is an example of a true Pauling enzyme. 

Class-I FHs share very high similarity with another hydrolyase, L-tartrate dehydratase (L-TTD) 

both of which catalyze reactions of opposite stereoisomers, L/D-tartrate to oxaloacetate. While 

working on MjFH, we noticed that these two proteins, share such a high degree similarity that it 

in fact, makes it difficult to discern the two enzymes apart which has led to mis-annotation of the 

two proteins in the protein database. Although the two enzymes catalyze reactions of opposite 

stereoisomers, interestingly we found that they have very well conserved and identical active site 

residues. Comprehensive understanding of enzyme chemistry and catalysis is lacking in both class-
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I FH and L-TTD. Biochemical characterization of two-subunit class-I FH has been carried out in 

only Pelotomaculum thermopropionicum (Shimoyama et al., 2007) and Pyrococcus furiousus (van 

Vugt-Lussenburg et al., 2009) thus far, while L-TTD has been biochemically characterized from 

Pseudomonas putida (Kelly & Scopes, 1986), E. coli (Reaney, Begg, et al., 2009) and a L-tartrate 

fermenting anaerobic bacteria (Schink, 1984). While, recently structures of class-I FH have been 

solved and efforts are underway to understand the role of catalytic residues in this class of 

enzymes, L-TTD has very limited studies with regard to structure and catalysis with only one 

structure being predicted from primary sequence using constraints derived from sequence co-

evolution and modelling (Ovchinnikov et al., 2015). This structure does not have a bound 4Fe-4S 

cluster and even the three cysteine residues known to coordinate the cluster are not very well poised 

to accommodate it, making it difficult to consider the structure with confidence. Stereospecificity 

is one of the key properties of enzymes. By nature, active sites of proteins are chiral and hence 

prefer specific enantiomers of chiral substrates and inhibitors (Adamu et al., 2018). This aspect of 

the enzyme especially in hydrolases are of interest in pharmaceuticals and chemical industries as 

biocatalysts because of their potential in synthesis of pure enantiomers and chiral intermediates 

(Patel & Patel, 2010; Singh et al., 2016). Although the molecular basis of enantioselectivity in 

many enzymes has not been completely understood, studies targeted at enhancing stereospecificity 

in enzymes have been successful. This has been achieved in enzymes such as lipase (Ema et al., 

2005; Reetz et al., 2001; Rotticci et al., 2001), halohydrin dehalogenase (Tang et al., 2003) and 

epoxide hydrolase (Rui et al., 2005) from multiple organisms. Although increase in 

stereospecificity can be achieved using single amino-acid substitutions, inversion in 

stereospecificity involves a more complicated procedure that involves exchange in position of 

substituents or a complete switch in catalytic residue location through multiple mutations. Such 

examples of enzyme engineering have been achieved through rational design and/or directed 

evolution in enzymes such as lipase (Koga et al., 2003), hydrolase (Van Loo et al., 2004), esterase 

(Bartsch et al., 2008; Ivancic et al., 2007) and decarboxylase (Terao et al., 2007) from different 

sources. A multiple sequence alignment of class-I FH and L-TTD revealed that both these enzymes 

share identical active site residues with all the residues involved in binding the substrate in case of 

FH being conserved in both these proteins. To the best of our knowledge this is the first example 

where two proteins catalyze reactions of opposite stereospecificity with an active site possessing 

identical residues. For a reaction to get catalyzed at the active site, according to the widely accepted 
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three point attachment model (TPA), the substrate stereoisomer has to be anchored at three separate 

points by the catalytic residues in the enzyme of which one of the interactions break for the 

opposite stereoisomer thus disallowing its binding/catalysis (Abrol & Sundaresan, 2002). In this 

example, the two sets of residues anchoring the carboxyl group of the substrate are the same. Fe-

S cluster is the third anchoring point in the protein the orientation of which could confer the 

stereospecificity to the enzyme. Subtle variations during evolution that contributed to structural 

reorganizations must have caused the switch in stereospecificity in these proteins.  There are no 

previous reports on protein cofactors acting as stereospecificity centres and studies aimed at 

evolving one protein to catalyze the opposite stereospecific reaction will throw more light on the 

molecular basis of enantioselectivity in these enzymes. Introduction to the understanding on the 

stereospecificity in enzymes and that of FH and L-TTD in particular are provided in Chapter two 

along with the studies directed at understanding the stereospecificity in these two classes of 

enzymes, class-I FH, and L-TTD. A phylogenetic tree with the aim of identifying conserved motifs 

between these two classes of proteins to distinguish them apart and their relationship with class-I 

FH has been constructed. L-TTD has been kinetically characterized for the first time. Opposite 

stereoisomers have been tested for binding/catalysis/inhibition for both MjFH and E. coli L-TTD. 

Both the enzymes were found to have exactly opposite stereoselectivity with L-TTD active on L-

tartrate and D-malate while FH was active on D-tartrate and L-malate. All class-I FH have a highly 

conserved motif ‘KGXGS’ close to the active site. This motif is present as an ‘AGGGC’ motif in 

L-TTD. Several attempts at swapping the motif and also using binding energy guided mutations 

of MjFH for L-tartrate binding have been made and tested for switch in stereospecificity. Close 

inspection of the active site in class-I FH structure has also been carried out to affirm the 

speculation that subtle variations in residues at the active site must contribute to the difference in 

stereospecificity in these two enzymes.  

 

Inosine-5’-monophosphate dehydrogenase (IMPDH) (EC 1.1.1.205) catalyzes the first decisive 

step in the formation of guanine nucleotide, which is the oxidation of inosine 5’-monophosphate 

(IMP) to xanthosine 5’-monophosphate (XMP) with the concordant reduction of NAD+ to NADH. 

This reaction is at the branch point of adenine and guanine nucleotide biosynthesis and is the rate 

limiting step in guanosine 5’-monophosphate (GMP) biosynthesis. GMP reductase (GMPR) 

catalyzes the NADPH dependent reduction of GMP to IMP and together with IMPDH constitutes 
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a family of proteins that control the guanine nucleotide pools in the cell and thus regulate many 

cellular processes. The genes guaB coding for IMPDH and guaC coding for GMPR share high 

level of identity which has led to the misannotation of this family of genes. IMPDH and GMPR 

have a core catalytic domain made of (β/α)8 barrel and a regulatory cystathionine-β-synthase (CBS, 

also called Bateman domain) projecting out of the core domain. CBS domain is highly dispensable 

(Baykov et al., 2011; Ereño-Orbea et al., 2013; Ignoul & Eggermont, 2005). Both proteins largely 

exist as homotetramers and homooctamers with polymerization of IMPDH into filaments called 

cytoophidia being reported recently (Keppeke et al., 2018). Kinetic and structural studies have 

been carried out in great detail on Tritrichomonas foetus IMPDH and it serves as the prototype for 

demarcating protein features. The enzyme possesses five key structural motifs where substrate 

binding and catalysis take place. The catalytic loop carries the active site cysteine residue. Adjacent 

to the active site loop is the phosphate binding region that contributes six residues to the active 

site. A finger domain composed of twisted β-sheet interacts with the adjacent monomers in the 

octameric complex and has been observed to be a key player in transmission of allosteric signal 

from CBS to the catalytic domain (Buey et al., 2015). Around ten residues from the distal end of 

the finger domain constitute the mobile flap that moves in and out of the active site during catalysis. 

Finally, a C-terminal segment of the protein couples the active site to a monovalent cation. IMP 

binding site is contributed by residues from the cysteine loop, phosphate binding motif and mobile 

flap, and are identified to be invariant while NAD binding site residues contributed by catalytic 

loop and mobile flap are highly divergent (Hedstrom, 2009). All IMPDHs reported to date show a 

requirement of monovalent cation (preferably K+) for optimal activity. Majority of IMPDHs show 

Michaelis-Menten (MM) kinetics for IMP and display substrate inhibition by NAD+. Of the more 

than 100 X-ray structures deposited in the RCSB database, more than half the structures have CBS 

domain deleted and only close to 10 structures have the CBS domain mapped going to show that 

this domain of the protein is highly disordered. Removal of this subdomain is reported to facilitate 

crystallization (Hedstrom, 2009). Allosteric regulation in IMPDH takes place through the CBS 

domain and this mode of regulation has been found to be significantly different in prokaryotes and 

eukaryotes where they evolved differently allowing adaptation to metabolic requirements of each 

organism. Prokaryotic IMPDHs have two canonical nucleotide binding sites in the CBS domain 

where only ATP binds, while IMPDHs from eukaryotes have an additional non-canonical 

nucleotide binding site and guanine nucleotides (GDP and GTP) also bind to the nucleotide 
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binding site apart from ATP (Buey et al., 2015). GMP has been reported to be a competitive 

inhibitor competing for IMP at the active site of both prokaryotic and eukaryotic IMPDH and ADP 

and AMP do not affect the catalytic activity significantly in both cases. Two classes of bacterial 

IMPDH have been reported, class-I are kept auto-inhibited in-vitro in the absence of nucleotides 

and require ATP to achieve full catalytic activity, while class-II are active in the absence of 

nucleotides and do not require ATP (Alexandre et al., 2015). In case of eukaryotic IMPDHs, ATP 

is not required for achieving full catalytic activity and is inhibited by GDP and GTP unlike the 

prokaryotic counterparts. Recently it has been proposed that a conformational switch exists in 

IMPDH where, bacterial IMPDH are kept inhibited in the cell in the absence of ATP while 

eukaryotic IMPDH are kept inhibited when bound to GDP/GTP (Buey et al., 2017). This inhibition 

is relieved by binding of ATP to the CBS domain, which in turn causes structural changes in the 

protein that allow flexibility between the catalytic and Bateman domains, which were stapled into 

an inhibited fixed conformation. GTP/GDP induced rigidity in both eukaryotic IMPDH and 

apoprotein of prokaryotic IMPDH is evident from the octomeric Pseudomonas areuginosa and 

Asbhya gossippii IMPDH structures where the octamers are around 90 Å in width along the 4-fold 

axis (Anthony et al., 2017; Labesse et al., 2013). Binding of ATP in both cases leads to a more 

relaxed and expanded structure of 110 Å width. Human IMPDH has been reported to form micron 

length fibers through association of octamers in the presence of ATP although the role of this 

association has not been understood (Anthony et al., 2017). The CBS, catalytic loop, mobile flap, 

and C-terminal segment are all found to display varying degree of disorder in all the structures 

solved to date making it difficult to study the structural basis of modulation in this enzyme. 

Modulation in archaeal IMPDH mediated by purine nucleotides is yet to be reported with 

biochemical and kinetic characterization still lacking in this class of organisms. To understand the 

modulation aspects of the enzyme from archaea and carry out its kinetic characterization, IMPDH 

from Methanocaldococcus jannaschii (MjIMPDH) has been cloned, purified, and characterized 

earlier in the laboratory. Although MjIMPDH shows higher sequence similarity with homologs 

from prokaryotes, the archaeal enzyme is sensitive to both purine nucleotides (AMP, ADP, GMP, 

GTP, but not ATP) a feature similar to that exhibited by eukaryotic counterparts. MjIMPDH 

displayed a very weak dependence on K+ ions for its activity, a feature that has never been observed 

in any IMPDH before. Chapter three provides a brief introduction on the catalysis in IMPDH and 

similarities/differences in modulatory aspects of the same in prokaryotes and eukaryotes along 



   

xvi 
 

with the efforts made at solving the structures of IMPDH full length and CBS domain deleted 

proteins to understand some of the aforementioned peculiar features of MjIMPDH. The structure 

of MjIMPDH TIM domain with the CBS deleted was solved. Transmission electron microscopy 

(TEM) imaging has also been carried out and this reveals an ATP mediated cytoophidia formation 

similar to what has been observed in the case of eukaryotic IMPDH. This confirms the kinetics 

results of MjIMPDH as well which clearly describes that MjIMPDH has features similar to 

eukaryotic rather than prokaryotic IMPDH. There has been reports of cytoophidia filaments 

formed by CTP synthase in archaea (Zhou et al., 2020). This is the first report of an archaeal 

IMPDH forming cytoophidial filaments.  
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Chapter 1 

 

Understanding the mechanism of catalysis in class-I 

fumarate hydratase 

Class-I fumarate hydratase (FH) is present in many eukaryotic pathogens such as 

Plasmodium, Cryptosporidium, Toxoplasma, Trypanosoma, Leishmania, to name 

a few and its study is difficult considering the labile nature of Fe-S cluster. 

Methanocaldococcus jannaschii FH (MjFH) has been taken as a model to 

understand class-I FH owing to its stability. This chapter is aimed at understanding 

the mechanism of catalysis in class-I FH through biochemical, kinetic, and 

structural characterization of the enzyme. Mutational studies have been carried out 

to probe into the role of specific residues in catalysis. Structure of apo-MjFH has 

portrayed two different states adopted by the protein from its comparison with the 

previously solved structure of Leishmania major FH (LmFH). Results obtained 

from MD simulation studies support the two different structural states adopted by 

the protein (Studies carried out by Sudharshan Behera from Prof. 

Balasubramanian Sundaram’s laboratory at the Chemistry and Physics of 

Materials Unit, JNCASR as part of a collaborative project). Mutational studies 

have disclosed that the enzyme does not follow a conventional acid-base catalytic 

mechanism, as both mutation of catalytic acid and catalytic base does not lead to 

abolished activity. A novel mechanism of catalysis which involves polarization of 

the substrate at the active site aiding easy addition and removal of water from the 

substrate by the enzyme has been proposed. Results obtained through QMMM 

studies have revealed that in the absence of catalytic residues, a water molecule 

could take over the role of catalysis, and Natural Population Analysis (NPA) has 

endorsed the possibility of substrate charge polarization at the active site both of 

which are discussed in this chapter (QMMM studies and NPA studies were carried 

out by Soumik Das from Dr. Garima Jindal’s laboratory at the Department of 

Organic Chemistry, Indian Institute of Science). Our studies show that the class-I 

FH is a true Pauling enzyme, one which lures the substrate into its transition state 

to catalyze the reaction forward. Finally, future directions regarding this part of the 

study have been discussed.  
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1.1. Introduction 

1.1.1. Moderately efficient enzymes and exceptional enzymes. Why fumarate 

hydratase is exceptional 

Enzymes are biological catalysts that speed up metabolic reactions within the cells to rates fast 

enough to sustain life (Stryer L, Berg JM & Tymoczko JL 2002). As such, the concept of cell 

coming to life is through complex network of metabolite conversions enabled through biochemical 

reactions catalyzed by enzymes (Martin, 2011; Ulusu, 2015). Enzymes are known to catalyze as 

many as 5000 biochemical reactions (Schomburg et al., 2013), which has led to their commercial 

exploitation, considering that uncatalyzed reactions occur slowly at room temperature. Unlike the 

metal catalysts that are used in industries, enzymes offer another component of extreme 

importance which is specificity. This has allowed enzymes to attain the crown of remarkable 

catalysts. 

 

Catalytic rates offered by enzymes is perhaps best expressed by its kinetic parameters, especially 

kcat, referred to as turnover number which represents the number of molecules of substrates that 

can be converted to product by a single molecule of enzyme per unit time. Although enzymes are 

characteristically portrayed in textbooks as kinetically superior catalysts, it has been observed that 

most ‘average enzymes’ exhibit a kcat of roughly 10 s-1, which is much lower than the diffusion 

limit (Fig. 1.1) (Bar-even et al., 2011). The theoretical limit for kcat of an enzyme is 106 – 107 and 

the values for kcat/KM cannot exceed 108-109. Very few enzymes are considered perfect, where the 

catalytic rates could reach close to that above values of theoretical limit. The rate limiting step of 

these reactions is the diffusion of the substrate into and out of the active site. Acetylcholine 

esterase, carbonic anhydrase, cytochrome c peroxidase, fumarase and triosephosphate isomerase 

are some of the well-studied enzymes with catalytic rates reaching that of diffusion limit (Bar-

even et al., 2011).   
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Fig. 1.1. Distribution of enzyme kinetic parameters adapted from Arren Bar-Even et al., 2011. A. kcat 

values (N=1942) and B. kcat/KM values (N=1882). All values were considered for enzymes’ natural 

substrate. Green and magenta lines correspond to the prokaryotic and eukaryotic enzymes, respectively. 

Location on the curve for several well-studied enzymes are highlighted. ACE, acetylcholine esterase; CAN, 

carbonic anhydrase; CCP, cytochrome c peroxidase; FUM, fumarase; Rubisco, ribulose-1,5-bisphosphate 

carboxylase oxygenase; SOD, superoxide dismutase; TIM, triosephosphate isomerase. 

Enzymes function by reducing the free energy barrier of the reaction they catalyze or in other 

words, help the substrate overcome the transition state barrier. The feature that distinguishes most 

‘average’ or moderately efficient enzymes from the “exceptional” enzymes is the level of reduction 

in free energy barrier of the reaction catalyzed. The level of reduction in transition state energy in 

case of fumarate hydratase (FH) is 30 kcal/mol which is substantially greater than some of the 

other exceptional enzymes such as triosephosphate isomerase (19 kcal/mol) and ketosteroid 

isomerase (21 kcal/mol) with the only other enzyme with comparable degree of stabilization being 

OMP decarboxylase (32 kcal/mol) (Bearne & Wolfenden, 1995). Fumarate is an extremely stable 

dicarboxylic acid, meaning if placed at room temperature, its hydration would take 700,000 years 

for completion without a catalyst. Hence, fumarate hydratase offers rate enhancements of the order 

of 1015, a stellar number distinguishing it amongst some of the other exceptional catalysts.  

 

1.1.2. Evolutionary dynamics of enzyme catalytic mechanism and kinetic 

parameters 

Considering their ability to reach physically achievable maxima, most enzymes are rather sloppy 

with their kinetic parameters spanning over a large range of values. It is believed that kinetic 

parameters of an enzyme tend to evolve with a strong directional force up to a point beyond which 

they tend to evolve under near-neutrality (Labourel & Rajon, 2021). Enzyme evolution is strongly 
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linked to organismal fitness and a more accurate and holistic understanding of enzyme 

evolutionary process can only be understood in the light of organismal fitness. This is best 

exemplified by the understanding that, small functional changes in poor enzymes which catalyze 

rate-limiting metabolic step will lead to large changes in flux of the pathway and is reflected in 

cell growth. However, large changes to enzymes that already have high activity, reflect negligible 

effects on the metabolic pathway or the organismal fitness. Perhaps this is best explained with an 

example; in some bacteria TrpF that catalyzes an isomerization reaction in tryptophan 

biosynthesis, upon small improvements in enzyme performance showed large improvements in 

cell growth early in evolutionary trajectory. Later, mutations that had greater improvements in 

enzyme function however, had little effect on fitness (Klesmith et al., 2015). A similar 

phenomenon has been observed in levo-glucosan kinase, LGK.1 that is involved in the pathway 

for levoglucan utilization in E. coli (Newton et al., 2018).  

 

Role of evolutionary pressures, although enigmatic and unclear seems to impose some changes in 

kinetic parameters. An attempt at understanding the evolutionary parameters that shape up the 

kinetic parameters of the enzyme shows that a number of factors may influence kinetic parameters. 

It has been observed that enzymes operating in the central metabolism compared to secondary 

metabolism are 30 fold faster in catalytic rates (Bar-even et al., 2011). This seems sensible 

considering the average high flux. For enzymes functioning in secondary metabolism, evolutionary 

pressures may be weaker. Many studies have also show shown that several other factors may have 

a weak effect on enzyme evolution such as crowding effects in solution, physical constraints, 

reaction reversibility, enzyme gene expression and also protein folding (Labourel & Rajon, 2021). 

The above studies however fail to explain why inefficient enzymes having stronger control on 

metabolic flux and organismal fitness do not evolve higher efficiencies. Correlation between 

enzyme kinetic parameters and physicochemical constraints have also been observed (Bar-even et 

al., 2011). For smaller substrates of up to ~350 Da, the KM decreases with increasing substrate 

mass and hydrophobicity. Also, addition of large substrate modifiers  to small substrates 

considerably lowers the KM value of enzymes utilizing the substituted substrates (Bar-even et al., 

2011). 
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Role of evolution in the chemical step catalyzed by enzymes again is enigmatic considering that 

chemistry is not the rate-limiting step in many optimized enzymes. Presumably in their primitive 

enzymes, the step of chemical conversion could have been rate-limiting. As enzymes became faster 

along with evolving chemical step(s), kinetic events such as substrate binding, product release, 

pre-arrangement of proteins active site, etc., became rate-limiting. This would have again led to a 

lack of evolutionary pressure on the chemical step of enzyme catalysis (Klinman & Kohen, 2014). 

With the knowledge that beyond a critical point, the kinetic parameters kcat and kcat/KM of enzymes 

do not hamper the metabolic flux of a pathway or organismal fitness (Newton et al., 2018), the 

widely held view that to classify an enzyme as a perfectly evolved catalyst, the value of kcat/KM 

must approach that of diffusion limit (109 M-1s-1) is questionable (Pettersson, 1989). Instead, 

evolutionary trajectory of the enzyme is dictated by a combination of biochemical, biophysical, 

and regulatory factors explaining why most enzymes are far from perfect catalysts. Evolution is 

not in pursuit of the perfect catalysts (Newton et al., 2018). Amidst this perplexity, fumarate 

hydratase which is at the core of the central metabolism and displays a kcat/KM of the order of 

diffusion limit, hints that the enzyme must be highly evolved.  

1.1.3. Common set of underlying physical principles in enzyme catalysis  

Enzymes catalyze an array of chemical transformations through many different types of 

mechanisms utilizing a common set of underlying physical principles. Enzymes are broadly 

grouped into seven classes based on the chemistry of the reaction catalyzed as oxidoreductases, 

transferases, hydrolases lyases, isomerases, ligases and trasnslocases. One or many fundamental 

factors including proton donor-acceptor transfer motions, hydrogen bonding, hydrogen tunneling, 

electrostatics, pKa shifting, preorganization, reorganization and conformational motions can 

contribute to the above chemical reactions catalyzed by enzymes (Hammes-Schiffer, 2012).  

 

Hydrogen tunneling is known to reduce the free energy barrier of an enzyme catalyzed reaction by 

2-3 kcal/mol. Nuclear quantum effects studies on dihydrofolate reductase (DHFR) have indicated 

that the free energy barrier for the hydrogen tunneling reaction decreased by ~2 kcal/mol (Agarwal 

et al., 2002). The motion of hydrogen donor and acceptor in the enzyme also plays a critical role 

in hydrogen transfer reactions. As the distance between the acceptor and the donor increases, the 

barrier to proton transfer decreases and vanishes completely at extremely short distances (Borgis 
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& Hynes, 1993). Hydrogen donor-acceptor distance has been observed to reduce from ~3.3 Å to 

~2.7 Å in the transition state for both DHFR and ketosteroid isomerase (KSI) (Agarwal et al., 

2002; Chakravorty et al., 2009).  It has been observed that a larger network of hydrogen bonds is 

formed during the intermediate state of catalysis compared to the reactants and the product bound 

states in KSI. The strength of hydrogen bonding interactions between the dienolate intermediate 

and enzyme strongly influences free energy barrier for proton transfer reactions in KSI 

(Chakravorty & Hammes-Schiffer, 2010). The local environment in enzymes shift the pKa of 

residues, which could have consequence on catalysis (Amyes et al., 2008; Harris & Turner, 2002). 

In aqueous solution, aspartate side chain carboxylate has a pKa of ~4 and is more acidic than 

tyrosine (pKa ~10). Mediated by electronic inductive effects and a large hydrogen-bonded 

network, catalytic tyrosine (Tyr16) hydroxyl group is more acidic than the catalytic aspartate 

(Asp103) in KSI (Hanoian et al., 2010). Electrostatic interactions between ligand and enzyme, 

similar to hydrogen-bonding is much larger in the intermediate state than in the substrate binding 

or product release state, signifying the importance of electrostatics in chemical reaction. 

Electrostatics have been shown to reduce the free energy barrier of KSI catalysed reaction by 7.3 

kcal/mol of the total 11.5 kcal/mol by the enzyme (Fried & Bagchi, 2014). Local conformational 

changes on the enzyme usually happen on the millisecond time scale to ensure that configurations 

are conducive for chemical reaction. This makes conformational changes the rate limiting step 

with the actual reaction being virtually instantaneous (Hammes-Schiffer & Benkovic, 2006). This 

probability of sampling the transition state configurations by local conformational changes in the 

enzyme has been argued out to be an integral part in lowering the free energy barrier of the reaction 

by the enzyme (Hammes-Schiffer, 2012). Preorganization and reorganization, both involve 

conformational motions to some extent during a catalytic cycle. Preorganized active site requires 

conformational changes, such as lid loop opening or closing. While reorganization usually 

involves relatively small conformational changes during chemical reaction. In spite of having a 

preorganized active site, conformational changes do occur in KSI to bring down the proton donor-

acceptor distance to ~2.7 Å (Chakravorty et al., 2009). Mutations can in principle disrupt one or 

all of the above factors. Hydrogen-bonding capabilities, electrostatics, and conformational 

sampling are particularly harmed.  

 

 



  Chapter 1: Introduction 

7 
 

1.1.4. Class-I and class-II FH are enzymes with different folds catalyzing the 

same reaction with equal efficiencies 

Fumarate, a symmetric olefinic dicarboxylic acid, is an important intermediate in the tricarboxylic 

acid (TCA, Krebs’) cycle. In living cells fumarate is efficiently and stereospecifically converted 

to L-malate in a hydration reaction, catalysed by the enzyme fumarate hydratase (fumarase, FH, 

E.C. 4.2.1.2). FH are distinctly divided into two classes, class-I and class-II, based on the presence 

or absence of an [4Fe-4S] cluster (Woods et al., 1988). Both classes of FH are ubiquitous across 

all kingdoms of life. While, class-II enzymes occur predominantly in eukaryotes, class-I enzymes 

are widely distributed across archaea and prokaryotes, with sparse representation in eukaryotes 

(Jayaraman et al., 2018). Class-I and class-II FH share no sequence or structural similarity, yet 

catalyze the same reaction with close to equal efficiencies (Bearne & Wolfenden, 1995; Kronen & 

Berg, 2015). Class-II FH are homotetramers, whereas class-I FH are further divided into single-

subunit and two-subunit types, depending on the number of genes coding for the functional enzyme 

(Fig). Two-subunit proteins are found only in prokaryotes and archaea, but not in eukaryotes. The 

alpha (α) and beta (β) subunits of the two-subunit type class-I FH correspond to the N-terminal 

and C-terminal domains (NTD and CTD) of single-subunit class I FH (Shimoyama et al., 2007). 

Single-subunit and two-subunit FH have high sequence similarity and a small polypeptide 

insertion between the two subunits is the only distinguishing feature between them. A few 

organisms including bacteria are found to have both classes of FH as exemplified by Escherichia 

coli (Woods et al., 1988). As to why the oxygen sensitive class-I FH is needed in the presence of 

a more robust class-II gene is not understood. It has been suggested that the class of FH the 

organism possesses may determine its lifestyle with regard to oxygen sensitivity (Shimoyama et 

al., 2007). 
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Fig. 1.2. Structure and domain organization in class-I and class-II FH. A. Structure of class-II FH from 

Mycobacterium tuberculosis (4apa). Each subunit of the tetramer is colored differently; yellow, magenta, 

cyan and green. Residues from 3 chains contribute to the active site at 4 locations on the enzyme. B. 

Structure of class-I single-subunit FH from Leishmania major (5l2r). Each subunit of the homodimer is 

colored in green and cyan and is further divided into NTD and CTD. Active site containing the Fe-S cluster 

is located in each monomer at the interface of NTD and CTD. C. Structure of class-I two-subunit FH from 

Methanocaldococcus jannaschii (this study). Highlighted in green and cyan are heterodimers of α- and β-

subunits equivalent to the NTD and CTD of single-subunit FH. The functional form of the enzyme is a dimer 

of a heterodimer with the active site containing Fe-S cluster located at the interface of the heterodimers.  

 

1.1.5. Understanding of catalysis in class-II fumarate hydratase  

Class-II FH have been studied extensively from the angle of both the structural and functional 

aspects of the enzyme considering physiological relevance as they are present in humans. The 

enzyme has been a focus of study since early 1950s by multiple groups who have put forth different 

mechanistic perspectives on the rate enhancements offered by the enzyme.  

 

1.1.5.1. Transition state stabilization 

According to the transition state stabilization theory postulated by Linus Pauling in 1948 (Pauling, 

1946; Pauling, 1948), large rate enhancements in reactions offered by enzymes occur due to the 

protein catalyst specificity to bind the substrate in an activated complex or the ‘transition state’. 

Comparing two substrates with similar chemical reactivity but differing enzymatic activity, the 

more reactive substrate is simply the one for which the enzyme possesses a stronger force of 

attraction to the transition state. Thus, it is suggested to be meaningless to distinguish binding sites 

and catalytic sites, as catalysis can only take place with an enhanced degree of binding (Schramm, 

1998; Wolfenden, 2002). Richard Wolfenden and coworkers proposed that large rate 

enhancements observed by FH occur through transition state stabilization, where the greater 

negative charge developed on fumarate is stabilized by electrostatic interactions (Bearne & 
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Wolfenden, 1995). The apparent enthalpy and entropy calculated for binding of transition state 

showed that the enzyme is both entropically and enthalpically favored. It was suggested that 

binding of the substrate in the altered state corresponding to the transition state, would require a 

larger enzyme-ligand interactions through hydrogen-bonding, electrostatic and hydrophobic 

effects. Usually, these interactions tend to be accompanied by a gain in entropy. During the time 

of this study, the structure of FH was not available and Wolfenden predicted that a large network 

of bonding residues has to surround the ligand at the active site and the nature of the enzyme-

ligand interactions would throw valuable light on this remarkable catalyst (Bearne & Wolfenden, 

1995).  

 

1.1.5.2. Steps involved in the reaction probed by kinetic isotope studies 

There is support for the chemical mechanism in class-II fumarases taking place through all three 

pathways; carbonium (E1)(Hansen et al., 1969), concerted (E2)(Blanchard & Cleland, 1980) and 

carbanion (E1cB)(Rose, 1998) pathway (Fig. 1.3), with the weight of evidence tilting in favor of 

the carbanion pathway (Porter & Bright, 1980). Extensive kinetic isotope experiments in class-II 

FH have revealed that the rate limiting step of the reaction does not involve a carbon-hydrogen 

bond breakage or formation. Irwin Rose and coworkers have shown that the chemical 

interconversion of fumarate to malate takes place through carbanion mechanism and is the most 

rapid step of the reaction cycle (Rose & Weaver, 2004). Changes have to occur at the active site 

of the enzyme when the substrate is converted to product to accommodate the next substrate, for 

the reaction to occur again. Through an isotope counterflow method called the Britton counterflow 

effect, where labelled reaction products rebound to substrate when unlabeled substrate is added 

showed that the product form of the enzyme is slow to recycle (Britton, 1973; Rose et al., 1993). 

The rate limiting step is thought to occur right after product release, where a  proton exchange 

alongside a slow conformational isomerization of the enzyme takes place (Rose et al., 1993). 
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Fig. 1.3. Mechanisms for dehydration of malate to fumarate. E1 and E1cb mechanisms proceed through 

a two-step reaction involving a carbocation and a carbanion intermediate, respectively, while the E2 

mechanism is a one-step reaction that proceeds without an intermediate with simultaneous removal of 

proton and elimination of water molecule.      

 

1.1.5.3. Conventional acid/base catalysis 

In the past decade, structural and mechanistic studies on class-II FH have focused on the malate 

dehydration reaction, with discussions centered on general acid-base catalysis. Class-II FH has 

been classified under the aspartase/fumarase family of enzymes which are known to share a similar 

catalytic fold and carry out a similar dehydration reaction (Ajalla Aleixo et al., 2019; Puthan Veetil 

et al., 2012). Aspartase, fumarase, arginosuccinate lyase (ARL) and adenylosuccinate lyase (ASL) 

are members of this class of enzymes. A conserved serine residue is believed to be the catalytic 

base while the catalytic acid has remained elusive in this class of enzymes (Puthan Veetil et al., 

2012). An oxyanion hole is expected to form where a substantial perturbation of the pKa of serine 

at the active site occurs through interaction with backbone amides (Tsai et al., 2007). Although 

sharing a similar fold, the rate limiting step in fumarate hydratase catalyzed reaction does not 

involve a catalytic base mediated proton abstraction, and the catalytic mechanism could be 

different in FH compared to other enzymes of the family. Moreover, FH is mostly a hydratase 

rather than a dehydratase. The biochemical equilibrium in the reversible hydration reaction in the 
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TCA cycle lies in the direction of malate (Keq=4, first measured by Krebs) (Goldberg & Tewari, 

1995; Krebs, 1953), suggesting that the rates of hydration are 4-fold higher than the rates of 

dehydration (Erickson et al., 1959). The question arising from studies on FH is, how does the 

enzyme lower a formidable activation barrier for a rather deceptively simple reaction? While 

kinetic and thermodynamic analyses have provided valuable insights, the molecular mechanisms 

remain to be clarified (Gajewski et al., 1985; Erickson et al., 1959).  

 

1.1.6. Understanding of catalysis in class-I fumarate hydratase 

Unlike class-II fumarases, a comprehensive understanding of enzyme chemistry and catalysis is 

lacking for class-I FH due to their thermolabile and oxygen-sensitive nature. Single-subunit class-

I FH have been biochemically characterized in a handful of organisms (De Pádua et al., 2017; 

Feliciano et al., 2012, 2016; Jayaraman et al., 2018; Kronen et al., 2015; Shibata et al., 1985; Van 

Kuijk & Stams, 1996; van Vugt-Lussenburg et al., 2013). Thus far, two-subunit Class-I FH from 

only Pelotomaculum thermoprpionicum (Shimoyama et al., 2007) and Pyrococcus furiosus (van 

Vugt-Lussenburg et al., 2009) have been biochemically characterized. Much of the understanding 

on mechanism of catalysis in class-I FH comes from the well-studied Fe-S cluster hydrolyase, 

aconitase. Catalysis in class-I FH has been modelled on that followed in aconitase (Flint & Allen, 

1996). The recent reports of the structures of a substrate and inhibitor bound class-I FH from 

Leishmania major is a major step forward in probing the molecular mechanism of the fumarase 

reaction (Feliciano et al., 2016, 2019; Feliciano & Drennan, 2019). 

 

1.1.6.1. Fe-S cluster hydrolyases 

Enzymes in the hydrolyase class [EC 4.2.1.x] catalyze a reaction in which a water molecule is 

removed from a carbon-carbon bond, thus converting an alcohol into a vinyl group. Enzymes of 

this class are further subdivided into ones that contain metal, lack a metal, or use Fe-S cluster for 

catalysis. A number of hydrolyases utilize Fe-S cluster for catalysis, such as aconitase, 

homoaconitase, isopropyl malate isomerase, fumarase, maleate hydratase, mesaconase, tartrate 

dehydratase, dihydroxy-acid dehydratase, phosphogluconate  dehydratase, serine dehydratase and 

quinolinate synthase (Flint & Allen, 1996). Only a few enzymes of the hydrolyase class containing 

[4Fe-4S] are well studied, with biochemical studies and structural information available only for 

aconitase, fumarase, serine dehydratase and quinolinate synthase (Beinert et al., 1996; Cherrier et 

al., 2014; Feliciano et al., 2016; Lloyd et al., 2008; Saunders et al., 2008; Thoden et al., 2014). 
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Understanding of catalysis adapted by this class of enzymes comes majorly from studies on 

aconitase. The [4Fe-4S] containing hydrolyase enzymes adapt a common catalytic strategy where 

the cluster is primarily involved in activating the substrate hydroxyl group by acting as a Lewis 

acid to make it a better leaving group. In aconitase, a serine residue acts as a catalytic base to 

abstract a proton from the substrate and an aspartate and a histidine residue form an ion pair to 

eliminate substrate hydroxyl group (Zheng et al., 1992). Based on the catalytic mechanism adopted 

by aconitase, a similar mechanism has been proposed to occur in class-I FH (Fig. 1.4) (Flint & 

Allen, 1996). Apart from aconitase majorly being a dehydratase and FH a hydratase, a number of 

differences between the two have been observed, suggesting the mechanism may not be all the 

same. One of the important differences is the sensitivity of [4Fe-4S] cluster to oxygen in these 

enzymes. Upon exposure to air, the labile iron atom (Fea) which is not ligated to cysteine in 

aconitase falls off to form an oxidized [3Fe-4S] cluster which is inactive and is stable in air for 

several hours. In FH however, the cluster is extensively degraded with the enzyme losing almost 

all activity within two minutes of exposure to air (Flint, 1993; van Vugt-Lussenburg et al., 2013). 

While reconstitution of Fe-S cluster takes hours in FH, it takes only 5 minutes for aconitase 

suggesting that the cluster is more stable in aconitase which makes it easier for studying. The 

relative “stickiness” of substrates to the cluster as demonstrated by KM/Kd ratio is 100 times larger 

in aconitase compared to FH (Flint et al., 1992). While there are only 11 residues observed in the 

active site of FH, aconitase has as many as 23 residues contributing to the active site (Lauble et 

al., 1992). These observations hint that environment around the cluster in the two active sites might 

be different for these two classes of enzymes. From biochemical and structural studies in aconitase, 

we know that the labile iron atom Fea is tetradentate and bound to a hydroxyl group (FeOH) in the 

absence of substrate. Upon entry of substrate, the hydroxyl group gets protonated to a water 

molecule still remaining bound to Fea  (FeOW) which in turn expands its coordination sphere to 

become hexadentate (Lauble et al., 1992). However, substrate bound structure of Leishmania 

major class-I FH has Fea forming a pentadentate bond, having lost its initial bound water molecule 

(5l2r). Further work must reveal differences in enzymes within the Fe-S cluster hydrolyase class 

of enzymes.  
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Fig. 1.4. Proposed reaction mechanism for class-I FH, adapted from Flint & Allen 1996. The Fe-S cluster 

is ligated to the protein through three cystine residues. The fourth iron which is unbound is called the labile 

iron (Fea). In the absence of the substrate, Fea is bound to a hydroxyl group to form a tetradentate structure. 

Upon entry of substrate malate, the hydroxyl group on the substrate along with its carboxylate group binds 

to the labile iron to form a hexadentate structure. The Fe-S cluster functions as a Lewis acid to pull the 

lone pair of electrons on the hydroxyl group of the substrate to render it prone for breakage. This is followed 

by a catalytic base abstracting a proton from the C3 carbon of malate subsequently leading to the formation 

of product with the release of a water molecule. 

 

1.1.6.2. L. major class-I FH 

Recently, the first full length structure of class-I FH has been solved from Leishmania major, a 

single-subunit type enzyme (Feliciano et al., 2016). Subsequently, structures of the enzyme bound 

to various substrate analogs and inhibitor thiomalate has also been solved and deposited (Feliciano 

et al., 2019; Feliciano & Drennan, 2019). As the LmFH structures have both Fe-S cluster and 

substrate bound at the active site, critical information with regard to active site residues interacting 

with the substrate can be deciphered (Fig. 1.5). A total of 7 residues from the CTD and 5 residues 

from the NTD are in hydrogen-bonding distance with the substrate, with a threonine residue 

(Thr467) closest towards the C3 carbon of the substrate (3.2 Å) and an aspartate residue (Asp135) 

closest to the C2 hydroxyl group of the substrate (2.9 Å). Mutational studies (carried out in 

subsequent studies) of active site residues of threonine (T467A), aspartate (D135A) and three 

arginine residues (R173A, R421A, and R471A) in hydrogen-bonding distance with the substrate 

led to a 2,000 to 16,000 fold drop in kcat (Feliciano & Drennan, 2019). The two arginine residues 

Arg421 and Arg471 are in hydrogen-bonding distance with Thr467 (2.5 – 3.0 Å), either of which 

could accept a proton from C3 carbon of substrate via Thr467 side chain. It is proposed that the 

three residues act as a catalytic base triad to abstract the proton from the substrate in a base 
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catalyzed reaction. Asp135 which is closest to the C2OH group of the substrate along with its 

hydrogen-bonded partner His334 (2.5 Å) is proposed to act as the catalytic acid dyad to donate a 

proton to the hydroxyl group to aid its removal as a water molecule. Arg173 has been proposed to 

play an important role in positioning of the substrate at the active site to allow efficient catalysis 

to take place. Mutational studies of some of the other residues that are in hydrogen-bonding 

distance with the substrate have not been carried out. 

 
Fig. 1.5. Active site of LmFH with bound L-malate (5l2r). Active site of the protein includes an iron-sulfur 

cluster, bound L-malate, and substrate binding residues. The residues involved in malate binding and their 

corresponding distance from the different atoms of malate are shown. Image was created using LigPlot 

(Laskowski & Swindells, 2011). Water molecule at the active site is shown in cyan; C, N, O, Fe, and S 

atoms are shown in black, blue, red, orange, and yellow, respectively. Hydrogen-bonds are shown as black 

dashed lines with distances highlighted in green.  

 

1.1.7. C-I and C-II FH show differences with regard to enzyme promiscuity  

Apart from fumarate – malate interconversion, FH has promiscuous activity on substrate analogs 

like D-tartrate and acetylene dicarboxylate. Although, both class-I and class-II FH have activity 

on D-tartrate and acetylene dicarboxylate, there exists other similarities and differences between 

the two class of enzymes (Flint, 1994; Teipel et al., 1968) (summarized in Table. 2.3 in chapter 

2).  For example, mesaconate is  a substrate of class-I FH while, it is a competitive inhibitor of 
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class-II FH. Succinate and L-tartrate are inactive analogs for class-I FH activity but, inhibit class-

II FH competitively. Mercaptosuccinic acid or thiomalate is shown to be a competitive inhibitor 

of class-I FH (Jayaraman et al., 2018), but the same is an inactive analog of class-II FH. Substrate 

analogs such as malonate, trans-aconitate and meso-tartrate inhibit both class-I and class-II FH. 

The fact that both these enzymes are able to act on and are inhibited by some mutually exclusive 

substrate analogs suggests there may be some differences with regard to substrate binding and 

catalysis. No differences between the class-I single-subunit and two-subunit enzymes have been 

observed and a wider substrate screen must give more information on mechanistic differences in 

catalysis adapted by the two class of enzymes.  

  

1.1.8. Physiological and clinical significance 

Class-II FH have been found to be localized in both mitochondria and cytosol in many eukaryotes 

including yeast (Knox et al., 1998), rats (Tuboi et al., 1986), plants (Pracharoenwattana et al., 

2010), and humans (Dik et al., 2016). In the mitochondria, the primary role of the enzyme is to act 

in congruence with the TCA cycle, while diverse roles have been associated to the cytosolic 

counterpart. Cytosolic class-II FH have been found to be involved in urea cycle in mammalian 

cells (Adam et al., 2013), nitrogen assimilation (Nunes-Nesi et al., 2010), seed germination 

(Eprintsev et al., 2018) and carbon storage (Zell et al., 2010) in plants and more recently, DNA 

repair pathway of yeast and mammalian cells (Jiang et al., 2018). Mutation in, or inactivation of 

FH has pathological consequences. Biallelic inactivation of FH is known to cause genetic disorders 

such as hereditary leiomatosis, renal cell carcinoma and encephalopathies (Tomlinson et al., 2002).  

 

With the physiological importance associated with class-I FH in all the organisms, the enzyme has 

been characterized for only its role in the TCA cycle. However, the promiscuous activity of 

fumarases on mesaconate in Burkholderia xenovorans (Kronen et al., 2015) and D-tartrate in 

Escherichia coli (Kim et al., 2007) suggests the role of class-I FH in aiding the organisms’ survival 

in certain conditions. Similar to class-II FH, class-I FH have recently been shown to be essential 

components in DNA damage response in Bacillus subtilis (Silas et al., 2021). Some of the 

unicellular eukaryotic pathogens are found to solely possess class-I FH. Since humans have only 

class-II FH, the perturbation of which could lead to diseases, designing class-I FH specific 
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inhibitors will help treat some of the largely prevalent diseases caused by unicellular eukaryotic 

pathogens listed in Table. 1.1.   

 

Table. 1.1. List of eukaryotic unicellular organisms having class-I FH and the respective disease they 

cause in humans. 

 

Organism Disease FH type 

Plasmodium Malaria Class-I 

Babesia Babesiosis Class-I 

Cryptosporidium parvum Cryptosporidiosis Class-I 

Cyclospora cayetanensis Cyclosporiasis Class-I 

Isospora belli Isosporiasis Class-I 

Toxoplasma gondii Toxoplasmosis Class-I 

Trypanosoma brucei Sleeping sickness Class-I 

Trypanosoma cruzi Chagas disease Class-I 

Leishmania Leishmaniasis Class-I 

 

1.1.9. Objectives 

Owing to the difficulty in biochemical and structural characterization of  thermolabile and oxygen 

sensitive class-I FH, a thermostable homolog of the enzyme from M. jannaschii was selected for 

the current study to serve as a model to understand class-I FH. The primary objective of the study 

was to kinetically and structurally characterize the class-I FH from M. janaschii. With the structure 

solved, analyze the active site of the enzyme to draw information on functioning of the highly 

efficient catalyst. Carry out mutational analysis to understand the role of active site residues in 

catalysis and finally arrive at the mechanism of catalysis adapted by class-I FH in general.  
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1.2. Experimental procedures 

1.2.1. Chemicals, strains, and molecular biology reagents 

Restriction enzymes, Phusion polymerase and T4 DNA ligase were obtained from New England 

Biolabs, USA. Primers were custom synthesized from Sigma Aldrich, Bengaluru. Media 

components for growing E. coli cultures were from Himedia, Mumbai, India. Akta HPLC and Q-

Sepharose resins were from GE Healthcare Life Sciences, USA. Selenomethionine was obtained 

from Cayman chemicals Co., Michigan. Crystallization cocktails were from Hampton Research, 

Aliso Viejo, CA. RS-2-thiomalate was obtained from Sigma Aldrich, USA. All enzyme assays 

were monitored using Hitachi U2010 (Hitachi High Technologies, Japan) spectrophotometer fitted 

with water-circulated cell holder. 

1.2.2. Generation of plasmid constructs 

The genes for the subunits of MjFHα and MjFHβ cloned into two tandem multiple cloning sites of 

pET-Duet vector (Novagen, Merck), under the restriction sites BamHI and SalI for MjFHα subunit 

and NdeI and XhoI for MjFHβ subunit for co-expression from a single plasmid 

(pETduet_MjFHαβ) was already available in the laboratory. For expressing the individual subunits 

separately, the same primers and restriction sites were used (Table. 1.2). Site-directed mutants 

were generated using the PCR-driven overlap extension method using pETduet_MjFHαβ as a 

template. DNA fragments with the required mutations generated using appropriate 

oligonucleotides (Table. 1.2) were then assembled into the plasmid by ligation-dependent cloning 

(Sambrook & Russell, 2001). All the clones were confirmed by DNA sequencing.  

Table. 1.2. List of oligonucleotide sequences used for cloning M. jannaschii WT FH and generating site-

directed mutants. 

Primer name  Primer sequence (5’ to 3’)  

MjFH_α_BamHI_up CGCGGATCCGAAAATCTCCGATGTTGTTGTTGAATTATTTAG 

MjFH α_SalI_down ACGCGTCGACTTATAATTTAGCATCCAATTTTATTCTTTTAATTGCC 

MjFH β_NdeI_up CTAATTCCATATGGAATATACATTTAACAAATTAACAAAAAAGATG 

MjFH β_XhoI_down CCGCTCGAGTTATAATCCTATCAATTCATTAAGCTTTTCATAAAC 

MjFH_D62V_FP GTTCCTCTATGTCAAGTTACTGGTGTCCCAATAG 

MjFH_D62V_RP CTATTGGGACACCAGTAACTTGACATAGAGGAAC 

MjFH_H257N_FP GAGATTGCTGGATGCAACACAGCTTCTTTACCTGTAGG 

MjFH_H257N_RP CCTACAGGTAAAGAAGCTGTGTTGCATCCAGCAATCTC 

MjFH_T80V_FP GGTTTGTGTTTCTATAGGCCCAGTAACATCTGCAAGGATGAATG 

MjFH_T80V_RP CATTCATCCTTGCAGATGTTACTGGGCCTATAGAAACACAAACC 

MjFH_T80C_FP GGTTTGTGTTTCTATAGGCCCATGTACATCTGCAAGGATGAATG 
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MjFH_T80C_RP CATTCATCCTTGCAGATGTACATGGGCCTATAGAAACACAAACC 

MjFH_G147A_FP GCATTTCCAAAAGGGGCAGCGAGCGAAAACATGAGTGC 

MjFH_G147A_RP GCACTCATGTTTTCGCTCGCTGCCCCTTTTGGAAATGC 

MjFH_T81V_FP GTGTTTCTATAGGCCCAACAGTTTCTGCAAGGATGAATGATG 

MjFH_T81V_RP CATCATTCATCCTTGCAGAAACTGTTGGGCCTATAGAAACAC 

MjFH_R84L_FP GCCCAACAACATCTGCATTAATGAATGATGTTGAAGAGG 

MjFH_R84L_RP CCTCTTCAACATCATTCATTAATGCAGATGTTGTTGGGC 

MjFH_K104L_FP GCAATTGTTGGACTGGGAGGAATGAAAAAAGAG 

MjFH_K104L_RP CTCTTTTTTCATTCCTCCCAGTCCAACAATTGC 

MjFH_R102L_FP GGAAGAGGTTCCTTTATTACCTAATGTAGTTCATCC 

MjFH_R102L_RP GGATGAACTACATTAGGTAATAAAGGAACCTCTTCC 

MjFH_Q61L_FP GAAACGCAAGTTCCTCTATGTTTAGATACTGGTGTCCCAATAG 

MjFH_Q61L_RP CTATTGGGACACCAGTATCTAAACATAGAGGAACTTGCGTTTC 

MjFH_R32L_FP GGCAAAATATACACTGCGTTAGATGAAGCACATTTAAAAATTATTG 

MjFH_R32L_RP CAATAATTTTTAAATGTGCTTCATCTAACGCAGTGTATATTTTGCC 

MjFH_K144L_FP GATAATTGCATTTCCATTAGGGGCAGGAAG 

MjFH_K144L_RP CTTCCTGCCCCTAATGGAAATGCAATTATC 

MjFH_S148A_FP GCATTTCCAAAAGGGGCAGGAGCCGAAAACATGAGTGC 

MjFH_S148A_RP GCACTCATGTTTTCGGCTCCTGCCCCTTTTGGAAATGC 

MjFH_R32K_FP GGCAAAATATACACTGCGAAAGATGAAGCACATTTAAAAATTATTG 

MjFH_R32K_RP CAATAATTTTTAAATGTGCTTCATCTTTCGCAGTGTATATTTTGCC 

MjFH_R84K_FP GCCCAACAACATCTGCAAAAATGAATGATGTTGAAGAGG 

MjFH_R84K_RP CCTCTTCAACATCATTCATTTTTGCAGATGTTGTTGGGC 

MjFH_R102K_FP GGAAGAGGTTCCTTTAAAACCTAATGTAGTTCATCC 

MjFH_R102K_RP GGATGAACTACATTAGGTTTTAAAGGAACCTCTTCC 

 

1.2.3. Protein expression and purification 

Recombinant expression of MjFHαβ was carried out by transforming the E. coli strain BL21 

(DE3)-RIL with the plasmid pETduet_MjFHαβ, followed by selection on Luria-Bertani (LB) agar 

plate containing ampicillin (100 µg ml-1) and chloramphenicol (100 µg ml-1). Multiple colonies on 

the plate were picked and transferred to 10 ml LB broth. The culture was grown overnight at 37 

0C and 1% of inoculum was added to 800 ml of Terrific broth (TB). The cells were grown at 37 

0C to an OD600 of 0.45, induced with 0.3 mM IPTG and grown further for 18 hours at 16 0C. The 

cells were harvested by centrifugation and resuspended in lysis buffer containing 50 mM Tris HCl, 

pH 8.0, 5% glycerol, 1 mM DTT and 1 mM PMSF. Cell lysis was achieved by five cycles of 

French press (Thermo IEC Inc., USA) at 1000 psi, and the lysate was clarified by centrifugation 

at 30,000 x g for 30 minutes. Supernatant was incubated at 70 0C for 30 minutes to precipitate the 

bacterial proteins and again clarified by centrifugation at 30,000 x g for 30 minutes. Supernatant 

was then treated with 0.01% PEI to precipitate nucleic acids and clarified by centrifugation at 

30,000 x g for 30 minutes. The clarified lysate was filtered through a 0.44-micron filter and loaded 
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onto Q-Sepharose anion-exchange column. The protein was eluted using a linear gradient of NaCl 

in buffer containing 50 mM Tris HCl, pH 8.0, 5% glycerol and 1 mM DTT. Fractions containing 

co-purified α and β-subunits of the protein were pooled, dialyzed, and stored at -80 0C. The purified 

protein was analyzed by SDS-PAGE (Laemmli, 1970) and protein concentration was determined 

by the Bradford method (Bradford, 1976) with bovine serum albumin (BSA) as standard. The same 

protocol was adopted for purification of all the mutants. 

Expression and purification of MjFHαβ with selenomethionine incorporated for single-wavelength 

anomalous dispersion (SAD) phasing, was carried out following established protocols (Doublié, 

1997). Overnight grown culture of E. coli strain BL21 (DE3)-RIL containing pETduet_MjFHαβ 

was centrifuged, and the cells washed with M9 minimal medium. 0.5% culture was inoculated in 

pre-warmed M9 minimal medium containing 5 g L-1 glucose as carbon source. Cultures were 

grown till mid-log phase at 37 0C followed by addition of inhibitory amino acid mix containing 

phenylalanine, lysine, and threonine at a concentration of 100 mg L-1 and leucine, isoleucine, and 

valine at a concentration of 50 mg L-1. Cultures were grown for 15 minutes followed by addition 

of selenomethionine to a final concentration of 100 mg L-1 and grown for further 15 minutes. The 

cultures were then induced with 0.3 mM IPTG and grown at 20 0C for 18 hours. The cells were 

harvested, and protein purified following the same protocol as that for the wild type (WT) protein 

using degassed buffer containing 50 mM Tris HCl, pH 8.0, 5% glycerol and 10 mM DTT. The 

purified protein was checked on SDS-PAGE and analyzed using LC-ESI-MS for 100% 

selenomethionine incorporation into both subunits (Appendix. Fig. A.1) Purified protein aliquots 

were concentrated and utilized for setting up X-ray crystal trays. 

 

1.2.4. Reconstitution of Fe-S cluster and confirmation through CD spectroscopy 

Purified protein aliquots stored at -80 0C were reconstituted with Fe-S cluster following standard 

protocols (Beinert et al., 1996; Jolla, 1996). The protein solution was incubated in anaerobic 

chamber (Coy, USA) for 1 h to remove all traces of oxygen. All the subsequent steps were 

performed under anaerobic conditions in the chamber. Briefly, around 10-50 μM protein was used 

for reconstitution. The reconstitution procedure was initiated by the addition of 50-fold excess 

DTT to the protein solution followed by stirring for 30 min. Subsequently, 10-fold molar excess 

of ferrous ammonium sulfate and sodium sulfide were added and stirred for another 3.5 hours. 

Metal-thiolate charge transfer band was detected in the visible region using a 20 μM solution of 
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[4Fe-4S] cluster-reconstituted protein taken anaerobically in a 1 cm path length cuvette, sealed, 

and used for acquiring CD spectra in the region 250 to 600 nm using a spectropolarimeter (Jasco 

J-810). 

1.2.5. Enzyme activity 

All initial velocity measurements were conducted at 70 0C using a spectrophotometer (Hitachi 

U2010 spectrophotometer) and initiated by the addition of enzyme. The activity of MjFH was 

found to be maximal at pH 7.2 and hence all assays were carried out at this pH in 50 mM Tris-

HCl. Conversion of fumarate to malate was measured spectrophotometrically as a decrease in 

absorbance caused by the depletion of fumarate. The enzymatic conversion was monitored at 

different wavelengths as follows: 240 nm (ε240 = 2440 M-1cm-1) (Flint, 1994) for fumarate 

concentrations up to 750 µM; 250 nm (ε250 = 1345 M-1cm-1) for 1 mM; 260 nm (ε260 = 805 M-1cm-

1) for 1.5 mM; 270 nm (ε270 = 475 M-1cm-1) for 2 mM; 280 nm (ε280 = 240 M-1cm-1) for 3 mM; 290 

nm (ε290 = 110 M-1cm-1) for 5 mM; 300 nm (ε300 = 45 M-1cm-1) for 10 and 20 mM; 305 nm (ε305 = 

18 M-1cm-1) for concentrations of 30 and 40 mM in a quartz cuvette of 1 cm path length.  

Inhibition kinetics of the enzyme with RS-2-thiomalate was carried out using similar assay 

conditions with fixed concentrations of fumarate (500 μM) and malate (1000 μM) in 50 mM Tris-

HCl, pH 7.2 at varying concentrations of RS-2-thiomalate. Apparent inhibitory constant Ki (app) 

was calculated from the IC50-to-Ki web-server (Cer et al., 2009) for RS-2-thiomalate for MjFH 

with malate and fumarate as substrates. 

All initial velocity measurements were conducted in duplicate with data points in the plot and 

values derived being mean ± S.E. The initial rate vs substrate concentration plots were generated 

using GraphPad Prism version 5.0 (Graphpad software Inc) and non-linear regression method was 

used to fit the data points for WT and mutants using the equation, v=Vmax[S]/[KM + [S](1+[S]/KI)] 

(eq. 1) that incorporates substrate inhibition. IC50 was determined by fitting the data to the equation 

v=V0/[1 + (I/IC50)] (eq. 2), where v is the initial velocity, Vmax is maximum initial velocity, [S] is 

substrate concentration, KI is the dissociation constant for equation 1 and v is the observed velocity, 

V0 is the uninhibited velocity, [I] is the inhibitor concentration and IC50 in  equation 2 is the 50% 

inhibitory concentration of the inhibitor.  
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1.2.6. Crystallization and data collection 

MjFHα, MjFHαβ apo-protein and holo-protein were set up for crystallization using the Microbatch 

method (Chayen et al., 1992). A 72 well multi-well plate from Grenier-Bio was used. Conditions 

for crystallization were obtained by using all the conditions in the commercially available 

crystallization kit from Hampton (Hampton Research, USA). In case of MjFHαβ holo-protein, 

reconstituted protein was passed through a Zeba™ Spin Desalting Column, 7K MWCO, to remove 

unbound iron and sulphur and set up for crystallization within the anaerobic chamber. For MjFHαβ 

apo-protein, to ensure a homogenous population, the protein was subjected to apo-protein 

preparation. Apo-protein was prepared by addition of 50x excess EDTA and 20x excess 

K3[Fe(CN)6] followed by incubation for 30 minutes. The protein was concentrated by precipitation 

with 100% ammonium sulfate and dissolved in a minimum volume of 20 mM potassium 

phosphate, pH 6.4 and dialysed. Various concentrations ranging from 3 mg/ml to 24 mg/ml of the 

protein were used for setting up crystal screens. The crystallization droplet contained 3 μl of 

protein and 3 μl of buffer from different conditions placed under a 50% mix of paraffin and silicone 

oil at room temperature. Crystals of MjFHαβ apo-protein were obtained in 0.2 M magnesium 

chloride hexahydrate, 0.1 M BIS-TRIS, pH 5.5, 25% w/v polyethylene glycol 3,350. 

Selenomethionine incorporated MjFHαβ (Se-MjFHαβ) also crystallized in the same condition but 

were not well formed. Well-formed crystals were obtained in the presence of an additive, non-

detergent sulfobetaines (0.3 M NDSB-195) obtained from Hampton additive screenTM (Fig. 1.6). 

Crystals were cryo-protected by addition of 20% (v/v) glycerol to initial conditions. Selenium-

SAD data was collected on Se-MjFHαβ crystals at a wavelength of 0.9537 at the BM-14 beamline 

of European Synchrotron Radiation facility (ESRF).  

 

Fig. 1.6. MjFH protein crystal morphology. Crystals obtained under the condition containing 0.2 M 

magnesium chloride hexahydrate, 0.1 M BIS-TRIS, pH 5.5, 25% w/v polyethylene glycol 3,350 in the 

presence of the additive, non-detergent sulfobetaines (0.3 M NDSB-195). 
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1.2.7. Structure determination and refinement  

Crystal structure of Se-MjFHαβ was solved by selenium-SAD, making use of the eleven 

anomalously scattering selenium atoms per functional dimer. Various packages available in CCP4 

suite (Winn et al., 2011) and Phenix modules (Adams et al., 2010) were used. Briefly, iMOSFLM 

(Battye et al., 2011) was used for data processing and PHENIX AutoSol (Adams et al., 2010) for 

determining the position of selenium atom sites in Se-MjFHαβ. Automatic model building was 

performed for Se-MjFHαβ using PHENIX AutoBuild (Terwilliger et al., 2007). REFMAC 5.0 

(Murshudov et al., 2011) and phenix.refine (Afonine et al., 2012) were used for refinement. 

Manual refinements were carried out using COOT (Emsley et al., 2010). Refinement statistics are 

summarized in Table 1.3. Since the structure has been held for publication during the submission 

of the thesis, validation report for the structure is attached in Appendix E. All the structure-related 

figures were created using PyMol software (Schrödinger, 2015). Electrostatic surface potential 

was calculated using Adaptive Poisson-Boltzmann Solver plugin in PyMol (Baker et al., 2001).  

Table 1.3. Data collection and refinement statistics of MjFHαβ protein structures solved by Se-SAD. 

 

 

 



  Chapter 1: Results and discussion 

23 
 

1.3. Results and discussion 

1.3.1. Enzyme activity and kinetic characterization of MjFH  

The activity of reconstituted MjFHαβ complex was examined at 240 nm as a time-dependent 

decrease in absorbance with fumarate as substrate and increase in absorbance with malate as 

substrate. The MjFH apo-protein, β-subunit and reconstituted α-subunit were found to be inactive 

while, addition of MjFHβ to Fe-S reconstituted MjFHα yielded high levels of activity.  Kinetic 

parameters for activity on malate and fumarate were obtained by fitting v vs [S] plots to substrate 

inhibition equation (eq. 1) (Fig. 1.7A). KM and Vmax values derived from the fits are summarized 

in Table 1.4. The KM values for MjFH are higher compared to other class-I two subunit FH by 2 

to 4 folds for malate and 6 to 8 folds for fumarate. The catalytic efficiency (kcat/KM) of MjFH for 

both malate and fumarate is comparable to other reported class-I FH. RS-2-thiomalate was found 

to inhibit MjFH with an IC50 of 50.8 ± 1.2 µM and 20.6 ± 0.8 µM with malate and fumarate as 

substrates, respectively (Fig. 1.7B). Values of the apparent inhibitory constant Ki (app) for RS-2-

thiomalate derived from the IC50 values with malate and fumarate as substrates were 30.8 µM and 

17.4 µM, respectively, and similar to those previously reported for Class-I FH (de Pádua et al., 

2017; Feliciano et al., 2019; Jayaraman et al., 2018). 
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Fig. 1.7. Kinetics of WT MjFH and IC50 plot for MSA on substrates malate and fumarate. A. Initial 

velocity as a function of substrate concentration for malate (left panel) and fumarate (right panel). Data 

are fit to substrate inhibition equation (Eq. 1). B. IC50 plot for RS-2-thiomalate with malate (left panel) and 

fumarate (right panel) as substrates.  

 

1.3.2. Structure of MjFH  

Attempts were made to crystallize individual subunits of MjFH and the complex in both apo- and 

holo-protein state. In all conditions attempted, only MjFHβ and MjFHαβ apo-protein complex 

crystallized. MjFHβ subunit structure had been solved in the laboratory by the molecular 

replacement method using the structure of the β subunit of Archaeoglobus fulgidus (PDB ID: 2isb) 

and deposited (5dni). Structure of MjFHαβ apo-protein complex was solved by single-wavelength 

anomalous dispersion (SAD) using crystals of the selenium incorporated protein and refined to 

2.45 Å resolution (Table. 1.3). 

 

1.3.2.1. Features of the enzyme structure.  

The asymmetric unit in MjFHαβ complex contains one copy each of α- and β-subunits and the 

functional form of the enzyme, which is a dimer of a heterodimer was generated using a symmetry 
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related mate from the neighboring unit cell (Fig. 1.8A). MjFHβ structure (5dni) superposed well 

on the β-subunit of MjFHαβ apo-protein complex with an RMSD of 0.528 Å. A 14 residue stretch 

at the C-terminal end of the protein that was disordered in the MjFHβ structure ordered into an α-

helix in the MjFHαβ complex (Fig. 1.8B). Ordering of the 14-residue α-helical stretch is aided by 

a helix-helix interaction with the α-subunit (Fig. 1.8C). This 14-residue helical stretch is absent in 

the class-I single subunit Leishmania major FH (LmFH) and may possibly enable tight binding of 

the two subunits. LmFH structure is shown to have a previously unidentified α + β fold and 

searching MjFHα in DALI server to identify the fold, picked LmFH structure as the only strongest 

match with an RMSD of 2.1 Å. The SCOP database (Fox et al., 2014) classifies the fold of MjFHβ 

as a “swiveling β/β/α” similar to the C-terminal domain (CTD) in LmFH, which is considered to 

be a highly mobile segment in multi-domain proteins. Surface electrostatic potential of MjFH 

reveals a large positively charged active site cavity between the α- and β-subunits of MjFH akin 

to that between N-terminal domain (NTD) and CTD of LmFH (Fig. 1.8D). A tunnel originating 

from a cavity at the top of the protein, observed in LmFH as well, passes through the entire breadth 

of the protein without connecting to the active site cavity (Fig. 1.8E). 

 

Fig. 1.8. Structure of MjFH. A. Structure of MjFHαβ biological assembly of tetramer. α-subunits are in 

green and magenta colour, while β-subunits are in cyan and yellow colour. B.  Superposition of MjFHβ 

structure (5dni) on MjFHαβ dimer reveals ordering of the C-terminal α-helix in β-subunit of MjFHαβ 

complex (enclosed in red box), which is disordered in MjFHβ structure. C. Helix-helix interaction between 

the C-terminal helix in β-subunit and helix (α4) from the α-subunit of the protein complex. The β-subunit 

helix is coloured blue and the α-subunit helix green. D. Surface electrostatic potential of MjFHαβ tetramer. 
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A positively charged cavity is located between the interface of α and β-subunits creating the active site 

pocket. E. Protein tunnel. Highlighted in pink is a tunnel that is formed between the α-subunits of MjFH 

that passes through the entire breadth of the protein. 

 

1.3.2.2. Global structural differences between Mj and LmFH. 

To understand structural similarities and differences between MjFH and LmFH, the structures of 

the two proteins were superposed. Although the MjFHα- and β-subunits individually superpose 

well with the N-terminal and C-terminal domains of LmFH with an RMSD of 1.8 Å and 1.4 Å, 

respectively (Fig. 1.9A, B), structural superposition of the biological assemblies of the two 

proteins showed gross differences with an RMSD of 4.95 Å (Fig. 1.9C). A visual inspection 

revealed that LmFH structure is more compact compared to MjFH and measuring the distance 

between conserved residues located at the extreme termini of both proteins showed that the α-

subunits and N-terminal domains of MjFH and LmFH are equidistant, while the β subunits in 

MjFH are spaced farther apart compared to C-terminal domains of LmFH (Fig. 1.9D). In LmFH, 

the CTD has been shown to be mobile and its mobility changes with substrate/inhibitor binding. 

The B factor values for the swiveling β-subunit, as expected is higher than that of the α-subunit of 

the protein (Fig. 1.9E). A major proportion of residues at the NTD/NTD or α/α dimer interface of 

class-I FH are found to be conserved (Feliciano et al., 2016) and an interface analysis reveals that 

LmFH has a larger number of interactions between the domains of the protein  possibly accounting 

for its compact structure. While the NTD/NTD interface in LmFH is stabilized by 42 hydrogen 

bonds with an overall interface interaction area of 3712 Å2, the α/α subunit interface in MjFH is 

stabilized by 34 hydrogen bonds with an interface interaction area of 2521 Å2. Similarly, 19 

hydrogen bonds stabilize NTD-CTD domains of LmFH with an interface area of 1503 Å2 while 

only 5 hydrogen bonds are observed between the α and β subunits of MjFH with an interface area 

of 1275 Å2. 5 residues are involved in van der Waals interactions between the CTDs of LmFH but 

the β subunits of MjFH do not form any contacts (Fig. 1.9F). To understand if there are any 

collective functional motions in the protein and compare between the LmFH holo-protein and 

MjFH apo-protein, normal mode analysis (NMA) was carried out on iMODS server (López-

Blanco et al., 2014). This reveals that the β-subunit in MjFH is indeed dynamic capable of inward 

shift by “swinging-in” while LmFH C-terminal domain can displace outward by “swinging-out” 

(Fig. 1.9G).  
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Fig. 1.9. Differences between apo-MjFH and holo-LmFH (5l2r) structures. Superposition of LmFH NTD 

on MjFHα (A) and LmFH CTD on MjFHβ (B) show good alignment with RMSD values of 1.8 Å and 1.4 

Å, respectively. C. Overlay of LmFH functional complex on MjFH shows gross structural differences and 

a lack of clear alignment, with an RMSD of 4.95 Å. D. Distance between conserved residues A52 and A125 

located at the extreme ends of MjFHα (green) and LmFH NTD (blue) dimers show similar spacing, while 

distance between conserved residues V160 and V546 of MjFHβ and LmFH CTD show that β-subunits of 

MjFH are more distantly spaced compared to CTD of LmFH (Residue numbering from LmFH). E. B-factor 

analysis reveals that MjFHβ and LmFH CTD have higher B-factor values compared to the overall average 

of the protein (we should indicate α and β and NTD and CTD on the figure for clarity). F. Comparison of 

subunit/domain interfaces between MjFH and LmFH. Chains A and C refer to α-subunit of MjFH and NTD 

of LmFH, and chains B and D refer to β-subunit of MjFH and CTD of LmFH. LmFH reveals a larger area 

of interface interactions compared to MjFH. G. Normal mode analysis. β-subunit of MjFH (left panel) is 

the dynamic segment capable of an inward shift through a “swinging-in” movement while in LmFH the 

CTD (right panel) displaces outward through a “swinging-out” motion. Red regions in the protein are 

prone to larger scale movements followed by green and then blue. The direction of movement is displayed 

as arrow marks on the respective regions. 
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1.3.2.3. Differences in active site architecture between Mj and LmFH.  

Transposing the Fe-S cluster from LmFH onto MjFH reveals that three cysteine residues, Cys60, 

Cys182 and Cys269 in MjFH are well positioned to bind to the cluster (Fig. 1.10A). LmFH active 

site has 9 residues hydrogen-bonding with the substrate at the active site. 6 of these residues are 

positioned similarly in MjFH apo-protein active site, while three other residues (Gln61 and Arg102 

from the α-subunit and Arg84 from β-subunit) adopt a different side chain rotameric conformation 

going to show that the active site is largely pre-organized even in the absence of cluster and 

substrate (Fig. 1.10B).  

 

Fig. 1.10. Active site comparison between apo-MjFH and holo-LmFH (5l2r). A. Overlay of Fe-S cluster 

from LmFH onto MjFH shows that the active site pocket with three cysteine residues are well poised to 

accommodate the cluster. B. Active site residues in MjFH compared to LmFH. Top panel shows the 

superposition of active site residues from MjFHα (blue) on LmFH NTD (green) and bottom panel shows 

the superposition of active site residues from MjFHβ (magenta) on LmFH CTD (green). Malate bound to 

the Fe-S cluster is highlighted in grey. Residues Gln61 and Arg102 from the α-subunit and Arg84 from β-

subunit of MjFH show different side chain rotameric conformation. C. Numbering of the active site residues 

of MjFH and LmFH. Note that the contacts with the atoms on the substrate are from the LmFH structure. 
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1.3.2.4. Binding of cluster and substrate compacts quaternary fold 

Inter-CTD distance measured for both apo-MjFH and holo-LmFH shows that these values are 

larger for MjFH compared to LmFH (Fig. 1.9D) as can also be visually inferred from the 

superposition of the two structures (Fig. 1.9C). To identify the molecular determinants of this 

difference, atomistic molecular dynamics simulation was carried out on both apo- and holo- forms 

of MjFH and LmFH (All modeling and MD simulation studies were carried out by Sudharshan 

Behera from Prof. Balasubramanian Sundaram lab at CPMU, JNCASR). For this, the missing 

polypeptide segments/residues/atoms of missing regions of the protein for both MjFH and LmFH 

structures were first modelled. 63 residues at the N-terminal end, the 10-residue linker between 

the NTD and CTD, and 112 atoms from the 42 residues that are missing in the LmFH structure 

were modelled before simulation. Similarly, one and two residues from the N- and C-termini, 

respectively along with few other atoms that are missing in the MjFH structure were also modelled. 

Force field parameters for the Fe4S4 cluster and the bound cysteine residues were taken from a 

previous report (Chang & Kim, 2009). As multiple attempts at obtaining a stable contracted form 

of holo-MjFH did not yield satisfactory results, ligand was removed from the LmFH structure and 

simulated. The Rg and inter-CTD values reach and converge close to that of apo-MjFH by around 

300 ns time point beyond which the values saturated (Fig. 1.11A, B). A representative structure 

for the expanded form of apo-LmFH obtained from the simulation, between 300 to 400 ns time 

frames when superposed on apo-MjFH shows the two structures superpose well post simulation, 

confirming that class-I FH do indeed form a stable expanded/relaxed structure in the absence of 

Fe-S cluster and substrate (Fig. 1.11C).   
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Fig. 1.11. MD simulation reveals class-I FH adopts two different states based on presence or absence of 

a bound Fe-S cluster and substrate. A. Rg and B. inter-CTD distance as a function of simulation time for 

holo-LmFH (black), apo-LmFH (blue), apo-MjFH (magenta). There is no change in the Rg and inter-CTD 

distance values in the simulation of holo-LmFH. The apo-LmFH expands, and both the Rg and inter-CTD 

distance values become close to the ones in apo-MjFH. C. Superposition of the crystal structure of apo-

MjFH (green cartoon) on crystal structure of holo-LmFH (red cartoon, 5l2r) before and after 300 to 400 

ns simulation of LmFH structure. The two structures superpose well post simulation of apo-LmFH 

structure, affirming that the enzymes adapt two different states in the presence or absence of a Fe-S cluster 

and bound substrate. Images generated by Sudharshan Behera from Prof. Balasubramanian Sundaram lab 

at CPMU, JNCASR 

 

1.3.3. Mutational analysis of the active site residues. 

To understand the catalytic mechanism of class-I FH, residues were selected for site-directed 

mutagenesis in MjFH, which according to the S-malate bound LmFH structure and more recently 

solved inhibitor – thiomalate bound structure interact with the substrate. A set of 10 residues are 

located at the active site of which 9 residues are in hydrogen bonding distance with S-malate 

(Gln61, Asp62, Arg102, Gly147 from α subunit and Arg32, Thr80, Thr81, Arg84, Lys104 from β 

subunit) (Fig. 1.10B). The residue/s closest to C3 carbon of S-malate is Thr80 at 3.34 Å and to C2 

hydroxyl group are Asp62 and Gly147 at 2.64 Å and 3.1 Å distance, respectively. Another residue, 

His257 from the α-subunit, although not interacting with the substrate, is hydrogen-bonded to 
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Asp62 at a distance of 2.81 Å and could stabilize the charge state of this residue. All other residues 

form H-bonds with the carboxyl groups of S-malate. Sequence alignment also shows that Gly147 

is part of a motif ‘KGXGS’ that is highly conserved in class-I FH (Fig. 1.12) and considering their 

proximity to the substrate, Lys144 and Ser148 were also chosen for mutation. To examine their 

function, all these 12 residues were replaced by site-directed mutagenesis. Mutant enzymes were 

generated and purified using protocols similar to that for the WT protein. Steady state kinetics 

were conducted under conditions similar to that used for WT and the kinetic parameters along with 

fold change in catalytic efficiency relative to WT are summarized in Table. 1.4. Mutants with 

measurable activities showed a small drop in KM value, between 1.5 to 3 folds for both substrates, 

which is close to that observed in LmFH mutants. All inactive mutants showed a characteristic CD 

spectrum in the near-UV/visible region confirming that Fe-S cluster assembly is intact in these 

mutants (Fig. 1.13). 

 

Fig. 1.12. Motif KGXGS is identical and conserved across all class-I FH. 
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Table. 1.4. Kinetic parameters of MjFH WT and mutant enzymes 

 
* Since these mutants were weakly activity, only specific activity values are reported. 

Footnote: KI refers to inhibitory constant arising from substrate inhibition. 

Representative time course curves for the mutants as a comparison with WT curves are provided in 

Appendix B. 

 

 

Fig. 1.13. Circular dichroism spectra of apo- and Fe-S reconstituted wild type and mutants of MjFH.  

 

1.3.3.1. Catalytic acid and base mutants retain activity.  

Unlike LmFH, where mutation of residues corresponding to threonine 80 and aspartate 62, the 

proposed catalytic base and acid, respectively led to a dramatic drop (2500-5500-fold) in catalytic 

efficiency, MjFH T80V and MjFH D62V retained significant activity. Mutant T80V of MjFH 

showed 196- and 235-fold drop in catalytic efficiency for malate and fumarate, respectively while  

D62V showed a 37- and 28-fold reduction for the two substrates. Mutation of threonine to cysteine 

however, led to T80C being inactive. A similar trend has been observed in adenylosuccinate lyase, 
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where mutating the serine residue believed to be the catalytic base to alanine led to 1000-fold drop 

in specific activity while mutating it to cysteine abolished activity. It is suspected that the highly 

reactive thiol group of cysteine disrupts the active site by geometric and electrostatic perturbations 

(Bulusu et al., 2009). A close inspection of the active site of substrate bound LmFH structure 

revealed that the threonine residue has occupancy in two different states; one where it is in 

direction of the substrate C3 carbon and other where it points towards a structural water molecule 

(Fig. 1.14). The structural water molecule is conserved in several solved structures of LmFH bound 

to different substrate analogues. The water molecule is in hydrogen bonding distance from one of 

the arginine residues (Arg32) and at 4.4 Å from the C3 carbon of the substrate. In the absence of 

the catalytic base threonine residue, water molecule in its protonated/deprotonated state mediated 

by the neighboring Arg32 residue can potentially take over the role of catalytic base, explaining 

why threonine mutant retained activity. Mutation of the histidine residue in contact with the 

predicted catalytic acid to asparagine in MjFH (H257N) also led to a 28- and 44-fold reduction in 

catalytic efficiency for both the substrates. A double mutant of D62V and H257N of MjFH was 

inactive suggesting the requirement of at least one of these residues at the active site. In the absence 

of the catalytic acid aspartate, its hydrogen bonded partner could possibly replace its role. 

 

Fig. 1.14. A conserved water molecule could potentially take over the role of catalytic base in the absence 

of the threonine residue.  

 

1.3.3.2. Mutation of residues involved in electrostatic interactions with the substrate 

led to loss of activity. 

Leaving aside the catalytic acid and base residues, mutation of all other residues at the active site 

that are in close contact with the carboxyl groups of the substrate to a residue with non-polar side 

chain led to inactive mutants except for the mutant MjFH K104L that exhibited feeble activity 
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precluding estimation of KM and Vmax values. Two arginine residues and one glutamine (Arg32, 

Arg102 and Gln61) clamping the substrate from one side (Side A, Fig. 1.15) and one lysine, 

arginine, and threonine residue (Lys104, Arg84 and Thr81) from the other (Side B, Fig. 1.15), 

charge-polarize the substrate with stronger hydrogen bonding network mediated by 4 strong bonds 

formed by two arginine residues on Side A compared to 2 bonds formed by one arginine and one 

lysine residue on Side B. As the charged side chains of these residues could essentially have a role 

in catalysis by polarizing the substrate and priming it for reaction, the three arginine residues were 

mutated to lysine and the mutants probed for activity. Both the arginine residues on side A, which 

form stronger hydrogen bonds with substrate, on mutating to lysine (R32K and R102K) retained 

feeble activity precluding estimation of kinetic parameters, while mutating the arginine on side B 

to lysine (R84K) led to a 10-fold drop in catalytic efficiency for both substrates. Mutating the 

charged residues on side A was more detrimental compared to side B.  

 
Fig.1.15. Substrate is charge-polarized at the active site with more charge-interactions on one side 

compared to other. Residues Arg102 and Arg32 on side A form 4 strong hydrogen bonds with carboxyl 

group of bound substrate compared to one bond each formed by Lys104 and Arg84 on side B.  
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1.3.3.3. The conserved motif – KGXGS has a role in maintaining the environment 

around the Fe-S cluster 

While mutant K144L from the KGXGS motif showed a drop in catalytic efficiency of 39- and 50-

fold for malate and fumarate as substrates, S148A showed no drop in catalytic efficiency for malate 

and a 2-fold drop for fumarate as substrate. MjFH G147A mutant from the motif was inactive. The 

backbone amide NH of G147 is at 3.1 Å from the C2 hydroxyl group of malate in the malate-

bound structure of LmFH and mutating it to alanine could lead to the side chain occupying the 

active site space, resulting in short contacts that occlude substrate binding (Fig. 1.16). The K144L 

mutant where K144 is part of the KGXGS motif had the highest drop in KM values by 3.5 and 5 

folds, respectively for malate and fumarate suggesting a possible role in substrate binding. 

 
Fig. 1.16. Mutation of Gly147 to Ala will lead to the side chain methyl group coming in close contact 

with the carboxylate group of the bound substrate, thus possibly occluding the binding of the substrate 

in a catalytically active fashion. 

 

1.3.4. QM studies gives insights into the mechanism of catalysis in class-I FH 

Information derived from the kinetic properties of WT and active site mutants of MjFH along with 

the structure revealing the differential localization of charges on either side of the substrate, clearly 

suggests that electrostatics at the active site play a vital role in catalysis. In this scenario, the 

substrate possibly gets charge polarized during the catalytic cycle aiding easy addition/removal of 

a water molecule. Density function theory (DFT) calculations can effectively help model complex 

catalytic reaction pathways (Lee, 2021), which would provide valuable information on the 

importance of the active site residues in MjFH. This apart, natural population analysis (NPA) helps 

understand the electron distribution in compounds of high ionic character (Reed et al., 1998). By 

resorting to both these calculations, the magnitude of the role of substrate charge polarization in 

catalysis mediated by class-I FH can be distinctly established. Although in aqueous medium, the 

thermodynamics for malate to fumarate conversion has been worked out (Bearne & Wolfenden, 



Chapter 1: Results and discussion   

36 
 

1995), the reaction mechanism has not been fully explored. Reaction mechanism in aqueous 

medium and at the active site of class-I FH WT and catalytic acid/base mutants was probed using 

the X-ray crystal structure of Fe-S cluster bound LmFH-malate complex (5l2r). The same model 

was used to understand substrate charge polarization using NPA calculations (All calculations 

were carried out by Soumik Das from Dr. Garima Jindal’s laboratory at the Department of 

Organic Chemistry, Indian Institute of Science).  

              

1.3.4.1. Fumarate hydration in aqueous solution proceeds through the carbanion 

intermediate 

Interconversion between fumarate and malate can proceed through three different mechanisms 

(Fig. 1.17); pathway w1 involving the carbanion, pathway w2 involving a carbocation, and 

pathway w3 which involves a concerted TS (transition state). In pathway w1, the first step of 

malate to fumarate conversion involves the proton abstraction by a water molecule via TS(A-B)w1. 

The second step involves the removal of a water molecule via TS(B-C)w1. In pathway w2, the first 

step involves a water removal as shown in TS(A-B)w2 whereas, the second step involves proton 

abstraction via TS(B-C)w2 as opposed to pathway w1. For pathway w3, the conversion happens 

through a single TS of water removal. Study revealed that the carbanion pathway, i.e., pathway 

w1 proceeds with the lowest energy as seen from the relative free energies provided in parentheses 

in Fig. 1.17. It presented an activation free energy barrier of 41.7 kcal mol-1 which is in accordance 

with the experimental value of 36 kcal mol-1 (Bearne & Wolfenden, 1995).  

 
Fig. 1.17. Three pathways of interconversion between malate and fumarate in aqueous medium. Values 

in parentheses are the relative electronic energies in kcal mol-1. The energy shown for TS(A-C)w3 involves 
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an external water molecule, concerted TS with no external water molecule was found to be even higher in 

energy.  

1.3.4.2. Reaction mechanism at the enzyme active site 

Akin to the aqueous medium, at the active site of the enzyme as well, three possible mechanistic 

pathways of interconversion were probed. Studies carried out with a cluster of 86 atoms (QM1), 

with only five essential amino acid residues (Asp135, His334, Thr467, Thr468 & Arg471) which 

are believed to play an active role in the catalytic cycle showed an energy barrier of 21.2 kcal mol-

1 which is higher than the experimentally known value of 13.8 kcal mol-1 (Feliciano & Drennan, 

2019). Using a larger cluster of 207 atoms (QM2), consisting of five  additional amino-acid 

residues, which interact non-covalently with the bound substrate via hydrogen bonding (Gln134, 

Arg173, Gly216, Arg421 and Lys491) along with a crystal water molecule reduced the free energy 

to 16.7 kcal mol-1, signifying the importance of non-covalent interaction present at the active site 

in catalysis. Carbanion pathway turned out to be the most favorable pathway at the enzymatic 

active site as well.  

 

The catalytic base T467 and catalytic acid D135 at the active site in LmFH, as seen by the H-

bonding contacts in the crystal structure, are suitably placed to abstract a proton from C3 and 

donate a proton to C2 hydroxyl group of malate (Fig. 1.5). In TS(A-B)wt, T467 abstracts a proton 

from the substrate leading to a carbanion intermediate and simultaneously donates its proton to the 

neighboring R471 residue (Fig. 1.18). In TS(B-C)wt, OH- dissociates from the carbanion and at 

the same time accepts a proton from D135, thereby generating the final fumarate product with the 

release of a water molecule. 
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Fig. 1.18. Stepwise mechanism of reversible (de)hydration in the protein environment proceeding 

through the carbanion pathway.  

 

1.3.4.3. Alternative mechanism in the absence of catalytic residues 

Evaluation of effect of mutation of catalytic residues on the reaction mechanism was carried out 

using mutants T467A (M1) and D135A (M2) in QM2 model. In M1, since Thr467 is mutated to 

alanine which cannot relay the proton transfer, the obvious choice for an alternate base was the 

crystal water which can assist the proton transfer from C3 of malate to R471 as shown in TS(A-

B)M1 (Fig. 1.19). Following this, Asp135 plays a similar role as in WT. In the second mutant 

D135A (M2), where the catalytic acid Asp135 was mutated to alanine, an alternative possibility is 

that His334 residue exists in its protonated form (H334-H+). It can then transfer a proton through 

a water molecule to the departing OH- eventually eliminating a water molecule from the carbanion 

via TS(B-C)M2 (Fig. 1.19). The results obtained from both M1 and M2 using the QM2 model are 

in line with those obtained from mutational studies of MjFH. The activation free energy barriers 

for M1 and M2 were 26.4 kcal mol-1 and 23.2 kcal mol-1, respectively (Fig. 1.21). A drop in free 

energy barriers even in the absence of catalytic residues further strengthened the observation that 

activation energy barrier could be reduced substantially by other residues at the active site apart 

from the catalytic acid and the base residues.  
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Fig. 1.19. Plausible mechanistic pathway of reversible (de)hydration in T467A mutant (pathway M1) 

and D135A mutant (pathway M2). 

 

 

1.3.5. Natural population analysis reveals that the enzyme is indeed charge 

polarized at the active site 

Results from NPA calculation on fumarate bound enzyme-substrate complex in the larger model, 

QM2 for WT and various mutants are highlighted in Table. 1.5. From the NPA calculation, it was 

observed that the charge separation is maximum for WT with K491A and Q134A mutants being 

the only exceptions. As the active site residues were mutated, the relative charge separation 

reduced making the fumarate less nucleophilic, which can in turn cause an increase in activation 

energies as already observed in the case of T467A and D135A mutants. Importantly, the active 

site arginine residues play a significant role in charge separation. As the three arginine residues 

are removed sequentially from the active site, the charge separation not only reduces but the 

polarity completely gets reversed. Nucleophilicity of the substrate totally diminishes as the 

arginine residues are mutated, which in turn possibly demolishes the enzyme activity. From the 

good correlation obtained from NPA, it is imperative that non-covalent interactions present at the 

active site of FH play an essential part in making the enzyme more efficient by polarizing the 

substrate.  
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Table 1.5.  NPA charges on bound fumarate for different mutants of LmFH 

 

Mutant 

 

NPA 

Charge on 

C3 

 

NPA 

Charge on 

C2 

 

Relative charge 

on C2 w.r.t. C3 

WT - 0.306 - 0.212 + 0.094 

R471A -0.286 -0.222 +0.064 

R421A - 0.265 - 0.231 + 0.034 

R173A -0.273 -0.212 +0.061 

R421A+R173A - 0.237 - 0.272 - 0.035 

R421A+R173A+R471A - 0.240 - 0.294 - 0.054 

K491A -0.314 -0.198 +0.116 

D135A -0.302 -0.234 +0.068 

D135A+H334A -0.275 -0.234 +0.041 

Q134A -0.318 -0.214 +0.104 

T467A -0.264 -0.228 +0.036 

T468A -0.282 -0.201 +0.081 

G216A -0.284 -0.223 +0.061 

Fumarate -0.285 -0.285 0.000 

Fumarate + [4Fe-4S] cluster -0.245 -0.286 -0.041 
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1.4. Summary 

In this study, through mutational analysis and QM calculations, we propose a mechanism for the 

rate enhancement elicited by class-I FH. We also see features distinct to MjFH. 

1.4.1. MjFH has two binding sites for substrates 

The two subunits of MjFH remain tightly associated even in the absence of ligand or Fe-S cluster. 

α-subunit of the protein is independently capable of binding the Fe-S cluster; however, it requires 

the association of the β-subunit for activity. This was confirmed through in vitro activity 

measurements. The kinetic parameters obtained for the enzyme are in concordance with previous 

reports on class-I FH. However, we observed substrate inhibition in this enzyme, which suggests 

the presence of an alternative binding site for the substrate. This is the first enzyme of this class to 

exhibit such a regulation with the only other known regulation reported in class-I FH being 

cooperativity observed in Trypanosoma cruzi (de Pádua et al., 2017). Interestingly, malonate a 

known inhibitor of class-II FH was bound to two different regions of the tunnel in LmFH, one at 

the entrance and other at the center which runs across the entire breadth of the protein without 

connecting to the active site (Feliciano et al., 2016). Two of the residues in the tunnel which bind 

to malonate in LmFH, Gln195 and Glu267 (LmFH numbering) are conserved while Asp197 is 

present either as a glutamate or histidine in other class-I FH. Residues Lys213 and Ser217 (part of 

KGXGS motif) are close to the tunnel with Lys213 at around 10 Å from Gln195 and Glu267. An 

exhaustive search for side chain rotamers of Lys213 followed by energy minimization in LmFH 

structure reveals that the lysine residue comes in close contact of 3.8 Å from Glu267 (Fig. 1.20). 

Mutating the lysine and serine residue in MjFH results in large changes in Ki suggesting that the 

alternative substrate-binding site in MjFH might be located within the tunnel. 

 

Fig. 1.20. Contacts of Lys213 of the conserved KGXGS motif with Gln195 and Glu267 that interact with 

malonate bound at the tunnel in LmFH (5l2r). Panel on left shows interatomic distance between Lys213 

residue, and Gln195 and Glu267 present in the tunnel. Search for possible side chain rotamers of Lys213 in 



Chapter 1: Summary   

42 
 

the same structure followed by energy minimization reveals that Lys213 can come close to Gln195 and Glu267. 

The tunnel in LmFH structure is independent of the active site. The numbers above the dashed lines are 

distances in Å. 

1.4.2. Binding of Fe-S cluster and substrate compacts FH quaternary 

structure 

Structure of MjFH solved is the first structure of a two-subunit class-I FH. At the time of solving 

the MjFH apo-protein structure, LmFH structure was not available and SAD phasing was carried 

out to solve the structure of the αβ complex. Structure superposition of MjFH over LmFH shows 

global difference between the two proteins. The two structures are indicative of two different states 

of the protein, a slightly relaxed MjFH apo-protein state and a more compact LmFH holo-protein 

state. The primary difference is in the β-subunit and the CTD of the proteins which are spaced 

differently. We suspected that the subunit/domain possibly moves in or out based on the presence 

or absence of Fe-S cluster and bound substrate. β-subunit having a “swiveling β/β/α” fold, a mobile 

segment with high B-factor was in support of the assumption. MD simulations carried out with 

LmFH structure shows that the enzyme expands in 200 ns upon removal of the Fe-S cluster and 

substrate, going to show that the observed domain motion in apo- and holo-enzymes may be a 

consequence of Fe-S cluster and substrate binding. Fe-S cluster bound but substrate and inhibitor 

free structure of LmFH showed increased mobility of the C-terminus domain as compared to the 

substrate/inhibitor bound structure (Feliciano & Drennan, 2019). Since the pocket for entry of 

substrate to the active site lies between the α- and β-subunit interfaces, it is possible that the β-

subunit mobility may regulate substrate entry/product exit into the active site by opening/closing 

during the catalytic cycles. Although, in apo-MjFH the cysteine residues that ligate the Fe-S cluster 

are well poised to accommodate the cluster, active site residues which bind the substrate are present 

in the loops and some of these residues (Gln61 and Arg102 from the α-subunit and Arg84 from β-

subunit) have a different side chain confirmation (Fig. 1.10B). These residues must reorient upon 

cluster and substrate binding. 

1.4.3. Insights into catalytic mechanism of Class-I FH from site-directed 

mutants of MjFH  

Recently the first attempt at understanding the mechanism of catalysis in class-I FH has been 

carried out in LmFH through mutational studies of active site residues. The Thr467 (LmFH 

numbering) residue closest to the C3 carbon of bound substrate along with its hydrogen-bonded 

partners consisting of Arg421 and Arg471 has been predicted to act as catalytic base while Asp135 
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along with its hydrogen-bonded partner His334 performs the role of catalytic acid (Feliciano & 

Drennan, 2019). Mutation of the predicted catalytic acid aspartate and catalytic base threonine to 

alanine respectively, in LmFH led to 3,357- and 3916-fold drop in catalytic efficiency for malate 

as substrate, and 2538- and 5500-fold drop in catalytic efficiency for fumarate as substrate. These 

values turned out to be much smaller upon mutating the predicted catalytic residues to valine in 

MjFH. Reduction in activity of the MjFH catalytic acid and base mutants (D62V and T80V) 

respectively, corresponded to only 37- and 196-fold for malate as substrate, and 28- and 234-fold 

for fumarate as substrate. It must be noted that the catalytic rate enhancement offered by the 

enzyme is of the order of 3*1015 and a 5000 fold drop in activity of the enzyme would still make 

it a phenomenal catalyst. This suggests that the rate determining step in the fumarase reaction in 

the case of MjFH is not proton abstraction. We must therefore look elsewhere for the molecular 

origin on the large transition state stabilization first noted by Bearne and Wolfenden (Bearne & 

Wolfenden, 1995). Mutation of all the residues that form a hydrogen-bonded network with the 

carboxylate groups of the substrate led to complete loss of activity in MjFH. It must be noted that 

the LmFH mutants R173A, R421A and R471A corresponding to R102L, R32L and R84L MjFH 

mutants exhibited extremely weak activity. Our inability to detect this weak activity could be due 

to the differences in oxygen levels across the two experimental setups: 0.1 ppm versus 6 ppm. As 

a consensus, the catalytic residues on mutation retained some activity, while mutating the residues 

forming hydrogen-bonded network with the carboxylate groups of the substrate had little or 

abolished activity suggesting the importance of binding residues in catalysis.  

1.4.4. QM calculations support the dominant role of substrate charge 

polarization in catalysis 

With the current studies on the catalytic mechanism in class-I FH still in its nascent state, our 

understanding on its catalysis is majorly derived from studies carried out in class-II FH. Though 

the biochemical equilibrium of the reaction catalyzed by FH is in the direction of fumarate to 

malate (Keq=4), the problem has been viewed in the light of dehydration rather than hydration. A 

serine residue has been identified as the catalytic base in class-II FH, where it is believed to form 

an oxyanion hole stabilized by interaction with positively charged neighbors.  Previous studies 

however, have revealed that the rate limiting step does not involve a carbon-hydrogen bond 

cleavage, clearly suggesting that the reaction may not be driven largely through catalytic base 
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mediated proton abstraction (Bearne & Wolfenden, 1997). Both class-I and class-II FH catalyze 

the unidirectional hydration of acetylenedicarboxylate to oxaloacetate with good efficiencies 

(Flint, 1994; Teipel et al., 1968). This reaction, similar to the reaction catalyzed by acetylene 

hydratase does not require a catalytic base and the reaction is catalyzed by a water molecule held 

in position bound to a tungsten cofactor which is rendered nucleophilic or electrophilic by an 

aspartic acid residue thus allowing it to attack the triple bond (Seiffert et al., 2007). In recent years, 

quantum chemical studies have proven successful to understand mechanism of enzymatic 

reactions. DFT calculations on both electrophilic and nucleophilic pathways for water attack on 

triple bond of acetylene have shown very high energy barriers suggesting an alternative mechanism 

in acetylene hydratases. Quantum chemical studies on class I-FH to understand the mechanism 

that this enzyme adopts to catalyze the hydration/dehydration reaction of fumarate was carried out 

by Soumik Das from Dr. Garima Jindal’s laboratory at the Department of Organic Chemistry, 

Indian Institute of Science, Bangalore.  

From DFT calculations it was observed that the carbanion pathway is the most favorable route of 

interconversion between malate and fumarate in aqueous medium as well as in the enzymatic 

active site. The uncatalyzed reaction in aqueous medium has a significant energy barrier (41.7 kcal 

mol-1), which drastically goes down by 25.1 kcal mol-1 in the protein active site environment (Fig. 

1.21). A significant decrease in free energy barrier is observed from that of aqueous medium in 

the catalytic acid and the base mutants (M1 and M2), going to show that non-covalently interacting 

residues around the substrate have an important role in modification of the electronic structure of 

the substrate.   
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Fig. 1.21. Electronic energy profiles obtained from different model systems 

A closer look at the active site of class-I FH reveals that the environment is polarized with more 

positively charged interaction at one end of the substrate compared to the other (Fig. 1.15). We 

hypothesized that the active site environment polarizes the double bond of fumarate so that the 

nucleophilic attack of the hydroxyl group becomes favorable. To understand if the double bond of 

fumarate is really primed for attack of the water molecule, Natural Population Analysis (NPA) 

calculation on fumarate bound enzyme-substrate complex in the larger model, QM2 for WT and 

various mutants was carried out by Soumik at Dr. Jindal’s laboratory at OC, IISc (Table 1.5). 

From the NPA calculation it was observed that a charge separation does occur with the relative 

charge on C2 being highly positive in comparison to C3 in WT LmFH. Mutation of residues that 

bind to the substrate, decreased the polarity on the substrate going to show the importance of the 

active site in efficiently polarizing the substrate.  
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1.4.5. Proposed mechanism of catalysis in class-I FH 

With the understanding that the base mediated proton abstraction is not the rate limiting step of 

the reaction and reduction in free energy barriers is not achieved solely by the catalytic acid and 

base pair, the transition state analogues have been used to explain the series of covalent changes 

that take place during the fumarase reaction of an enzyme bound substrate (Porter & Bright, 1980). 

Rate enhancements in enzymes take place through reducing the activation barrier of the reaction 

by binding strongly to the altered substrate in its transition state compared to the substrate in its 

ground state (Bearne & Wolfenden, 1995). FH stabilizes this altered substrate in its transition state 

by a reduction in free energy by at least 30 kcal mol-1 with a release in enthalpy of -24 kcal mol-1 

and a gain in entropy of 19 kcal mol-1 (Bearne & Wolfenden, 1995). It is observed that the C3-

carbanion intermediate binds FH very strongly, mimicking the transition state (Porter & Bright, 

1980). The large favorable enthalpy gain in the fumarase reaction clearly arises from the strong 

network of electrostatic hydrogen bonds formed by the substrate at the preorganized active site. In 

the absence of substrate, the charged active site residues are likely to be heavily hydrated. Binding 

of the dianionic substrate will be accompanied by a release of the hydration shells around both the 

positive side chain of enzymes and negative charge of carboxylate groups of substrate, contributing 

to large gain in entropy.  

Looking at the active site of class-II FH as well, reveals a pattern similar to class-I FH, where the 

number of hydrogen-bonds with the substrate is much larger on one end compared to the other 

(Fig. 1.22). We hypothesize that polarization of the substrate at the active site mediated by non-

covalent interactions could potentially form the basis of catalysis where binding of the substrate 

and catalysis become inseparable events as predicted by the transition state theory. Upon substrate 

binding to the active site, the surrounding residues alter the substrate for nucleophilic attack and 

provide electrostatic stabilization to the negative charge on the carbanionic intermediate form of 

the substrate approaching the transition state (Fig. 1.23). Bearne and Wolfenden had long predicted 

that the electrostatic stabilization could explain the large gain in entropy (19 kcal/mol) observed 

for binding the altered substrate in its transition state relative to the ground state (Bearne & 

Wolfenden, 1995). We believe that the affinity of FH active site for the binding of the transition 

state far exceeds the affinity for the substrate, thus catalyzing the reaction.  
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Fig. 1.22. Active site architecture of class-II FH taken from M. tuberculosis FH reveals a larger number 

of H-bonds at one end of the substrate compared to other. Residues from three subunits contribute to 

catalysis in class-II FH, labelled as magenta, green and yellow. We see that while two serine and a 

threonine residue are in H-bonding distance from the carboxylate group of bound fumarate (grey) from 

one end, stronger interactions with lysine, histidine and asparagine are observed at the other end.  

 

Fig. 1.23. Mechanism of enzyme catalysis in FH. Upon binding to the active site of the enzyme, the 

substrate is raised to its transition state mediated by the positively charged residues on both sides of the 

molecule; strongly polarizing it. The transition state complex is well primed for attack of water molecule 

held in place by the Fe-S cluster following which the product is released.  
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Fumarate hydratase is an example of a true “Pauling enzyme” (Pauling, 1946). The Fe-S cluster 

may have been retained as a part of enzyme evolution and only plays a non-redox role in holding 

the water molecule in place for catalysis similar to that observed in the tungsten containing 

enzyme, acetylene hydratase (Seiffert et al., 2007). Pre-organized polar environments of active 

sites have been invoked to drive enzymatic catalysis through electrostatic stabilization of the 

substrate (Warshel et al., 2006). Recent studies on ketosteroid isomerase, which is an exceptional 

enzyme that stabilizes the substrate in the transition state by 21 kcal/mol have shown the role of 

electrostatic field at the active site on enzyme catalysis. Using vibrational stark effect 

spectroscopy, it was observed that the electrostatic field at the active site contributes significantly 

to reduction in free energy barrier and subsequently its catalytic rate. Of the 11.5 kcal/mol 

activation barrier, reduction of 7.3 kcal/mol which corresponds to 70% of the enzyme catalytic 

rate compared to uncatalyzed reaction was attributed to the electrostatic field alone. Positioning of 

the catalytic base, an aspartate residue contributed to the rest of the catalytic rate enhancement 

(Fried & Bagchi, 2014). Probing enzymes for electric field effects as a criterion for rate 

enhancements can provide useful insights on some of the exceptional enzymes in nature that carry 

out reactions at enormous rates which otherwise would not have been possible. Although, catalysis 

in the view of electrostatic transition state stabilization has received good support over the years, 

theoretical studies backed by reproducible experimental observations are needed to a large extent 

to address the larger problem of the origin of enzyme catalysis. 

1.4.6. Conclusion 

The extraordinary proficiency of fumarate hydratases in catalyzing the stereospecific addition of 

water to the planar, symmetrical, dianionic substrate, fumarate is in large measure due to the 

constellation of positively charged residues that line the pre-organized active site, polarizing the 

substrate electron distribution such that in the transition state the olefinic double bond distorts to 

the aci-carboxylate form. Dramatic electrostatic stabilization of transition states in enzyme 

catalysis is provided by the example of ketosteroid isomerase, where the activation barrier is 

reduced by an estimated 21 kcal mol-1 (Fried & Bagchi, 2014). Fumarate hydratases may provide 

an even more extreme example of transition state stabilization, envisaged decades ago by Polanyi, 

Haldane and Pauling and elaborated in later years by the seminal work of Jencks (Haldane, 2003;  

Jencks, 1987; Pauling, 1946; Robinson & Holbrook, 1972). The studies described above also 

provide firm experimental and theoretical support for the molecular mechanisms which enable 
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fumarate hydratase to bear the energetic burden of catalysis clearly enunciated in the work of 

Bearne and Wolfenden (Bearne & Wolfenden, 1995). 

1.5. Future directions 

Future directions regarding this part of the study will be to solve the structure of MjFH protein 

with the Fe-S cluster and substrate bound to help understand tertiary fold and local active site 

rearrangements better. This will also help distinguish the single-subunit and two-subunit type 

class-I FH. A tunnel that runs through the entire breadth of the protein without connecting the 

active site has been observed in both MjFH and LmFH structures. The tunnel in LmFH has been 

found to be occupied by ligands such as glycerol and the dicarboxylic acid molecule – malonate. 

Malonate is a weak inhibitor of class-I FH and the binding site in the tunnel for malonate have also 

been found to be conserved. As MjFH displays substrate inhibition, it will be interesting to see if 

this tunnel has an alternative binding site for the substrate. Mutation of the residues that bind 

malonate derived from LmFH structure followed by observing levels of substrate inhibition must 

throw light in this direction. Alternatively, structure of MjFH can be solved in the presence of 

ligands to observe if the tunnel indeed binds the substrate analogues. Lastly, class-I and class-II 

FH have been shown to have promiscuous activity on several substrate analogues. One of the 

substrate analogues is mesaconate, having a methyl group on C2 carbon of fumarate and gets 

catalyzed by class-I FH by a similar hydration reaction as fumarate to form citramalate. Kinetics 

was carried out on mesaconate using MjFH and the kinetic parameters were obtained by fitting the 

data to substrate inhibition equation similar to malate and fumarate (Fig. 1.24). Comparison of 

kinetic parameters with that of fumarate reveals that MjFH has close to equal activity and affinity 

for mesaconate. Activity on mesaconate has been tested in only three other class-I FH and in all 

these cases, it is observed that the enzyme retains a high activity on mesaconate, and a good affinity 

in comparison to fumarate (Jayaraman et al., 2018; Kronen et al., 2015; Kronen & Berg, 2015). 

Mesaconate is part of the methylaspartate pathway of glutamate fermentation operating in many 

anaerobic bacteria, all of which have class-I FH. Interestingly class-II FH is inactive on 

mesaconate. In fact, this is not the only difference between these two classes of enzymes. 

Thiomalate has been found to be a class-I specific FH inhibitor, not inhibiting the human FH. Since 

class II FH has been studied in greater depth compared to class-I counterpart, a lot has been 

understood regarding some of its inactive substrate analogues and inhibitors (details in chapter 2). 
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Additional substrate screening in class-I FH will give us an idea on differences between the two 

enzymes. This is especially important as some of the unicellular eukaryotic pathogens which are 

known to cause disease in humans such as Plasmodium, Cryptosporidium, Toxoplasma, 

Trypanosoma, Leishmania, and a few more solely possess class-I enzymes. The fact that humans 

have only class-II FH makes it even more relevant to design class-I FH specific inhibitors. With 

the available knowledge of substrates and inhibitors of class-I FH, it will be interesting to design 

more analogues with thio substitutions on C2 and C3 carbons to obtain more potent inhibitors.  

 

Fig. 1.24. MjFH enzyme activity on mesaconate. The graph represents initial velocity as a function of 

mesaconate concentration. The data were fit to substrate inhibition equation. Provided in the table below 

the graph are the kinetic parameters for the enzyme on mesaconate and fumarate. MjFH has comparable 

activity and affinity for both substrates.  
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Chapter 2   

 

Understanding stereospsecificity in class-I FH and L-

tartrate dehydratase 
 

Class-I fumarate hydratase (FH) has high sequence identity with another enzyme, 

L-tartrate dehydratase (L-TTD); so much so that the two have been misannotated 

in some of the sequence databases. The two enzyme sequences are hard to 

distinguish apart and share identical active site residues. Despite possessing active 

site identity, they catalyze reactions on opposite stereoisomers. This is the first 

example of two enzymes with active site possessing identical residues, having 

specificity for opposite stereoisomers. Efforts made at understanding the substrate 

specificity in these two enzymes are discussed in this chapter. A phylogenetic tree 

has been constructed and the conserved motifs ‘KGXGS’ in class-I FH and 

‘AGGGC’ in L-TTD have been identified to be a distinguishing feature between 

the two enzymes. KGXGS/AGGGC motif swap has been attempted to observe any 

switch in enzyme specificity. Mutations that may reduce the free energy of binding 

for the opposite isomer, L-tartrate to class-I FH have been identified and the results 

pertaining to these mutants are discussed. Screening for activity on various 

substrate analogues has revealed that L-TTD and MjFH have specificity for 

substrates of opposite chirality, disclosing an enigmatic nature of substrate 

specificity in this class of enzymes. A close observation of the active site residues 

of class-I FH offers leads on how the two enzymes could potentially catalyze 

reactions on opposite stereoisomers. As to how this observation can be 

established/validated is provided in the future directions of the study towards the 

end of the chapter.  
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2.1 Introduction 

2.1.1. Types of substrate specificity offered by enzymes  

Specificity of an enzyme is defined as the ability of its binding site to bind specific ligands. Fewer 

the number of ligands, greater its specificity. Electrostatic and hydrophobic interactions constitute 

a strong force in determining enzyme-ligand specificity (Srinivasan, 2021b). Apart from the 

specificity offered by the enzyme in binding its substrate, precise orientation as well as affinity for 

transition state enables catalysis (Srinivasan, 2021a). In general, a key feature of enzymes is their 

ability to catalyze highly specific reactions. However, a large number of enzymes are exceptions 

to this universally accepted enzyme specificity. More often than not, enzymes are capable of 

catalyzing reactions on molecules other than their physiological substrates. The physiologically 

irrelevant promiscuous activity is hypothesized to be the point of origin for evolution of new 

enzymes (Khersonsky & Tawfik, 2010). Cross reactivity of enzymes usually occurs on similar 

substrates through an identical reaction mechanism. Substrate specificity offered by enzymes are 

broadly divided into four groups: absolute specificity, group specificity, linkage specificity and 

stereospecificity.  

 

Absolutely specific enzymes exclusively catalyze reaction only on a single substrate. Glucokinase, 

which catalyzes phosphorylation of glucose to glucose-6-phosphate is a classic example of the 

same. Group specificity occurs when an enzyme is capable of catalyzing reaction on substrates 

with specific functional group. Hexokinase unlike glucokinase has group specificity and can 

catalyze phosphorylation of multiple hexoses. Linkage specificity or bond specificity of enzymes 

help enzymes catalyze reactions on a particular bond type. Peptidase is an example of an enzyme 

having linkage specificity as they catalyze reactions on peptide bonds. Substrates having a chiral 

center can exist as optical isomers and stereospecific enzymes catalyze reactions on only specific 

optical isomers called stereoisomers. As an example, amylase a glucosidase can specifically break 

alpha-glycosidic linkages in glycogen and starch, but not beta-glycosidic linkages observed in 

cellulose.  

 

2.1.2. How do enzymes deal with stereoisomers?  

First discovered by Louis Pasteur, chirality is an inherent property of organic molecules (Pasteur, 

1864) that possess a tetrahedral sp3  hybridized carbon with four different substituents. A molecule 
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with n chiral centers will have 2n diastereoisomers. Every major category of biological molecules 

including nucleic acids, proteins, lipids, polysaccharides, and steroids are of only one chirality. 

Enzymes, therefore, are exclusively selective catalysts that catalyze reactions on only one 

stereoisomer and to catalyze the reaction on the opposite enantiomer there is altogether a different 

enzyme. In case of NAD-dependent dehydrogenases, two enzymes with different folds but having 

a mirror inversion of the catalytic residues catalyze reaction on the L- and the D-isomers (Lamzin 

et al., 1994). In case of glycosyl hydrolases, nature has evolved different families of enzymes with 

totally different 3D folds with an inversion of catalytic base with respect to the substrate, leading 

to recognition and catalysis on the anomeric carbon of opposite chiralities (McCarter & Stephen 

Withers, 1994). Perhaps lipases are the only known exceptions where the enzyme can catalyze 

reactions on both enantiomers though having a clear preference for one over the other. Chirality 

of the active site in lipases gives the enzyme preference for one enantiomer without discriminating 

the other (Lamzin et al., 1995). There are a varied set of ways in which enzymes have evolved to 

work around stereoisomers. The most common being evolution of different enzymes to carry out 

reactions on opposite stereoisomers with both enzymes having different active site architectures. 

Stereospecificity of an enzyme arises from the three-dimensional structure of the active site that 

snugly fits in the substrate in alignment with the catalytic residues (Hedstrom, 2010).  

 

2.1.3. Significance of enzyme stereospecificity  

Different enantiomers of a biologically active molecule generally have different physiological 

properties, in fact with some having toxic side effects. More than half of the small molecule drugs 

clinically used today are chiral (Z. Shen et al., 2016). Compared to the traditional organic synthesis, 

enzyme catalyzed reactions yield selective products with a specific configuration (Wombacher et 

al., 2006). Importance of asymmetric catalysis in pharmacology is perhaps best exemplified by the 

use of thalidomide for insomnia and morning sickness in the 1960s. While the R-enantiomer was 

therapeutically active, S-enantiomer was teratogenic, causing delivery of newborn babies with 

shortened flipper-like limbs (Vargesson, 2015). Despite remarkable progress in the last couple of 

decades in the field of asymmetric synthesis, complete control of stereogenic centers in catalyst-

controlled reactions have remained a challenge (Xu et al., 2019). The broad application of enzymes 

in obtaining stereospecific products has driven rapid development of chiral compounds and 

opportunities to obtain therapeutically active drugs (Mu et al., 2020).  
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2.1.4. Methodologies adapted to switch stereospecificity 

Biocatalysts are receiving more attention in chemistry for a myriad of applications relating to the 

catalysts’ ability to enable reactions to proceed at high efficiency with greater yield while 

following an eco-friendly process. Because of the importance of stereoselectivity in pharmacology, 

structural and mechanistic basis underlying the phenomena mediated by the enzyme has been a 

subject of intense study (Chan et al., 2019). In this interest, various tools and methods have been 

used to manipulate stereoselective properties of enzymes such as, de novo enzyme engineering, 

computational rational designing, and in vitro evolution.  

 

In an earlier publication, attempts at de novo enzyme design to catalyze a Diels-Alder reaction, 

which forms two carbon-carbon bonds and four stereocenters has been reported (Siegel et al., 

2010). The strategy was aimed at stabilizing the transition state of the substrates through hydrogen 

bonding. Computational strategies adapted to sample side chain rotamers, catalytic sites, enzyme-

substrate hydrogen-bond symmetry, atomic clashes, and transition state binding energies yielded 

84 predictions of enzyme constructs. However, a low hit of only 2 enzyme designs obtained 

experimentally showed Diels-alderase activity, indicating challenges associated with pure de novo 

design to sample large conformational flexibilities between enzyme and substrate. Rational 

enzyme engineering can also be carried out through modern computational methodologies and 

algorithms that can aid modulation of enzyme catalytic properties including stereospecificity. 

Molecular docking and MD simulation approach provide insights into the atomic interactions 

between the enzyme and the substrate (Chan et al., 2018). Moreover, allosteric effects of mutations 

at a site distant from the active site of the enzyme can also be predicted through MD simulation 

(Reetz, 2011). Many in silico tools have also been developed that carry out relative binding energy 

evaluations, such as Poisson-Boltzmann surface area continuum solvation (Genheden & Ryde, 

2015), free energy perturbation (FEP) (Jorgensen & Thomas, 2008) and thermodynamic 

integration (TI) (Ruiter & Oostenbrink, 2016). Most rational designing revolves around known 

enzyme active sites, where mutations of key polar residues into hydrophobic ones modulate the 

active site pocket size and restrain substrate orientation to achieve stereospecificity. 

Experimentally, directed evolution is the most promising strategy to improve stereoselectivity. The 

methodology involves recursive cycles of mutagenesis followed by protein expression and 
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screening for the desired property (Li & Reetz, 2016). Through this technique, enzymes have been 

evolved to catalyze reactions that no known enzymes in nature can (Hammer et al., 2017). 

 

2.1.5. Class-I FH and L-TTD, a unique case of opposite stereospecificity 

Class-I FH shares a high similarity with L-tartrate dehydratase (L-TTD) (45%) which belongs to 

the hydrolyase family of enzymes. L-TTD catalyzes the stereospecific conversion of L-tartrate to 

oxaloacetate with its activity being observed only in prokaryotes and remains to be identified in 

archaea and eukaryotes. L-TTD has limited studies with regard to structure and catalysis with no 

structure of the enzyme solved to date and biochemical characterization carried out in only three 

organisms; Pseudomonas putida (Kelly & Scopes, 1986), E. coli (Reaney, Begg, et al., 2009) and 

an L-tartrate fermenting anaerobic bacteria (Schink, 1984). The structure of L-TTD has been 

predicted from primary sequence using constraints derived from sequence co-evolution and 

modelling (Ovchinnikov et al., 2015). This structure does not have a bound 4Fe-4S cluster, and 

the three cysteine residues known to coordinate the cluster are not very well poised to 

accommodate it, making it difficult to consider the structure with confidence. L-TTD and class-I 

FH share such high similarity that the two have been misannotated in the RCSB and UniProt 

database. The RCSB database in which the X-ray structure of the β-subunit of MjFH has been 

deposited shows the component of the protein to be a putative L-tartrate dehydratase β-subunit and 

in the UniProt database, under the protein tartrate dehydratase β-subunit, structure of MjFH β-

subunit shows up as an entry. Class-I FH has been shown to catalyze reaction on D-tartrate to form 

oxaloacetate going to show that the two enzymes have opposite stereospecificities (Kronen & 

Berg, 2015; van Vugt-Lussenburg et al., 2009, 2013). A multiple sequence alignment of class-I 

FH and L-TTD revealed that the two enzymes share an active site with identical residues, with all 

the residues involved in binding the substrate in case of FH being conserved in both these proteins 

(Fig. 1.1). Surprisingly, two enzymes with active site possessing identical residues catalyzing 

reactions on opposite stereoisomers have not been identified, making class-I FH and L-TTD a 

notably unique set of stereospecific enzymes.  
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Fig. 2.1. Multiple sequence alignment of class-I FH and L-TTD highlighting the active site residues 

involved in substrate binding and catalysis. Active site residues deciphered from the structure of MjFH 

(chapter 1) have been highlighted over the alignment with a blue star mark. Representative sequences from 

Methanocaldococcus jannaschii and Escherichia coli for class-I FH and Pseudomonas putida and 

Escherichia coli for L-TTD were considered for the alignment. 

 

2.1.6. Objectives 

L-tartrate dehydratase has not been kinetically characterized to date and the aim of this study was 

to i) characterize the enzyme kinetically and structurally from E. coli, ii) understand if a motif 

distinguishes the two enzymes to help solve the issue of misannotation, iii) carry out a wider 

substrate screen to understand similarities and differences between the two enzymes and finally 

iv) understand specificity offering residues in the two enzymes in order to switch stereospecificty.  

 

 

 

 

 

 

 

 

 

 

 



  Chapter 2: Experimental procedures 

57 
 

2.2. Experimental procedures 

2.2.1. Chemicals, strains, and molecular biology reagents 

Restriction enzymes, Phusion polymerase, and T4 DNA ligase were obtained from New England 

Biolabs, USA. Ni-NTA conjugated agarose beads were obtained from Thermo Fisher Scientific 

Inc. Malic dehydrogenase from the porcine heart was commercially procured from Sigma-Aldrich 

(product number M2634) , USA. Primers were custom synthesized from Sigma Aldrich, 

Bengaluru. Media components for growing E. coli cultures were from Himedia, Mumbai, India.  

2.2.2. Sequence alignment and phylogenetic tree construction 

Sequence of class-I FH and L-TTD were obtained from NCBI BLAST-P tool using 

Methanocaldococcus jannaschii FH (MjFH), E. coli FH (fumA) and E. coli L-TTD protein 

sequences as queries. Clustal Omega (Sievers et al., 2011) was used for multiple sequence 

alignment and output was processed using ESPRIPT (Robert & Gouet, 2014) for visualization. 

For the construction of phylogenetic tree, Excel was used to concatenate α and β protein sequences 

of two-subunit class-I FH and L-TTD. The duplicate sequences were removed and clustered using 

CD-HIT online suite at a cut-off of 85% sequence identity to remove redundancies. The sequences 

were then aligned in MEGA X (Kumar et al., 2016) using MUSCLE algorithm. The evolutionary 

history was inferred by using the Maximum Likelihood method and Le Gascuel model. The tree 

with the highest log likelihood (-88755.07) is shown. 500 bootstrap replicates   (Felsenstein, 1985) 

were performed and branches corresponding to partitions reproduced in less than 60% bootstrap 

replicates are collapsed. Initial tree(s) for the heuristic search were obtained automatically by 

applying Neighbour-Join and BioNJ algorithms to a matrix of pairwise distances estimated using 

a JTT model, and then selecting the topology with superior log likelihood value. A discrete Gamma 

distribution was used to model evolutionary rate differences among sites (5 categories (+G, 

parameter = 1.0890)). The rate variation model allowed for some sites to be evolutionarily 

invariable ([+I], 2.92% sites). This analysis involved 258 amino acid sequences. All positions with 

less than 95% site coverage were eliminated, i.e., fewer than 5% alignment gaps, missing data, and 

ambiguous amino acids were allowed at any position (partial deletion option). There was a total of 

428 positions in the final dataset. 
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2.2.3. Cloning, protein expression and purification 

Genes for the two subunits, L-TTDα (orfz1) and L-TTDβ (orfz2) were PCR amplified from the 

genomic DNA of the E. coli strain DH5α strain using the primers listed in Table. 2.1 and cloned 

into two tandem multiple cloning sites (MCS) of the pET-Duet vector using the enzymes EcoRI 

and HindIII for L-TTDα such that the (His)6 tag is at its N-terminus and enzymes NdeI and XhoI 

for L-TTDβ. Cloning was confirmed by insert release and sequencing. AGGGC motif along with 

adjacent residues (YMAGGGCTLP) from the above clone was replaced with KGXGS motif 

(FPKGAGSENM) from MjFH using the primers listed in Table. 2.1 and confirmed through 

sequencing.  

 

E. coli FH (fumA) was also PCR amplified from genomic DNA of E. coli strain DH5α using 

primers listed in Table. 2.1 and cloned into the MCS of pET-Duet vector using the enzymes 

BamHI and SalI such that the (His)6 tag is at its N-terminus. Parent plasmid containing fumA was 

used as a template to sub-clone the N-terminal domain (NTD) and C-terminal domain (CTD) of 

the proteins separately into another pET-Duet vector using the primers listed in Table. 2.1. NTD 

of fumA was cloned between BamHI and SalI and CTD was cloned between NdeI and KpnI. All 

the above clones were confirmed through insert release and sequencing. 

Table. 2.1. Oligonucleotide sequences used for cloning E. coli WT L-TTDα and β genes and fumA in 

pET-Duet vector and generating site-directed mutants 

Primer name  Primer sequence (5’ to 3’)  

TTDA_US CCGGAATTCGATGAGCGAAAGTAATAAGCAACAGGCACTG  

TTDA_DS CCCAAGCTTTCATAACGCGCTCCGGGTGTGAGACAG  

TTDB_US CTAATTCCATATGAAAAAGATCCTGACAACCCCGATCAAAGCTG  

TTDB_DS CCGCTCGAGTTATTTGATGTAATGGACGTGCTCGCAGATCTC  

FumA_ FP GATGTAGGATCCATCAAACAAACCCTTTCATTATCAGGCTC 

FumA_RP GCAATAGTCGACTTATTTCACACAGCGGGTGCATTGTG 

NTD_FP GATGTAGGATCCATCAAACAAACCCTTTCATTATCAGGC 

NTD_RP GCAATAGTCGACTTAACGGTTGATCTTCGCTTTGATATTACGGTC 

CTD_FP GAACTTCATATGCGCGTTGACCTTAACCGTCCGATGAAAGAG 

CTD_RP GATGTAGGTACCTTATTTCACACAGCGGGTGCATTGTGTGAG 

TTD_KGXGS_FP TTTCCAAAAGGGGCAGGAAGCGAAAACATGGGCCGCTCGAAAGTGTT

AATGCCGTCAG  

TTD_KGXGS_RP CATGTTTTCGCTTCCTGCCCCTTTTGGAAAAACTTCGATTTCCGCATCG

TCATTGTCG  

MjFH_R84K_FP GCCCAACAACATCTGCAAAAATGAATGATGTTGAAG 

MjFH_R84K_RP CTTCAACATCATTCATTTTTGCAGATGTTGTTGGGC 

MjFH_R32K_FP GGCAAAATATACACTGCGAAAGATGAAGCACATTTAAAAATTATTG 

MjFH_R32K_RP CAATAATTTTTAAATGTGCTTCATCTTTCGCAGTGTATATTTTGCC 
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MjFH_G145K_A1

46R_S148P_FP 

GATAATTGCATTTCCAAAAAAACGTGGACCGGAAAACATGAGTGCTT

TAAAG 

MjFH_G145K_A1

46R_S148P_RP 

CTTTAAAGCACTCATGTTTTCCGGTCCACGTTTTTTTGGAAATGCAAT

TATC 

MjFH_P79R_FP GGGTTTGTGTTTCTATAGGCCGTACAACATCTGCAAAAATG 

MjFH_P79R_RP CATTTTTGCAGATGTTGTACGGCCTATAGAAACACAAACCC 

MjFH_R102K_FP CGGAAGAGGTTCCTTTAAAACCTAATGTAGTTCATCC 

MjFH_R102K_RP GGATGAACTACATTAGGTTTTAAAGGAACCTCTTCCG 

 

In order to express the L-TTD protein, pET-Duet containing both the genes for E. coli L-TTD α 

and β subunits, with N-terminus of α subunit hexa-histidine tagged (pETduet_LTTDαβ) was used 

for transformation and over-expression in BL21(DE3)–RIL E. coli cells containing an additional 

plasmid (RIL) expressing tRNAs for the rare codons of arginine, isoleucine, and leucine. To over-

express L-TTD, BL21 (DE3) RIL E coli cells transformed with the recombinant plasmid – 

pETduet_LTTDαβ were grown at 37 0C to an O.D of 0.45, induced with 0.3 mM IPTG and grown 

for further 8 hours at 37 0C. The cells were pelleted and lysed with lysis buffer (50mM Tris HCl, 

pH 7.4, 5% glycerol, 1mM DTT and 1mM PMSF) using French pressure cell press (Thermo IEC 

Inc., USA). The lysate was clarified by centrifuging at 30,000 x g for 15 minutes. Supernatant was 

carefully collected without disturbing the pellet and a 1 mL slurry of Ni-NTA beads (Novagen) 

pre-equilibrated with lysis buffer was added for the binding of His-tagged protein. The binding 

was done at 4 0C for 3 hours and thereafter, the beads were washed with 50 mL of lysis buffer to 

remove unbound proteins and Ni-NTA bound protein was eluted with different concentrations of 

imidazole. Fractions containing pure protein were pooled, dialysed in dialysis buffer containing 

50mM Tris HCl, pH 7.4, 5% glycerol and 1mM DTT and stored at -80 0C. The purified protein 

was analyzed by SDS-PAGE and protein concentration was determined by the Bradford method 

with bovine serum albumin (BSA) as the standard.  

 

Expression of E. coli fumA, NTD and CTD proteins were checked by transformation of the 

respective constructs into BL21 (DE3) RIL E. coli competent cells. The transformed culture was 

grown at 37 0C to an O.D of 0.45, induced with 0.5 mM IPTG and grown further for 6 hours at 37 

0C. The cells were pelleted, and an aliquot of the lysate was run on SDS-PAGE to check for protein 

expression. Protein purification through Ni-NTA affinity chromatography was carried out for 

fumA similar to the purification protocol used for L-TTD.  
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2.2.4. Reconstitution of Fe-S cluster 

The protein obtained after purification and dialysis is the apoprotein lacking the iron-sulfur cluster. 

Protocol similar to that followed for reconstitution of MjFH in Chapter 1 was followed for 

reconstitution of Fe-S cluster into L-TTD. Reconstitution was carried out in an anaerobic chamber 

to prevent oxidation of the cluster. Purified protein was placed inside the chamber and 50x Molar 

excess of DTT was added and stirred for 30 minutes followed by addition of 10x Molar excess of 

each (NH4)2Fe(SO4)2 and Na2S. The protein solution was stirred for 3 hours to obtain the 

holoprotein with fully reconstituted iron-sulfur cluster. 

 

2.2.5. Enzyme activity  

All reactions for enzyme activity measurement unless specified otherwise, were conducted at 37 

0C using a water-circulated cell holder fitted to Hitachi U2010 spectrophotometer. Fumarate to 

malate conversion was monitored as a decrease in absorbance at 240 nm (molar extinction 

coefficient (ε) of fumarate is 2.4 mM-1cm-1 at 240 nm) and as an increase in absorbance for malate 

to fumarate conversion. The assay mixture contained 500 µM fumarate or 1 mM malate in 50 mM 

Tris-HCl, pH 7.4. Reaction was initiated by the addition of enzyme and monitored for around one 

minute to obtain reliable slopes. Activity on tartrate was monitored using a coupled enzyme, 

porcine malate dehydrogenase, which was procured commercially. The reaction was carried out 

in a final volume of 500 µL in 50 mM Tris-HCl, pH 7.4, containing 250 µM NADH, 2.5 µg MDH 

with varying concentrations of L-tartrate. Conversion of L-tartrate to oxaloacetate was coupled to 

NAD+ formation by the coupling enzyme which converts oxaloacetate to L-malate utilizing a 

molecule of NADH. Reaction was initiated by the addition of 1.44 µg E. coli L-TTD and monitored 

at 340 nm (molar extinction coefficient(ε) of NADH is 6.22 mM-1cm-1 at 340 nm) for around one 

minute to obtain reliable slopes. 

 

To confirm the formation of malate from fumarate catalyzed by L-TTD, LC-ESI MS was carried 

out. LC-MS analysis was performed using HILIC chromatography (ZIC-pHILIC column; Sequant, 

150 mm x 2.1 mm, 5 μm particle size with guard column 20 mm x 2.1 mm, 5 μm particle size) 

using an Ultimate 3000 UHPLC system (Dionex) coupled to Q Exactive Orbitrap HF mass 

spectrometer (ThermoFisher) operating in the negative ion mode with HESI ion source. The 

mobile phase used was, solvent A - 10mM ammonium carbonate, pH 8.4 and solvent B was 
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acetonitrile. Gradient used was, 80% B to 40% B in 20 min, 40% to 20% in 15 minutes, 20% B to 

80% B in 1 min, re-equilibration with 80% B for 10 min at 0.1ml/min flow rate . The column 

temperature was 45 ℃, injection volume of 2 μL of the sample. The concentration of malate and 

fumarate when used as standards was 5 μM. A reaction mix consisting of 5 μM fumarate was 

incubated with 9.8 μM enzyme overnight in 5 mM Tris-HCl, pH 7.4. Thereafter, the sample was 

passed through a spin column, having a membrane with a 10 kDa molecular mass cutoff to remove 

the enzyme from the assay mixture and 2 μL of the sample was subjected to LC-MS analysis. 

Standards were also incubated overnight  in 5 mM Tris-HCl, pH 7.4, similar to the test sample.  

The spectrometer was operated in negative polarity with the following settings: resolution 30000, 

AGC 3x106, m/z range 75-500, sheath gas 30, auxiliary gas 15, probe temperature 100 0C S-lens 

RF level 50, and capillary temperature 320 0C, spray voltage 3.5 kV (negative mode), maximum 

ion injection time 200 ms, microscans 3.  

 

2.2.6. Kinetics of inhibition by substrate analogs 

Inhibition kinetics of MjFH and L-TTD by substrate analogues meso-tartrate, L-tartrate and L-

malate was examined by fixing the substrate concentration and varying the concentrations of the 

inhibitors. The data was fit to the equation for competitive inhibition v=Vmax[S]/(Km(1+[I]/Ki)+[S] 

and the Ki was estimated using nonlinear regression analysis. Graphpad Prism software was used 

for data fitting and analysis.  

 

2.2.7. Generation of L-TTD null E. coli strains and validation 

L-TTD null strains were generated in BW25113 strain of E. coli obtained from Coli Genetic Stock 

Centre (CGSC) (Baba et al., 2006) and in ∆fumACB fumarase knockout strain of E. coli that was 

previously generated at our lab (Jayaraman et al., 2018), using standard protocols (Datsenko & 

Wanner, 2000). The orfz1 and orfz2 tandem genes coding for the L-TTD α and β subunits were 

knocked out together. In order to knockout the genes, primers TTDABKO_US and 

TTDKOAB_DS (Table. 2.2) were used to amplify kanamycin cassette using plasmid pKD13 as 

the template such that the PCR product carries the homologous regions corresponding to the 5’ 

flank of orfz1 and 3’ flank of orfz2 genes. The PCR product was then subjected to DpnI digestion 

and transformed to BW25113/∆fumACB strains through electroporation and selected on LB 

medium containing kanamycin. Kanamycin resistant colonies were screened by PCR using 
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TTDKO_P3 and TTDKO_P6 primers (Table. 2.2) to validate the insertion of antibiotic cassette 

in the right locus. The kanamycin cassette at the orfz1/orfz2 gene locus was removed by expressing 

flippase in the strain resulting in generation of marker free ∆L-TTD/∆fumACB_∆L-TTD strain. The 

above knockout strains were grown in LB medium overnight, and an aliquot of both was washed 

three times with autoclaved M9 medium to remove traces of LB medium. The washed cells were 

resuspended in M9 medium, and an aliquot of the suspension was streaked on minimal medium 

plate containing the appropriate carbon source (20 mM of malate, fumarate, oxaloacetate, or L-

tartrate) and antibiotics. The plate was incubated at 37 0C for 110 hours and growth phenotype was 

scored.  

Table. 2.2. Oligonucleotide sequences used for knockout of L-TTD orfz1 and orfz2 genes in WT 

BW25113 E. coli and ∆fumACB strain 

Primer name  Primer sequence (5’ to 3’)  

TTDABKO_US TAGTTTGTGGCGGTGAATTTTTCCAGACAAATACAAAAACTGGAGTTGCC

GTGTAGGCTGGAGCTGCTTC 

TTDKOAB_DS CATCGTGTTATGCCTGCGAAAAAGGAGAGGGGTGAGCCTCTCCGGGAGG

GCTGTCAAACATGAGAATTAATTCC 

TTDKO_P3 CGCTAAAACTCCCGCTGTGAACGATTTCTACCAG  

TTDKO_P6 GCAGTGAATTTAAAGCCTGGCTGAGCGAGC  

 

2.2.8 Computational design for switching stereospecificity in class I FH to 

catalyze L-tartrate dehydratase activity 

Iterative Protein Redesign and Optimization (IPRO) requires a model of the protein complex 

structure and predetermined residues in the structure that are mutable called the design position 

and a set of constraints that the protein variants have to reach relative to wild-type (Grisewood et 

al., 2017). The constraints include a stronger interaction energy with the new substrate and a 

weaker interaction with the native substrate. After selecting the design position which involves 

residues from and around the active site of Leishmania major class I FH structure (5l2r), IPRO 

algorithm was used to search for mutations that led to improved binding of FH with L-tartrate 

simultaneously discouraging L-malate binding. Fitness of each predicted protein variant was 

assessed by its interaction energy as an alternative for binding energy (i.e., ∆G). Each IPRO 

iteration begins with the first step where local backbone perturbation nearby the selected design 

position takes place followed by identification of optimal set of amino acid for new backbone 

conformation using a mixed-integer linear program (MILP). In the third step, a local rigid-body 
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docking takes place to reorient ligand within the binding site followed by energy minimization of 

the entire enzyme complex in the fourth step. The fifth and final step evaluates the set constraints, 

and the results of the iteration are retained or discarded based on Metropolis criterion. Multiple 

IPRO trajectories were simulated to improve altered substrate specificity for L-tartrate and in each 

case the interaction energies were calculated. Variations were prioritized based on extent of energy 

differences and five variants were selected to build a focused library for experimental testing. All 

the computational work utilizing IPRO to suggest energy guided mutants that could potentially 

bind L-tartrate was performed by Ratul Chowdhury at Prof. Costas D. Maranas laboratory, 

Chemical and Biological Systems Optimization Lab, Penn. State University.  
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2.3. Results and discussion 

2.3.1 Multiple sequence alignment 

Alignment of class-I FH and L-TTD sequences from organisms in which they have been 

biochemically characterized was carried out after fusing the α- and β-subunits of two-subunit FH 

and L-TTD. The multiple sequence alignment of the single-subunit FH, two-subunit FH and L-

TTD reveals good sequence conservation and a domain boundary in single-subunit type FH (Fig. 

2.2). Much of the differences seen between these proteins arises from the N-terminus of the N-

terminal domain which has an extension in the single-subunit FH that is not seen in two-subunit 

type protein. The C-terminus stretch of the C-terminal domain also lacks good conservation. The 

alignment reveals that the motif ‘KGXGS’ of class-I FH located between residues 144 and 148 in 

MjFH is very well conserved and is present as an ‘AGGGC’ motif in L-TTD (Fig. 2.2). From 

Leishmania major FH (LmFH) structure, 9 residues in the active site of the protein are known to 

form hydrogen bonds with the substrate L-malate. Corresponding residues in MjFH – Gln61, Asp62, 

Arg102 and Gly147 from α-subunit and Arg32, Thr80, Thr81, Arg84 and Lys104 (Arg317, Thr365, Thr366, 

Arg369 and Lys389 in the fused sequence) from the β-subunit are well conserved across all class-I 

FH and L-TTD enzymes. Overall class-I FH shares 45% similarity with L-TTD making it hard to 

discern the two with only sequence information. 
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Fig. 2.2 Multiple sequence alignment of biochemically characterized class I FH and L-TTD. KGXGS 

motif present as an AGGGC motif in L-TTD is highlighted in a box in the alignment. Linker that connects 

the NTD and CTD of single-subunit FH has been underlined. Single subunit FH from E. coli, S. sonnei and 

Pseudomonas putida are annotated as fumA in the alignment. Single subunit FH from Syntrophic 

propionate-oxidizing bacteria is abbreviated as Mpob in the alignment. 

 

2.3.2. Phylogenetic analysis  

Phylogenetic tree drawn with a large dataset of 258 sequences of class-I FH and L-TTD  (Fig. 2.3) 

reveals a conserved motif in these two proteins as was observed in an earlier report (Reaney, 

Bungard, et al., 2009). All experimentally studied class-I FH and the sequences that group along 

with them show the presence of a conserved ‘KGXGS’ motif. Considering the high identity that 

the two proteins share, a number of sequences in the database are annotated as FH/L-TTD. 

Sequences annotated as L-TTD or as FH/L-TTD but grouping with characterized fumarases in the 

phylogenetic tree had KGXGS motif. These are mostly archaeal sequences, and no L-tartrate 

dehydratase activity has been reported in archaea. In addition, Archaea do not possess two genes 

coding independently for FH and L-TTD and hence with fair confidence these sequences should 

be two-subunit fumarases. Single subunit bacilli sequences have a KGGGC motif instead of a 

KGXGS or AGGGC motif. These sequences fall in the same group as Bacillus stearothermophilus, 

which has been studied as a single subunit FH (Reaney, Bungard, et al., 2009). It was also noticed 

that B. stearothermophilus FH shares more similarity with L-TTD sequences than other fumarases 

which is reflected in the tree. Both archaeal class-I two-subunit FH and bacterial L-TTD originate 

from the same ancestral node suggesting a possible, horizontal gene transfer event between the 

two, similar to what was observed using fewer L-TTD sequences in an earlier report (Kronen & 

Berg, 2015). Bacilli FH could be an intermediate in this horizontal gene transfer (HGT) process 

from archeal FH to bacterial L-TTD considering its origin from the same ancestral node as the two 

proteins. This is also substantiated by the fact that Bacilli FH from 5 different genus (paenibacillus, 

brevibacillus, lysinibacillus, fictibacillus and geobacillus) shared more similarity with L-TTD than 
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FH and have a KGGGC motif, sharing a similarity with both proteins. Single-subunit class-I FH 

divide into two separate clades with one clade closer to the two-subunit type containing 

proteobacteria and fermicutes and the second clade grouping separately containing protozoa and 

actinobacteria.  

 

Fig. 2.3. Phylogenetic tree (cladogram) for fumarate hydratase Class-I and L-tartrate dehydratase 

protein sequences. Single-subunit class-I FH and concatenated sequences of two-subunit class-I FH/L-

TTD, representing all the taxa in which these proteins are present were used for the analysis. The tree was 

constructed using the Maximum Likelihood method and Le Gascuel model performing 500 bootstrap 

replicates (Felsenstein, 1985). Highlighted in blue are the single-subunit class-I fumarases, red – archaeal 

two-subunit class-I fumarases, green – bacterial L-tartrate dehydratases, yellow – single-subunit Bacilli 

class-I fumarases and black – sequences annotated as either or both FH/L-TTD having KGXGS motif.  
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2.3.3. Cloning, expression, and purification 

E. coli L-TTD clone was made in pET-Duet vector that permits co-expression of genes coding for 

subunits TTDα and TTDβ from independent promoters (Fig. 2.4A). WT clone was made and 

validated by insert release (Fig. 2.4B) and sequencing. The clone generated was used for protein 

expression in BL21 (DE3)-RIL strain. Upon induction with 300 µM IPTG, there was significant 

overexpression of the desired protein subunits (Fig. 2.4C). WT protein was obtained to good purity 

upon Ni-NTA chromatography as can be seen from the imidazole elutes analyzed on SDS-PAGE 

(Fig. 2.4C). Swapping the AGGGC motif from L-TTD with KGGGS motif from MjFH lead to the 

lack of expression of soluble α-subunit with only expression of the β-subunit seen (Fig. 2.4C). 

Single-subunit FH was aligned with two-subunit FH to decipher the boundary in-between N- and 

C-terminal domains in single-subunit proteins (Fig. 2.4D). A segment of 29 residues 

corresponding to the loop that connects these two domains was deleted in E. coli FumA and the 

two domains cloned separately. Clones of fumA, NTD and CTD were generated in pET-Duet 

vector (Fig. 2.4E) and validated through insert release (Fig. 2.4F). All the three proteins were 

found to be expressed in significant amounts upon induction with 500 µM IPTG (Fig. 2.4G). FumA 

was obtained without contamination, at good purity upon Ni-NTA chromatography as can be seen 

from the imidazole elutes analyzed on SDS-PAGE (Fig. 2.4G).   
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Fig. 2.4. Cloning, expression, and purification of E. coli L-TTD and fumA. A. Vector map showing the 

restriction enzymes sites used for cloning the two subunits of L-TTD. Similar constructs with only the 

individual subunits were also made. B. Cloning of both the subunits was validated by releasing the insert 

using appropriate restriction enzymes. L1, L3 and L4 represent L-TTDα, L-TTDαβ and L-TTDβ clones 

which were digested with EcoRI and XhoI to release the insert containing the respective genes of size 1076, 

1683 and 775 base pairs. DNA ladder was loaded in L2. C. SDS-PAGE showing the expression and 

purification of L-TTD WT and KGXGS motif swapped mutant. L1, protein molecular weight marker; L2, 

purified MjFHαβ protein as control; L3, lysate from WT L-TTD expressing (DE3)-RIL cells; L4, L5 and 

L6, 250µM imidazole eluates; L7, lysate from mutant KGXGS motif containing L-TTD expressing (DE3)-

RIL cells; L8 and L9, 250µM imidazole eluates. D. Multiple sequence alignment of class-I FH. Highlighted 

in the box is the linker region that connects the N- and C-terminal domains of single-subunit class I FH. 

Single subunit FH from E. coli and Pseudomonas putida are annotated as fumA in the alignment. Single 

subunit FH from Syntrophic propionate-oxidizing bacteria is abbreviated as Mpob in the alignment. E. 

Vector map showing the restriction enzymes sites used for cloning E. coli fumA and N-terminal and C-

terminal domains of the protein. Similar constructs with only the individual subunits were also made. F. 

Plasmids containing genes for fumA and its subdomains was validated by releasing the insert using 

appropriate restriction enzymes. FL-fumA, fumA NTD and fumA CTD clones were digested with BamHI 

and XhoI to release the insert containing the respective genes of size 1647, 987 and 576 base pairs, 

respectively. G. SDS-PAGE showing the over-expression of fumA, fumA NTD and fumA CTD proteins in 
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BL21(DE3)-RIL cell lysate along with the lysates of uninduced cells as control; Purified 500µM imidazole 

eluate of FumA can be seen in the final gel image.  

2.3.4. Kinetic characterization of L-TTD 

Reconstituted L-TTDαβ complex was tested for activity on L-tartrate employing a coupled enzyme 

assay, in which oxaloacetate obtained from L-tartrate conversion was utilized by the coupling 

enzyme malate dehydrogenase, converting NADH to NAD+, resulting in a drop in absorbance at 

340 nm that was measured using spectrophotometry. Kinetic parameters for the enzyme were 

derived from a v versus [L-tartrate] plot followed by fitting the data to Michaelis-Menten equation. 

Vmax value of 12 ± 0.4 µmol min-1 mg-1 and Km value of 190 ± 30 µM was obtained from the fit 

(Fig. 2.5). Catalytic efficiency (kcat/Km) of E. coli L-TTD turned out to be 5.88 x 104 s-1M-1, which 

is almost the same as E. coli FumB on D-tartrate (1.2 x 104 s-1 M-1) and 10-fold higher than the 

earlier reported catalytic efficiency of E. coli FumA on D-tartrate (3 x 103 s-1 M-1) (van Vugt-

Lussenburg et al., 2013).  

 
 

Fig. 2.5. Plot of initial rate vs L-tartrate concentration using reconstituted L-TTD. Kinetic parameters 

obtained from the Michaelis-Menten plot are represented in the table. 

 

2.3.5. Substrate specificity in C-I FH and L-TTD 

Tartrate is different from malate by only the presence of an extra hydroxyl group on the C-3 carbon 

(Fig. 2.6A). Tartrate has two chiral centers which gives rise to four stereoisomers, R,R tartrate (L-

tartrate), S,S tartrate (D-tartrate) and R,S tartrate/S,R tartrate (meso-tartrate) (Fig. 2.6B). Multiple 
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reports have revealed that class-I FH also have a D-tartrate dehydratase activity and are inactive 

on L-tartrate (Kronen & Berg, 2015; van Vugt-Lussenburg et al., 2009, 2013). Meso-tartrate has 

been shown to be an inhibitor of class-I FH (Genda et al., 2006) and isn’t shown to be a substrate 

for L-TTD. Promiscuous activity of L-TTD on fumarate or L- and D- malate has not been probed 

into earlier. To test if the two enzymes, class-I FH and L-TTD have opposite stereospecificity and 

understand how different the two are with regard to substrate specificity, activity of MjFH and E. 

coli L-TTD on the above-mentioned substrate analogues were tested. 

 

 
 

Fig. 2.6. Stereoisomers of tartrate. A. Tartrate is different from malate by only the presence of an extra 

hydroxyl group on C3 carbon and two chiral centers (Red Asterix) which gives rise to the diastereomers, 

B. L-tartrate (R,R tartrate), D-tartrate (S,S tartrate) and meso-tartrate (S,R or R,S tartrate). 

 

2.3.5.1. Class-I FH substrate specificity 

MjFH was found to be active on D-tartrate as has been reported in the literature previously (Kronen 

& Berg, 2015; van Vugt-Lussenburg et al., 2009, 2013) (Fig. 2.7A). Progress curves of the reaction 

were slightly noisy as the reactions were carried out at 37 0C, the optimum temperature of the 

coupling enzyme, mesophilic malate dehydrogenase, instead of the optimal temperature of 70 0C 

of MjFH. Nevertheless, activity of MjFH on D-tartrate further confirmed that class-I FH can utilize 

D-tartrate as substrate. Testing the activity of MjFH on 1 mM L-malate in the presence of 1 mM 
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L-tartrate or 1 mM D-malate in the assay mixture did not reduce the activity of the enzyme going 

to show that these enantiomers of the substrates do not even bind to the enzyme active site (Fig. 

2.7B). However, L-tartrate has been shown to be an inhibitor of E. coli fumA and testing the activity 

of the enzyme on 500 µM L-malate in the presence of 250 µM and 500 µM L-tartrate respectively 

lead to a decrease in the slope of the progress curves confirming that E. coli fumA is indeed 

inhibited by L-tartrate (Flint, 1994) (Fig. 2.7D). Meso-tartrate turned out to be a strong competitive 

inhibitor of MjFH, inhibiting the enzyme with a Ki of 161 ± 17.4 µM (Fig. 2.7C).  

 
Fig. 2.7. Substrate specificity of class-I FH. A. Representative progress curve for the conversion of D-

tartrate to oxaloacetate by WT MjFH. B. Representative progress curves for the conversion of 1mM L-

malate to fumarate by WT MjFH (green line) in the presence of 1mM L-tartrate (blue) and 1 mM D-malate 

(black) going to show that MjFH is not inhibited by either L-tartrate or D-malate. C. Double reciprocal 

plots with meso-tartrate as inhibitor and L-malate as substrate. Concentration of L-malate was varied at 

different fixed concentrations of meso-tartrate (0, 250 and 500 µM). All experiments were repeated twice 

to confirm reproducibility. D. Representative progress curves for the conversion of 500 µM L-malate to 
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fumarate (black line) by E. coli fumA in the presence 250 µM L-tartrate (blue line) and 500 µM L-tartrate 

(brown line) showing that fumA is inhibited by L-tartrate.  

 

2.3.5.2. L-TTD substrate specificity 

Upon testing D-malate (at a concentration of 1 mM) as a substrate, L-TTD was found to be 

moderately active yielding reliable progress curves (Fig. 2.8A). Specific activity for 1 mM D-

malate was 0.2 µmol min-1 mg-1 which was 50 folds lower than for its substrate L-tartrate. Testing 

the activity of the enzyme on fumarate did not give reliable progress curves and hence the specific 

activity could not be measured. To find out if L-TTD was capable of converting fumarate to D-

malate, assay buffer containing 500 µM fumarate was incubated with active reconstituted enzyme 

overnight followed by acquiring an absorbance spectrum from 200 and 300 nm. While addition of 

heat inactivated enzyme did not lead to a change in the spectrum compared to the fumarate only 

control, addition of active enzyme led to decrease in absorbance over the wavelength range of 200 

to 300 nm. This clearly establishes that fumarate is converted to malate, albeit with a low specific 

activity (Fig. 2.8B). Further, to confirm that reduction in fumarate levels in the assay buffer was 

due to conversion to malate by L-TTD and not reduction to succinate, LC-ESI MS was carried out. 

Retention time of standards, malate, and fumarate on ZIC-pHILIC column were observed to be 20 

– 30 minutes and 19 minutes respectively (Fig. 2.9A, B), yielding the expected mass for the two 

metabolites on MS (Fig. 2.9C, D). Fumarate incubated overnight with reconstituted L-TTD was 

found to have two peaks on the total ion chromatogram (TIC) (Fig. 2.10A), corresponding to the 

mass of malate and fumarate (Fig. 2.10B, C). Malate observed in MS has to be the D-isomer as 

D-malate is a substrate for L-TTD, while L-malate turned out to be a competitive inhibitor with a 

Ki of 260.9 ± 28.8 µM (Fig. 2.8D). Appropriate control involving inhibition of the coupling 

enzyme (MDH) by L-malate at pH 7.4, the condition at which the coupled enzyme assay was 

carried out was included. Under these conditions, MDH was not inhibited by L-malate (Appendix 

C) going to show that the derived KI value is a true reflection of L-TTD inhibition by L-malate. L-

TTD was inactive on D-tartrate as evident from the progress curves for the reactions containing 1 

mM L-tartrate alone and 1 mM L-tartrate with 1 mM D-tartrate, initiated by the addition of the 

enzyme (Fig. 2.8C). Similar to class-I FH, meso-tartrate turned out to be a strong competitive 

inhibitor of L-TTD, inhibiting the enzyme with a Ki of 148.6 ± 14.5 µM (Fig. 2.8E).  

 

 



Chapter 2: Results and discussion 

74 
 

 
Fig. 2.8. Substrate specificity of L-TTD. A. Representative progress curve for the conversion of D-malate 

to fumarate by E. coli L-TTD. B. Spectral measurement in the wavelength range of 200 to 300 nm to monitor 

depletion of fumarate. Panel shows spectra of reaction mixture with fumarate but without enzyme (red line), 

fumarate with heat inactivated L-TTD (black dotted line) and fumarate with active reconstituted L-TTD 

(green line), all pre-incubated for 12 hours at room temperature. A decrease in absorbance over the range 

200-300 nm with the active enzyme added shows that L-TTD converts fumarate to D-malate. Inset shows 

the buffer alone absorbance which was used as a blank for the test samples. C. Representative progress 

curves for the conversion of 1 mM L-tartrate to oxaloacetate by L-TTD (black line) in the presence of 1 

mM D-tartrate (blue) show that E. coli L-TTD is not inhibited by D-tartrate. D. Double reciprocal plots 

with L-malate as inhibitor and L-tartrate as substrate. Concentration of L-tartrate was varied at different 

fixed concentrations of L-malate (0, 500 and 1000 µM). All experiments were repeated twice to confirm 

reproducibility. E. Double reciprocal plots with meso-tartrate as inhibitor and L-tartrate as substrate. 

Concentration of L-tartrate was varied at different fixed concentrations of meso-tartrate (0, 250 and 500 

µM). All experiments were repeated twice to confirm reproducibility.  
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Fig. 2.9. Total ion chromatogram (TIC) and mass spectra of fumarate and malate standards. A, B. TIC 

of fumarate and malate with retention time (RT) of 19.38 min for fumarate and a broad peak of and 20 – 

30 min for malate on ZIC-pHILIC column.  C, D. Ion corresponding to the two metabolites was detected 

on MS. Observed mass of fumarate is 115.00289 and matches the expected mass of 115.00368 Da. 

Observed mass of malate is 133.01317 and matches the expected mass of 133.01425 Da.  Isotopic 

distribution (indicated by red arrows) could be observed for both standards. 

 

 
Fig. 2.10. Total ion chromatogram (TIC) and mass spectra of fumarate incubated with L-TTD. A. TIC 

shows two peaks, one at RT 19.19 min corresponding to fumarate and a broad peak between 20 – 30 min 
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for malate on ZIC-pHILIC column as was observed for the standards. B. Ion corresponding to fumarate on 

MS had an Observed mass of 115.00289 and matches the expected mass of 115.00368 Da. C. Ion 

corresponding to malate on MS had an observed mass of 133.01317 and matches the expected mass of 

133.01425 Da.  Isotopic distribution (indicated by red arrows) could be observed for both standards. 

Observation of malate in the MS of the sample confirmed L-TTD capability to convert fumarate to malate.  

 

2.3.6. Motif swap to switch specificity in class-I FH and L-TTD 

As KGXGS motif is the most obvious difference between the two groups of enzymes, class-I FH 

and L-TTD, the motif was inserted into E. coli L-TTD replacing the original AGGGC motif. The 

mutant enzyme unfortunately did not show any presence even in the insoluble fraction (Fig. 2.4C). 

Sequence alignment reveals that 2 residues in the motif and 4 residues flanking the motif are 

conserved differently in these two groups of enzymes. Using MjFHα subunit residue numbering, 

residues at position 140 and 142 which are non-polar in class-I FH are present as polar residues in 

L-TTD. Positions 143, 144, 148 and 150 have residues methionine, alanine, cysteine, and leucine 

conserved in L-TTD which are conserved differently with regard to residue property in class-I FH 

(Fig. 2.11A). These residues are present in a helix and a strand close to the substrate bound Fe-S 

cluster in the LmFH structure (Fig. 2.11B). Backbone of one of the glycyl residues from the 

KGXGS motif (Gly147) in fact is in a hydrogen bonding distance to the substrate and mutants 

K144L and S148A in MjFH showed a drop in activity with decrease in KM by 2-3 folds suggesting 

better accommodation of the substrate at the enzyme active site (details provided in chapter 1). As 

mutating these residues in L-TTD led to complete absence of expressed protein, attempts at 

swapping residues from L-TTD onto MjFH was attempted considering the archaeal enzyme is 

substantially stable. In silico mutating all the residues at one go in LmFH structure (5l2r) followed 

by energy minimization did not show short contacts and hence, mutations were sequentially 

incorporated into MjFH. 4 mutants were made, P143M + K144A (MA), K144A + S148C (AC), 

P143M + K144A + S148C (MAC) and I140D + F142Y + P143M + K144A + S148C + N150L 

(DYMACL). All the mutants expressed well and were obtained to good purity (Fig. 2.11C). While 

none of the mutants exhibited switch in stereospecificity, activity on malate although dramatically 

reduced was retained. Reliable progress curves were obtained for all mutants when testing for 

activity on 1 mM L-malate (Fig. 2.11D). There was a drop in specific activity between 35 to 700 

folds for the mutants compared to WT MjFH (Fig. 2.11E). Since these mutants were active on L-

malate, it allowed testing for activity on L-malate with L-tartrate in assay mix to understand if the 

mutants had acquired the anticipated property of L-tartrate binding. All the mutants displayed 
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similar activity both in presence and absence of L-tartrate in the assay buffer going to show that 

these mutants even failed to bind L-tartrate (Fig. 2.11F). The reduction in activity on malate must 

arise from a change in the conformation of the invariant Gly147, the backbone amino group of 

which is at a distance of 3.1 Å from the C2-OH group of bound malate in the LmFH structure. 

Mutation of Gly147 to alanine in MjFH led to an inactive mutant (chapter 1), going to show that 

the residue is critical for catalysis. The reduction in activity upon mutating neighboring residues 

as seen in this study, highlights the necessity for conservation of conformation in this segment for 

optimal catalysis. This can be confirmed with the availability of structure of the mutant enzyme.   

  
Fig. 2.11. Swapping the residues in the conserved motif from L-TTD onto MjFH does not lead to switch 

in stereospecificity. A. Sequence alignment between class-I FH and L-TTD shows that residues at positions 

140, 142, 143, 144, 148 and 150 are conserved differently in class-I FH and L-TTD. B. Residues that 

correspond to the above 5 positions are located in a helix and a sheet close to the substrate and Fe-S cluster 

in the LmFH structure (5l2r) and are highlighted in red.  C.SDS-PAGE showing the purified MjFH mutants 

MA in lane 1, AC in lane 2, MAC in lane 3 and DYMACL in lane 4. D. Representative progress curves for 

conversion of 1mM L-malate to fumarate by mutants MA (red line), AC (blue line), MAC (yellow line) and 

DYMACL (pink line). E. Bar graph for the specific activity of mutants MA, AC, MAC and DYMACL with 1 

mM L-malate as substrate showing the fold change in activity in comparison to WT MjFH. F. Bar graph 

showing the comparison of specific activity for the mutants MA, AC, MAC and DYMACL with 1 mM L-

malate as substrate in the presence/absence of 1 mM L-tartrate in the assay mixture. Statistical analysis 

was done using Student’s unpaired t-test using Graphpad Prism. 
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2.3.7. Energy guided mutants to switch specificity in C-I FH 

Iterative protein redesign and optimization (IPRO) suite of programs was used, which involves in 

silico mutagenesis followed by docking of the stereoisomer of interest and energy minimization to 

calculate binding energy. The procedure resulted in a series of mutant designs in which there was 

an improved binding of L-tartrate by class-I FH. WT LmFH enzyme was considered for the 

iterations due to the availability of its holoprotein structure (5l2r). Docking L-tartrate at the active 

site of the enzyme clearly showed a high ∆G value of +52.34 for L-tartrate binding indicating that 

the binding was not possible (Fig. 2.12A). However, a couple of active site residue mutations 

C252K + R471K resulted in significant decrease in binding energy of L-tartrate to LmFH (Fig. 

2.12B). Further mutants were suggested where, in one of the mutant designs, a series of 9 mutations 

(C252K + R471K + R421K + G214K +G215R + S217P + P466R + C133R + R173K) led to a 

decrease in free energy of binding to a value of -107.4 kcal/mol (Fig. 2.12C). Two of the mutations 

C133R and C252K were omitted as these cysteine residues are the residues that ligate the Fe-S 

cluster and mutation of the same resulted in inactive mutants which failed to bind the Fe-S cluster 

(details in chapter 1). From the remaining 7 suggested mutations, a combination of 9 mutant 

designs were made in MjFH (Fig. 2.12D) and obtained to good purity (Fig. 2.12E).  None of the 

mutants displayed activity on L-tartrate and since many of these mutants suggested were of the 

residues that bind the substrate at the active site, the mutants did not retain activity on L-malate 

also. As a result, it could not be deciphered if the mutants even bound L-tartrate.   

 

Fig. 2.12. L-tartrate docking to WT LmFH and in silico mutant design of LmFH. A. L-tartrate was 

docked into the active site of WT LmFH structure (5l2r), energy minimized, and binding energy calculated. 

A large positive ∆G value of +52.34 kcal/mol indicated a lack of feasible interaction. B. Mutant C252K 
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(C182K in MjFH) was suggested to improve L-tartrate binding at the active site from in silico analysis. A 

combination of just two mutants, R471K (R84K in MjFH) and C252K (C182K in MjFH) made binding of 

L-tartrate at LmFH active site feasible with a ∆G value of -0.43 kcal/mol. C. A list of LmFH mutants and 

their respective binding energies for the binding of L-tartrate at the active site. (Figures A, B & C were 

generated at Prof. Costas D. Maranas laboratory as a part of collaboration). D. Combination of mutants 

made in MjFH with the information derived from in silico design using LmFH structure. Cysteine mutants 

(C182K and C133R) were omitted from the list. E. SDS-PAGE showing the purified MjFH mutants loaded 

in lanes 1 to 9 in the order of the mutant list in panel D.   

2.3.8. Examination of active site of class-I FH and predicted L-TTD structures 

Although class-I FH apo- and holo-protein structures have become available in recent times, L-

TTD structure has not been solved to date making it difficult to understand the difference between 

the two proteins with regard to the active site. Recently in 2015, structure of L-TTD was predicted 

by David Baker and coworkers along with 58 other large protein families in prokaryotes for which 

three-dimensional structural information was not available (Ovchinnikov et al., 2015) (Fig. 

2.13A). The predicted structure was of an apoprotein, lacking bound Fe-S cluster/substrate and 

superposed well over LmFH structure with a rmsd of 5.2 Å. To gain insight into the difference in 

substrate specificity between the two enzymes, the active sites were examined after superposition 

of the two structures. It was observed that the active site residues in the predicted L-TTD structure 

are situated in loops making it hard to predict their location in space accurately. The residues 

corresponding to catalytic acid and the base, Asp73α and Thr78β, respectively were in hydrogen 

bonding distance from each other in the predicted L-TTD structure, making it hard to consider the 

structure with any confidence (Fig. 2.13B). L-TTDα and L-TTDβ subunit structures have also 

been predicted separately and deposited in the AlphaFold database. These structures independently 

superposed well over LmFH structure with a rmsd of 1.99 Å and 1.57 Å for the α- and β-subunits, 

respectively (Fig. 2.13C, D). The functional form of the enzyme is a tetramer and the same was 

generated by superposing the L-TTDα and L-TTDβ subunits over the LmFH structure (Fig. 

2.13E). Superposing the AlphaFold predicted L-TTD structure over LmFH structure to observe 

the difference in active sites between the two proteins, we see that the three cysteine residues that 

ligate the Fe-S cluster in the two proteins superpose very well (Fig. 2.13F). Leaving apart a couple 

of arginine residues (R33 and R82) and a lysine residue (K102), all other residues that are in 

hydrogen bonding distance with the substrate superposed well between the two structures (Fig. 

2.13G); not yielding any information on major differences between the two proteins. Docking L-

tartrate and meso-tartrate, which are inhibitors of class-I FH into the LmFH active site, it was 

observed that the C2 hydroxyl group of L-tartrate points away from the Fe-S cluster. It must be 
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noted that the orientation of the carboxylate groups was retained as in the bound L-malate in the 

structure of LmFH-malate complex (Fig. 2.14A, C). Docking D-tartrate which is a substrate of 

class-I FH however, showed that the C2 hydroxyl group of D-tartrate came in hydrogen bonding 

distance with the Fe-S cluster and the catalytic acid Asp135, in a manner similar to that of L-malate 

in LmFH malate structure (Fig. 2.14B).  

 
Fig. 2.13. Comparison of class-I FH with modelled structures of L-TTD to gain insights into difference 

in substrate specificity between the two enzymes. A. Predicted structure of L-TTD from the Rosetta 

structure prediction program utilizing residue-residue co-evolution information (Ovchinnikov et al., 2015). 

B. Superposition of L-TTD predicted structure (green) over LmFH structure (5l2r, blue) to understand 

differences at the active site of the two enzymes. The active site residues are in loops and the catalytic base 

threonine is in hydrogen bonding distance from the catalytic acid aspartate in L-TTD structure. Thus, the 

modelled structure could not be considered with confidence. C. Superposition of AlphaFold predicted L-

TTDα structure highlighted in green over LmFH structure highlighted in magenta. The two structures align 

well with a rmsd of 1.99 Å. D. Superposition of AlphaFold predicted L-TTDβ structure highlighted in cyan 

over LmFH structure highlighted in magenta. The two structures align well with a rmsd of 1.57 Å. E. L-

TTD protein structure generated from AlphaFold predicted L-TTDα and L-TTDβ subunit structures. F. 

Superposition of cysteine residues (C71, C190 and C277) that ligate Fe-S cluster from L-TTD predicted 

structure over cysteine residues (C133, C252 and C346) from LmFH structure. Fe-S cluster from LmFH 

structure is retained in the superposed snapshot. G. Superposition of all the active site residues that 

hydrogen bond with the substrate from LmFH structure with predicted L-TTD structure obtained from 

AlphaFold. LmFH residues are shown in magenta while L-TTD residues from α-subunit are in green and 

ones from β-subunit in cyan. Sidechains from a couple of arginine residues (R33 and R82) and a lysine 

(K102) residue in L-TTD point away from the substrate while most other residues superpose well.  
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Fig. 2.14. L-tartrate, D-tartrate and meso-tartrate docked active site in the structure of LmFH. A. C2 

hydroxyl group of L-tartrate (yellow) points away from Fe-S cluster and in the opposite direction compared 

to the bound L-malate (green) in the structure of the complex. B. D-tartrate (pink) superposes well with the 

bound L-malate (green) from LmFH structure with the C2 hydroxyl of both substrates coming in hydrogen 

bonding distance from both Fe-S cluster and catalytic acid D135. C. C2 hydroxyl group of meso-tartrate 

(blue) points in the opposite direction to the Fe-S cluster compared to the bound L-malate (green). 
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2.4. Summary 

L-TTD and class-I FH are highly similar proteins with the both of them sharing 45% similarity. 

The two enzymes are in fact similar to the extent to which they have been misannotated in NCBI, 

RCSB and UniProt database. The RCSB structure database in which the PDB structure of MjFHβ 

subunit has been deposited (5dni), shows the molecular component of the protein to be a putative 

L-tartrate dehydratase subunit beta. While, on the UniProt protein database under the protein 

putative L(+)-tartrate dehydratase subunit beta, MjFHβ subunit structure shows up as an entry. 

Class-I fumarate hydratase has been shown to catalyze the conversion of D-tartrate to oxaloacetate 

(Kronen & Berg, 2015; van Vugt-Lussenburg et al., 2009, 2013), thus making the two enzymes, 

class-I FH and L-TTD, enzymes with specificity for substrates of opposite stereospecificity. The 

way that nature deals with stereoisomers in most circumstances is to design separate enzymes with 

different active sites to catalyze reactions on opposite stereoisomers (Lamzin et al., 1995). 

Dehydrogenases, glycosyl hydrolases and amino oxidases are a few examples where, we have two 

enzymes with different folds catalyzing reactions on opposite stereoisomers with in fact, some 

following a similar reaction mechanism (Lamzin et al., 1995). Lipases are the only exceptions in 

nature where, the same enzyme can process opposite enantiomers although, having a clear 

preference for one over the other (Cygler et al., 1994). To the best of our knowledge, class-I FH 

and L-TTD are the first examples of two enzymes having an active site possessing identical 

residues, yet catalyzing reactions on opposite stereoisomers. To understand what distinguishes the 

two proteins apart if not the active site, multiple sequence alignment was examined. A highly 

conserved motif ‘KGXGS’ in class-I FH was found to be present as an ‘AGGGC’ motif in L-TTD. 

This is the first report where a motif that distinguishes class-I FH from its highly identical 

counterpart L-TTD has been identified. To understand how L-TTD is distributed in comparison to 

class-I single-subunit and two-subunit FH and identify any evolutionary relationship, a 

phylogenetic tree was constructed. From the phylogenetic tree, it was observed that all class-I FH 

had the ‘KGXGS’ motif and the L-TTD had the ‘AGGGC’ motif. Sequences annotated as L-TTD 

or as FH/L-TTD but grouping with characterized FH also had the ‘KGXGS’ motif confirming the 

observation that indeed the motif is a distinguishing feature between the two enzymes. 

Phylogenetic tree clearly reveals that the two-subunit FH and L-TTD share a common ancestral 

origin suggesting a possible horizontal gene transfer (HGT) event during evolution. Single subunit 

Bacilli FH could have been an intermediate in the process of HGT from archaeal FH to bacterial 
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L-TTD as they have the motif ‘KGGGC’ that has residues conserved from both motifs and also 

share a very high identity with L-TTD in spite of being a class I FH. Overall the phylogenetic tree 

has confirmed previous observations with higher confidence (Kronen & Berg, 2015) and the 

identification of an exclusive motif present in class-I FH and L-TTD will now help identify these 

proteins apart and help solve the issue of misannotation between these two groups. Swapping the 

‘KGXGS’ motif from MjFH onto E. coli L-TTD in the hope of switching enzyme specificity led 

to complete absence of expressed protein going to show that the motif may also have other 

structural roles. Therefore, residues from L-TTD motif and residues flanking the motif were 

replaced  onto MjFH, considering the higher stability of the thermostable archaeal enzyme. 

Mutating the residues and altering the motif in MjFH did not switch the substrate specificity and 

only lead to decreased enzyme activity which could be a consequence of the proximity of the 

residues in the motif to the Fe-S cluster and substrate. Further, the mutant enzymes did not develop 

an ability to bind L-tartrate, as could be seen from the lack of inhibition of the activity on L-malate. 

A lack of switch in stereospecificity suggests that the motif may not be the sole specificity 

conferring element in the two enzymes. Computational approach utilizing decrease in free energy 

of binding of L-tartrate at the active site of LmFH structure (5l2r) as a parameter to design mutants 

was carried out using the computational program IPRO. A series of 9 mutant designs were made 

in MjFH drawing information from the energy guided mutant design obtained from LmFH 

structure using IPRO. None of the mutants turned out to have activity on L-tartrate. Since some of 

the residues mutated were substrate coordinating residues shown to be critical for enzyme catalysis 

(details in chapter 1) on fumarate/ L-malate, they also did not retain activity on L-malate and so 

its ability to bind L-tartrate could not be tested.   

 

L-TTD has been kinetically characterized for the first time and the catalytic efficiency of the 

enzyme on L-tartrate was found to be 10 fold higher than that of class-I FH on D-tartrate (van 

Vugt-Lussenburg et al., 2013) going to show that L-TTD is a kinetically superior enzyme. 

Substrate screening has revealed the enigmatic nature of specificity in these classes of enzymes. 

L-TTD and class-I FH were found to have absolutely opposite substrate specificity. L-malate and 

D-tartrate are substrates for class-I FH while, D-malate and L-tartrate are substrate for L-TTD. 

Fumarate which is planar and achiral was found to be a substrate for both enzymes albeit with L-

TTD exhibiting lower activity. Meso-tartrate acted as a competitive inhibitor, inhibiting both class 
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of enzymes. Surprising difference between these enzymes was that L-malate inhibited L-TTD but 

L-tartrate turned out to have no affinity for MjFH even at a concentration of 1 mM. L-tartrate 

however inhibited E. coli class-I FH going to show that there are subtle differences between the 

single-subunit and two-subunit class-I FH. It is intriguing that single-subunit, two-subunit class-I 

FH and L-TTD have active sites with identical residues yet behave differently. This hints at the 

fact that subtle differences in enzyme active site architecture accumulated during evolution must 

have contributed to enzyme specificity in this class of Fe-S cluster hydrolyases.  

 

Structures of LmFH holoprotein and MjFH apo-protein are the only available class-I FH structures 

while, L-TTD structure has not been solved to date. In order to understand the difference in the 

active site between these proteins, modelled L-TTD structures were examined using LmFH 

holoprotein structure as a reference. L-TTD structure modelled by David Baker and coworkers 

using evolutionary information was remarkably close to the class-I FH superposing with the LmFH 

structure with a rmsd of 5.8 Å. Although the two structures were similar with regard to the tertiary 

fold, the protein was modelled in its apo-protein state. Moreover, the active site residues are located 

in loops making it hard to consider the modelled structure with confidence. Much information with 

regard to active site architecture could not be deciphered using the modelled L-TTD structure. 

Modelled α- and β-subunit structures of L-TTD are also available in the AlphaFold database, and 

this was used to assemble the functional tetramer. Observing the active site, it was evident that 

AlphaFold was biased by the deposition of LmFH structure in the database, as most active site 

residues along with the cysteine residues that ligate the Fe-S cluster superposed exceptionally well 

with LmFH structure (5l2r). The AlphaFold structures as well did not provide any leads on the 

differences in active site architecture in these class of enzymes that play a role in enantiomer 

selectivity.  

 

Classically, enzyme stereospecificty has been studied with regard to attachment points of the 

substrate to the enzyme (Easson & Stedman, 1933; Ogston, 1948). According to the three point 

attachment model, for an enantiomer to be bound at the enzyme active site, it has be held in place 

by active site residues anchoring the substrate at three separate points called attachment points. It 

has been proposed that the number of attachment points increases with the increase in chiral centers 

on the substrate (Abrol & Sundaresan, 2002). For such substrates, some enzymes follow the four-
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location model. For many substrates with one chiral group, the three-point attachment model still 

continues to be well accepted (Abrol & Sundaresan, 2002). According to the three-point 

attachment model, for a molecule with a single chiral center to be bound at the active site, three 

attachment points of the enzyme, A, B and C has to be anchored to three points on the substrate, 

A’, B’ and C’. One of the points of contact breaks for the opposite enantiomer, thus disallowing 

proper binding or catalysis to take place. For the opposite enantiomer to bind at the active site of 

the protein, one of the points of contact has to be located on the opposite side in the protein (Fig. 

2.15). This is the exact reason why in nature we see enzymes with different folds carrying out 

catalysis on opposite enantiomers (Lamzin et al., 1995). In case of class-I FH, the substrate 

carboxylate binding residues, Fe-S cluster, and the catalytic aspartate residue that binds both 

substrate hydroxyl and carboxyl group are some of the points of attachment. Docking D-tartrate 

which is a substrate for class-I FH at the active site of LmFH, we see that the C2 hydroxyl group 

comes in hydrogen bonding distance with the Fe-S cluster and the catalytic aspartate residue 

(2.12B). But docking L-tartrate results in the C2 hydroxyl group pointing away from the Fe-S 

cluster and catalytic aspartate residue (Fig. 2.14A). In case of L-TTD, one of the attachment points, 

Fe-S cluster or the catalytic aspartate residue could be potentially oriented on the opposite side 

compared to LmFH to catalyze L-tartrate dehydratase reaction. Flipping the Fe-S cluster to the 

opposite side of the enzyme however seems unlikely as the location of the cysteine residues are 

similar to MjFH. However, for activity on L-tartrate it is imperative that there be an alteration, 

though not major, in the conformation of the active site residues and this awaits structural 

confirmation.  

 
Fig. 2.15. The three-point attachment model A. In the TPA model, three groups, A, B, and C on one 

enantiomer, simultaneously bind to A’ B’, and C’ on the receptor. (B) Two groups, A and B of the opposite 

enantiomer, bind to A’ and B’, but the third group C cannot simultaneously bind to C’ (Abrol & Sundaresan, 

2002). 
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2.5. Future directions  

Future directions with regard to this part of the study will be to solve the structure of L-TTD to 

visualize the differences from class-I FH. A snapshot of the active site of the enzyme in complex 

with substrate/inhibitor will reveal the origin of stereospecificity in these enzymes conclusively. 

Directed evolution will also help switch substrate specificity in these enzymes and throw novel 

insights not directly discernible from the structure. Screening for activity/inhibition on/by more 

dicarboxylic acid substrate analogues will deliver a comprehensive understanding of the enigmatic 

nature of the active site in these two enzymes. 

 

2.5.1. L-TTD structure solution 

Predicted structures of L-TTD by David Baker and AlphaFold have not provided insights into the 

enigmatic nature of this class of enzymes. In an effort to solve the structure of the enzyme, crystals 

of L-TTD were obtained in the condition – 1.6 M sodium citrate tri-basic dehydrate, pH 6.5, 25% 

PEG 3350 (Fig. 2.16A). Crystals also turned out to diffract to a resolution of close to 5 Å (Fig. 

2.16B). Unfortunately, these crystals did not form reproducibly and further standardization in the 

crystal tray setup along with grid screening has to be carried out to get good quality crystals for 

diffraction.  

 
Fig. 2.16. Attempts at L-TTD structure solution. A. Crystal of L-TTD obtained from the condition 1.6 M 

sodium citrate tri-basic dehydrate, pH 6.5, 25% PEG 3350. B. Crystals obtained of L-TTD, diffracted only 

to a best resolution of 5Å with faint diffraction spots disallowing data collection.  

 

2.5.2. Directed evolution to switch substrate specificity  

E. coli has three genes that code for FH; fumA and fumB of class-I type and fumC of class-II type. 

A triple knock out strain of E. coli ∆fumACB was generated and confirmed in our laboratory earlier 

(Jayaraman et al., 2018). L-Tartrate dehydratase genes (orfz1 coding for TTDα and orfz2 coding 
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for TTDβ) are located in tandem and driven by a common promoter. The two genes were knocked 

out together in both WT E. coli and ∆fumACB strains. Deletion of the genes was validated by PCR 

using genomic DNA of the mutant strain as a template with appropriate primers (Fig. 2.17A, B 

and C). Genotyping results are provided in Fig. 2.17D.  

 
Fig. 2.17. Genotyping of E. coli ∆L-TTD and ∆fumACB/∆L-TTD strains. A. Relative positions of TTDα 

and TTDβ genes in E. coli and the location of primers P3 and P6 used for validation of knockout. 5’HR1 

and 3’HR2 represent the 30bp homologous regions used for gene replacement with kanamycin resistant 

marker. B. L-TTDαβ gene loci after homologous recombination and replacement of kanamycin resistance 

marker flanked by FRT (Flippase recognition target) sites. Primers US and DS were used for the 

amplification of kanamycin cassette. C. TTDαβ gene loci after FRT recombination and flipping out the 

kanamycin marker cassette. D. PCR amplified products using primers P3 and P6 from genomic DNA of 

∆L-TTD and ∆fumACB/∆L-TTD strain. L2 and L3, PCR amplicon from P3 and P6 primers in E. coli WT 

strain and ∆fumACB with L-TTD loci replaced with kanamycin resistance marker; L4 and L6, PCR 

amplicon from P3 and P6 primers in E. coli WT strain and ∆fumACB with L-TTD loci knocked out; DNA 

ladder was loaded in L1 and L5. 

 

Knockout constructs were validated by growing cells on minimal medium with different substrates 

as sole carbon sources. As expected, the L-TTD KO strain grew on oxaloacetate and 

∆fumACB/∆L-TTD strain was able to grow on malate and neither strains were able to grow on 

fumarate (Fig. 2.18). To our surprise, the ∆L-TTD strain was also able to grow on L-tartrate going 

to show that an alternate enzyme capable of using the carbon source is present in E. coli. Earlier 

work carried out in our  laboratory has shown that Plasmodium falciparum FH was able to 

complement ∆fumACB growth on L-tartrate (Jayaraman et al., 2018). However, in vitro activity 

testing revealed that the PfFH was inactive on L-tartrate and the cause of the complementation was 

suggested to be because of the enzyme playing a secondary but critical role required for cell 

growth. ∆fumACB/∆L-TTD strain, which does not grow on L-tartrate medium can be used for 
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screening error prone PCR driven MjFH or E. coli FumA mutants for L-tartrate dehydratase 

activity.  

 

  
Fig. 2.18. Phenotyping of E. coli ∆L-TTD and ∆fumACB/∆L-TTD strain. Growth phenotype of ∆L-TTD 

and ∆fumACB/∆L-TTD strain on various substrates.  

 

2.5.3. Wider substrate screen for better understanding of enzyme active site 

This is the first report showing three enzyme classes (class-I single-subunit FH, two-subunit FH 

and L-TTD) having active sites residues that are identical, behaving differently pertaining 

substrates and inhibitors. More information about how these enzymes are different can be garnered 

through screening a larger subset of chiral substrates and inhibitors, as has been done in the case 

of class-II FH (Table. 2.3). From the information derived on the inactive substrate analogues and 

inhibitors, a comprehensive understanding of how similar or different the active site in these 

enzymes is, can be deciphered.  
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Table. 2.3. List of substrates, inactive analogues and inhibitors for class-I, class-II FH and L-TTD. 

Highlighted in blue are the inactive analogues of class-II FH which have not been tested for activity in 

either class-I FH or L-TTD and red are the inhibitors of class-II FH which have not been tested for 

inhibition in either class-I FH or L-TTD.  

 
Class I FH Class II FH L-TTD 

Substrates Fumarate 

L-malate 

D-tartrate 

Mesaconate 

Acetylene dicarboxylate 

Fluoro-fumarate 

Fumarate 

L-malate 

D-tartrate 

Acetylene dicarboxylate 

Fluoro-fumarate 

Fumarate 

D-malate 

L-tartrate 

Inactive 

analogues 

L-tartrate (two subunit FH) 

D-malate 

Maleate 

Succinate 

(+) citramalate 

Dimethylfumarate 

Aspartate 

Crotonate 

Acetate 

Acetoacetate 

Butyrate 

D-tartrate 

Inhibitors Thiomalate 

Meso-tartrate 

L-tartrate (single subunit FH) 

Cis-aconitate 

Trans-aconitate 

Citraconate 

Phenyl lactate 

trans-Glutaconate 

(-) citramalate 

Citrate 

L-Isocitrate 

Malonate 

 

 

L-tartrate 

Meso-tartrate 

Maleate 

Mesaconate 

Succinate 

Trans-aconitate 

Citrate 

L-Isocitrate 

Malonate 

L-2-hydroxy-3-sulphopropionate 

Trans-glutaconate 

Isopropylmalate 

Pyruvate 

Alpha-ketoglutarate 

Adipate 

Glycine 

glutarate 

L-malate 

Meso-tartrate 

Reference Dennis H. Flint (1994), 

Archives of biochemistry and 

biophysics, 311, 409-516 

 

This study 

Enzymes, Dixon and Webb (2014) 

John W. Teipel, etal., (1968) The 

journal of biological chemistry, 

243, 2684-2694 

This study 
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2.5.4. Interface analysis to understand the tight interaction between subunits of 

class-I FH and L-TTD  

Large majority of the residues at the interface of class-I FH are conserved as has been shown in a 

previous report (Feliciano et al., 2016). Aligning L-TTD with class-I FH sequences, it was 

observed that only 10 of the 16 residues at the interface are conserved between class-I FH and L-

TTD (Fig. 2.19). As majority of the active site residues are located at the interface of the α- and β-

subunit (N/C-terminal domains for class-I FH) for the two groups of enzymes, it will be worth 

examining how differently the two subunits interact to constitute the active site of the enzyme. A 

Ni-NTA pull down of MjFHα from bacterial cells co-expressing MjFHα and E. coli fumA CTD 

showed that the two proteins interact (Fig. 2.20). Since the interface of both class-I FH and L-TTD 

are well conserved, it will be interesting to see if MjFHα interacts with E. coli L-TTDβ and the 

vice versa. If it turns out that there is a cross-interaction between these subunits of the two groups 

of proteins, activity of the same can be tested on various substrates to obtain insights into substrate 

specificity in these enzymes.  
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Fig. 2.19. Multiple sequence alignment of biochemically characterized class I FH and L-TTD. Interface 

residues that are conserved across the two enzymes are highlighted with blue circles while the ones that 

aren’t conserved are highlighted with red circles beneath the respective residue.  

 

 
Fig. 2.20. Pull down of E. coli fumA CTD with MjFHα subunit. L1, fumA CTD expressing (DE3)-RIL 

cells lysate; L2, 250 µM imidazole elute from lysate expressing fumA CTD after incubation with MjFHα 

subunit and Ni-NTA beads; L3 and L4, MjFHα and MjFHαβ purified protein as control; L5, protein 

molecular weight marker. 
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Chapter 3  

 

Understanding structural and functional modulation of 

IMPDH from the archaeon Methanocaldococcus 

jannaschii 
 

Although the mechanism of catalysis by IMPDH is fairly conserved across 

prokaryotes and eukaryotes, there are differences with regard to modulation of 

activity. IMPDH consists of a core catalytic TIM domain and a regulatory CBS 

domain. Understanding of enzyme modulation by nucleotide modulators is not 

complete in IMPDH and the same has not been probed into in archaeal counterparts. 

Previous studies from the laboratory have revealed some interesting modulatory 

aspects of the archaeal enzyme from M. jannaschii where a potassium ion is not 

required for optimal activity and the enzyme gets modulated by all nucleotide 

modulators except ATP. In order to understand the modulation better, structure 

solution of MjIMPDH has been attempted and efforts at obtaining the IMPDH 

structure is presented in this chapter. Transmission electron microscopy imaging 

revealed that MjIMPDH forms cytoophidia like filaments, which have been 

observed in eukaryotes but not prokaryotes going to show that the archaeal enzyme 

is structurally similar to eukaryotic rather than prokaryotic orthologs.  
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3.1 Introduction 

3.1.1. IMPDH is a key player for nucleotide regulation within cells 

Optimal nucleotide levels are maintained within cells across varied metabolic states, mediated by 

the operation of complex regulatory networks. Nucleotides are ubiquitous and essential biological 

molecules that play a central role in cellular physiology by participating in processes as an energy 

source, building blocks, cofactors and effector molecules (Lane & Fan, 2015). To avoid 

misincorporation of dNTPs into DNA, which could lead to mutations, a properly balanced 

biosynthesis of the same mediated by a cascade of reactions through enzymes that are precisely 

regulated take place (Labesse et al., 2013). Living cells appear to take advantage of subcellular 

localization and more recently discovered, supramolecular organization as a mode of regulation 

through formation of purinosomes and its  dynamic assembly/disassembly for optimal nucleotide 

biosynthesis (An et al., 2008; Narayanaswamy et al., 2009; Noree et al., 2010). The complex is 

composed of six enzymes responsible for the biosynthesis of IMP from phosphoribosyl 

pyrophosphate. Recently, allosteric regulation has been shown to have an important role in this 

context and has been considered as a unique player in IMP biosynthesis. While the purinosome 

complex ensures optimal substrate channeling to deliver IMP to the cells, IMPDH is regulated at 

multiple levels including modulation by allostery. IMPDH controls the de novo biosynthesis of 

guanosine nucleotides, the inhibition of which causes an imbalance between adenine and guanine 

nucleotides with large repercussions like cytotoxicity (Hedstrom, 2009a; Shu & Nair, 2008). Both 

adenine and guanine nucleotides allosterically modulate IMPDH activity by altering either the 

enzyme activity or oligomeric state, or both. Physiological processes within the cells and their 

proliferation are tightly linked to this well controlled allosteric regulation of IMPDH by purine 

nucleotides which in turn maintains the adenine to guanine nucleotide balance within the cells. 

This makes IMPDH an important target for immunosuppressive, antiviral and cancer 

chemotherapy (Hedstrom, 2009).  

 

3.1.2. General features of the enzyme IMPDH 

IMPDH (EC 1.1.1.205) catalyzes the oxidation of inosine 5’-monophosphate (IMP) to xanthosine 

5’-monophosphate (XMP) concomitantly reducing NAD+ to NADH. IMPDH is ubiquitously 

distributed across all organisms known to date with the exception of two protozoan parasites, 

Giardia lamblia and Trichomonas vaginalis (Carlton et al., 2007; Morrison et al., 2007). IMPDHs 
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exist as tetramers or octamers with each monomer consisting of 400-500 amino acid residues 

carrying a core catalytic domain and a regulatory domain (Labesse et al., 2013) (Fig. 3.1B, C). 

The regulatory domain is referred to as the Bateman domain or CBS domain, containing two 

repeating CBS motifs, which were first discovered in human cystathione beta-synthase (Bateman, 

1997) (Fig. 3.1A). CBS domains are found in several structurally and functionally unrelated 

proteins and are involved in maintenance of cellular energy status, metal ion concentration or ionic 

strength, and regulate enzymatic activity (Baykov et al., 2011; Ereño-Orbea et al., 2013). Removal 

of CBS domain in IMPDH has been found to have no effect either on activity in vitro or 

perturbation of subunit organization (Nimmesgern et al., 1999; Sintchak et al., 1996). The CBS 

domain is found to be disordered in many of the structures deposited in PDB with the removal of 

the domain also reported to facilitate crystallization (Hedstrom, 2009). All reported IMPDH to 

date are found to require a monovalent cation (preferably K+) for optimal activity with an increase 

in activity to around 100-folds (Alexandre et al., 2015). The binding site for the monovalent cation 

comprises the catalytic loop and the C-terminal segment, which are again highly disordered 

segments in most X-ray structures.  

 

The core catalytic domain is composed of a TIM barrel in IMPDH which is again sub-divided into 

five key structural motifs that carry out substrate binding and catalysis (Fig. 3.1A). “Catalytic 

cysteine loop” carries the active site cysteine which is strictly conserved across all IMPDH. 

Adjacent to the active site loop is the phosphate binding region also called the “phosphate binding 

loop” that is composed of six residues. A twisted β-sheet that projects out of the carboxy-terminal 

of TIM barrel is referred to as “finger domain”, which is shown to help transmission of allosteric 

signals from the Bateman domain to the catalytic domain (Buey, Ledesma-Amaro, Velázquez-

Campoy, et al., 2015). Around ten residues at the distal end of the finger domain constitute the 

“mobile flap”, which is dynamic and moves in and out of the active site during catalysis. The open 

conformation allows the dehydrogenase reaction to occur followed by hydrolysis in closed 

conformation. Finally, the “C-terminal segment” couples the active site through a monovalent 

cation. The catalytic cysteine loop, mobile flap, finger loop and about 20 residues at the C-terminal 

end of IMPDH are found to be highly flexible and thus missing from the X-ray crystal structures 

of various IMPDHs (Hedstrom, 2009; Morrow et al., 2012; Prosise et al., 2002; Rao et al., 2013). 

IMP binding site is constituted of residues from the catalytic cysteine loop, phosphate binding 
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motif, and mobile flap.  Residues from the catalytic loop and mobile flap make up NAD+ binding 

site. While IMP binding residues are identified to be invariant, large divergence has been observed 

with regard to NAD+ binding site (Hedstrom, 2009). 

 
Fig. 3.1. Domain architecture and spatial arrangement of IMPDH. A. Schematic bar representation of 

IMPDH key structural elements and CBS subdomain. B. Tetrameric structure of S. pyogenes IMPDH (1zfj) 

shown in ribbon diagram. CBS subdomain and catalytic domain are highlighted within dashed boxes. C. 

Octameric structure of A. gossypium IMPDH (4z87) shown in ribbon diagram. CBS subdomain and 

catalytic domain are highlighted within dashed boxes. 

 

The chemical transformations catalyzed by IMPDH include a dehydrogenase reaction in which the 

catalytic cysteine attacks the C2 of IMP to form a covalent thiomidate intermediate, E-XMP* with 

simultaneous hydride transfer onto NAD+ to form NADH. This reaction is followed by a 

subsequent hydrolyase reaction on E-XMP* yielding XMP and free enzyme (Fig. 3.2). IMPDH 

assumes an open conformation allowing NAD+ to bind during dehydrogenase reaction while the 

mobile flap moves into the cofactor site during the hydrolyase reaction, bringing the conserved 

Arg-Tyr dyad into the active site to allow the arginine to act as the catalytic base (Hedstrom, 2009). 
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Presence of K+ is found to increase the rate of association of NAD+ with E-IMP complex and 

accelerate the flap closure (Riera et al., 2011).  

 
Fig. 3.2. Mechanism of IMPDH reaction. Adapted from Hedstrom 2009.  

 

3.1.3. Understanding IMPDH enzyme modulation in prokaryotes and 

eukaryotes 

Although the reaction rate catalyzed by IMPDH varies slightly between the prokaryotic and 

eukaryotic IMPDH, both the enzymes have similar structure and mechanism of catalysis. 

However, differences with regard to allosteric regulation has been observed within and between 

prokaryotic and eukaryotic IMPDH (Alexandre et al., 2015). IMPDH have been grouped into two 

classes, class-I and class-II based on the allosteric modulation taking place in these enzymes. 

Class-I IMPDHs show cooperativity for IMP binding, which is activated upon MgATP binding 

and the enzyme is octameric in all conditions. Class-II IMPDH on the other hand behave as 

Michaelis-Menten enzymes and are tetramers in the apo-state and shift to octamers upon MgATP 

binding (Alexandre et al., 2015). While binding of MgATP to class-I IMPDH directly influences 

activity, MgATP binding in class-II IMPDH only result in structural changes without any direct 

influence on activity. Prokaryotic IMPDH is shown to have both class-I and class-II IMPDH, 

whereas all eukaryotic IMPDHs are shown to be only class-II IMPDH (Buey et al., 2017).  

 

Prokaryotic and Eukaryotic IMPDH also display different modes of inhibition, with prokaryotic 

IMPDH being inhibited only by GMP in a competitive fashion, while eukaryotic IMPDH are 

inhibited by GDP and GTP in a mixed fashion by the binding of the same to a non-canonical 

nucleotide binding site in the CBS domain that is absent in prokaryotic IMPDH. GTP and GDP 

bind to the non-canonical binding site in eukaryotic IMPDH and induce a tail to tail dimerization 

of the tetramers leading to a more compacted octameric conformation with compromised activity 

(Buey et al., 2017). The compact IMPDH structure becomes relaxed on MgATP binding, which 

displaces the bound GDP/GTP from the non-canonical site on CBS. It is believed that class-I 
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IMPDHs are kept auto-inhibited in vitro in the absence of nucleotides and achieve full activity 

upon MgATP binding. In contrast, eukaryotic class-II IMPDH are kept inactivated by GDP/GTP 

binding which is relieved upon ATP binding. With the available information, it is speculated that 

a conformational switch controlled by ATP was already present in the common ancestor for 

prokaryotic and eukaryotic IMPDH, which likely got modified with the incorporation of non-

canonical nucleotide binding site in eukaryotic IMPDH (Buey et al., 2017).  

 

3.1.4. Cytoophidia and its role in physiology  

Adding more complexity to the mechanism of IMPDH regulation, which is already known to 

associate with purinosomes and also display allostery, the enzyme has also been reported to form 

micro-metric long structures referred to as cytoophidia (Carcamo et al., 2011; Chang et al., 2015; 

Ji et al., 2006). IMPDH cytoophidia filaments however are an exclusive feature of the eukaryotes 

and has not been observed in prokaryotic IMPDH (Burrell et al., 2022). A number of non-

cytoskeletal proteins form filaments which are dynamic assemblies polymerizing upon nutrient 

stress (Alberti et al., 2009; Aughey & Liu, 2016; Liu, 2016; Narayanaswamy et al., 2009; Noree 

et al., 2010; O’Connell et al., 2012, 2014; Q. J. Shen et al., 2016). This phenotype has been 

however, disproportionately associated more with metabolic enzymes (O’Connell et al., 2012). 

From the few characterized metabolic filaments, polymerization is known to regulate enzyme 

activity and maintain homeostasis with its role not determined in most cases (Barry et al., 2014; 

Beaty & Lane, 1985; Lynch et al., 2017; Petrovska et al., 2014). IMPDH reversibly assembles into 

helical polymers in an ATP dependent fashion forming stacked octamers in vitro (Anthony et al., 

2017; Burrell et al., 2022; Labesse et al., 2013). IMPDH filaments colocalize with the pyrimidine 

biosynthetic enzyme cytidine triphosphate synthase (CTPS) assemblies in some circumstances 

suggesting a potential coordination between purine and pyrimidine biosynthesis (Keppeke et al., 

2015). The physiological function of IMPDH cytoophidia remarkably remains unclear although 

its polymerization has been correlated with rapid cell proliferation  (Chang et al., 2015; Duong-Ly 

et al., 2018; Keppeke et al., 2018). IMPDH generally does not polymerize in cell lines grown in 

rich media which however gets triggered by depleting culture media of essential purine precursors 

or adding inhibitors such as mycophenolic acid or ribavirin (Calise et al., 2014; Carcamo et al., 

2014). Responsiveness of IMPDH to reduced flux through guanine nucleotide biosynthetic 
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pathway has suggested that the role of the assembly could be to maintain homeostasis by restoring 

guanine nucleotide pools (Anthony et al., 2017). 

 

3.1.5. Unique regulatory features of an archaeal MjIMPDH  

Previous studies carried out at our laboratory have revealed unique regulatory features of an 

archaeal IMPDH from Methanocaldococcus jannaschii. The archeal IMPDH has all adenine and 

guanine nucleotides inhibiting the enzyme except for ATP, which has no effect on enzyme activity 

similar to the eukaryotic IMPDHs. MjIMPDH does not require a monovalent cation for optimal 

activity which is not the case with any other IMPDH reported to date. The fact that MjIMPDH 

gets inhibited by GDP and GTP with no increase in activity in the presence of ATP particularly 

suggests that the archeal enzyme has eukaryotic IMPDH like features. Deletion of the CBS domain 

relived inhibition by purine nucleotides significantly suggesting that a non-canonical nucleotide 

binding site also exists in MjIMPDH.  

 

3.1.6. Objectives 

Considering the unique regulatory features that the archaeal MjIMPDH displays, the objective of 

the study was to solve the structure of the enzyme to understand its modulatory aspects better and 

conduct transmission electron microscopy imaging to observe if the protein forms a cytoophidia 

like filament similar to that observed in eukaryotic IMPDH.  
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3.2 Experimental procedures 

3.2.1. Chemicals, strains, and molecular biology reagents 

Media components for growing E. coli cultures were from Himedia, Mumbai, India. Akta HPLC 

and Q-Sepharose and Superdex resins were from GE Healthcare Life Sciences, USA. 

Crystallization cocktails were from Hampton Research, Aliso Viejo, CA.  

3.2.2. Sequence alignment and phylogenetic tree construction 

Sequence of IMPDH from various organisms was obtained from NCBI BLAST-P tool using 

Methanocaldococcus jannaschii IMPDH (MjIMPDH) sequence as query. Clustal Omega (Sievers 

et al., 2011) was used for multiple sequence alignment and output was processed using ESPRIPT 

(Robert & Gouet, 2014) for visualization. Sequence identity and similarity server (SIAS) was used 

for obtaining the % similarity and identity between sequences.  

3.2.3. Protein expression and purification 

MjIMPDH expressing clone in pET21b+ with a C-terminal (His)6-tag fusion (pET21bIMPDH) 

and core catalytic domain expressing clone in pET21b+ with a C-terminal (His)6-tag fusion 

(pET21b∆CBS) were already generated in the laboratory. BL21(DE3) strain of E. coli lacking the 

endogenous IMPDH enzyme, ∆guaBK previously generated at the lab was co-transformed with 

pLySs (expressing ROS tRNA) and pET21bIMPDH or pET21b∆CBS. The culture was grown 

overnight at 37 0C and 1% of inoculum was added to 800 ml of Terrific broth (TB). The cells were 

grown at 37 0C to an absorbance of 0.6, induced with 0.05 mM IPTG and grown further for 12 

hours at 16 0C. The cells were harvested by centrifugation at 6000g for 10 minutes at 4 0C and 

resuspended in lysis buffer containing 50 mM Tris HCl, pH 7.0, 10% glycerol, 2 mM DTT and 

0.1 mM PMSF. Cell lysis was achieved by five cycles of French press (Thermo IEC Inc., USA) at 

1000 psi, and the lysate was clarified by centrifugation at 30,000 x g for 30 minutes. Supernatant 

was heated at 70 0C for 30 minutes to precipitate the bacterial proteins and again clarified by 

centrifugation at 30,000 x g for 30 minutes. Supernatant was then treated with 0.01% PEI to 

precipitate nucleic acids and clarified by centrifugation at 30,000 x g for 30 minutes. The clarified 

lysate was filtered through a 0.44 micron filter and loaded onto Q-sepharose anion-exchange 

column. The protein was eluted using a linear gradient of KCl in buffer containing 50 mM Tris 

HCl, pH 7.0, 10 % glycerol and 2 mM DTT. Fractions collected at concentrations of KCl above 

300 mM were examined by SDS-PAGE, pooled according to purity, and precipitated using 



  Chapter 3: Experimental procedures 

101 
 

ammonium sulfate at 90% saturation. Precipitate obtained was resuspended in lysis buffer and 

subjected to size-exclusion chromatography on Superdex 200 column of dimension 1.6 cm x 60 

cm (GE healthcare, USA). The purified protein was analyzed by SDS-PAGE (Laemmli, 1970) and 

protein concentration was determined by the Bradford method (Bradford, 1976) with bovine serum 

albumin (BSA) as standard. Expression of MjIMPDH∆CBS was carried out in a similar fashion to 

that of MjIMPDH using 50mM Tris HCl, pH 8.4 for anion exchange and 50mM Tris HCl, pH 8.0 

for size-exclusion chromatography and final storage. 

 

3.2.4 Crystallization, data collection and structure solution 

Purified MjIMPDH and MjIMPDH∆CBS, concentrated to ~5 mg mL-1 were set up for crystallization 

using the Microbatch method (Chayen et al., 1992). A 72 multi-well plate from Grenier-Bio was 

used. Conditions for crystallization were obtained by using all the conditions in the commercially 

available crystallization kit from Hampton (Hampton Research, USA). The crystallization droplet 

contained 3 μl of protein and 3 μl of buffer from different conditions placed under a 50% mix of 

paraffin and silicone oil at room temperature. Numerous crystals were obtained as observed under 

the light microscope post 1 week of placing for crystal trays. Crystals of MjIMPDH∆CBS obtained 

in the condition containing 0.05 M magnesium chloride hexahydrate, 0.1 M HEPES, pH 7.5, 30% 

v/v polyethylene glycol monomethyl ether 550 (Fig. 3.3) were diffracted using a Rigaku RU200 

X-ray diffractometer with a monochromatic light source of wavelength 1.54179 Å. For detection, 

an image plate of type MAR scanner 345 mm was used.  

 

 
Fig. 3.3. MjIMPDH∆CBS protein crystal morphology. Crystals were obtained under the condition 

containing 0.05 M Magnesium chloride hexahydrate, 0.1 M HEPES, pH 7.5, 30% v/v polyethylene glycol 

monomethyl ether 550   

 

For structure solution Various packages available in CCP4 suite (Winn et al., 2011) and Phenix 

modules (Adams et al., 2010) were used. Briefly, iMOSFLM (Battye et al., 2011) was used for 
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data processing, PHASER MR (McCoy, 2006) for phasing and REFMAC 5.0 (Murshudov et al., 

2011) and Phenix.refine (Afonine et al., 2012) were used for refinement. Manual refinements were 

carried out using COOT (Emsley et al., 2010). Refinement statistics are summarized in (Table. 

3.1). All the structure-related figures were created using PyMol software (Schrödinger, 2015).  

Table 3.1. Data collection and refinement statistics of MjIMPDH∆CBS protein structure 

 

3.2.5. Transmission electron microscopy imaging 

Aliquots of purified MjIMPDH protein were diluted to 2.5 µM in buffer containing 50mM Tris 

HCl, pH 7.0, 2 mM DTT and incubated with or without ATP and GTP at 1mM concentration for 

15 minutes at room temperature. Following the incubation, the aliquots were applied to carbon 

film EM grids and negatively stained using 1% uranyl acetate. Grids were imaged using a FEI 

Tecnai G2 transmission electron microscope operating at 200 kV and a Gatan ultrascan CCD. 

Image processing was carried out using the software Gatan digital micrograph. 
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3.3. Results and discussion 

3.3.1. Sequence analysis 

MjIMPDH shares greater biochemical similarities with eukaryotic IMPDH rather than with 

prokaryotic IMPDH, particularly those pertaining to modulation of enzyme activity. To understand 

the extent of similarity MjIMPDH sequence shares with prokaryotic and eukaryotic IMPDH, 

sequences from representative organisms for which the structure has been solved and characterized 

were taken and aligned with MjIMPDH. Alignment was used to obtain the sequence similarity and 

identity scores (Table. 3.2). Among the sequences considered, on an average, MjIMPDH shares 

around 65% similarity with prokaryotic IMPDH and 50% similarity with eukaryotic IMPDH in 

contrast to biochemical features of the enzyme.  

 

Table. 3.2. Comparison of sequence similarity and identity of MjIMPDH with IMPDH from organisms 

for which structures are available 

 

 Organism 
Identity 

% 

Similarity 

% 

Eukaryotes 

A. gossypium 38 49 

L. donovani 33 45 

Human I 36 48 

Human II 36 48 

C. parvum 50 61 

T. foetus 32 44 

Prokaryotes 

B. anthracis 53 65 

B. 

burgdorferi 
47 59 

M. 

tuberculosis 
51 63 

E. coli 51 61 

B. substilis 53 67 

P. aeruginosa 51 63 

Archaea P. horikoshii 63 75 
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Five structural features involved in determining ligand binding and catalysis which include the 

catalytic cysteine loop, phosphate binding loop, finger loop, C-terminal loop and mobile flap loop 

were identified in MjIMPDH and found to be similar to IMPDH from other organisms. The key 

catalytic residues, Cys306, Thr308, Arg405, Tyr406 and other residues that interact with IMP were 

found to be conserved in MjIMPDH. Conservation of these residues and motifs in MjIMPDH are 

highlighted in the multiple sequence alignment (Fig. 3.4). Residues interacting with the adenine 

ring of NAD+ however, vary to a large extent and are difficult to identify in sequence alignments 

(Hedstrom, 2009). IMPDH from all organisms characterized to date are found to require a 

monovalent cation for catalysis. Potassium ion binding sites within the catalytic cysteine loop and 

C-terminal segment of the protein were found to be well conserved in MjIMPDH. GDP and GTP 

inhibit the eukaryotic but not the prokaryotic IMPDH in a mixed fashion by binding to a non-

canonical nucleotide binding site. These residues were found to be highly conserved in eukaryotic 

IMPDH and not prokaryotic IMPDH as has been reported earlier (Buey, Ledesma-Amaro, 

Velázquez-Campoy, et al., 2015). These residues are poorly conserved in archaeal IMPDH as well, 

including MjIMPDH (Fig. 3.5).  
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Fig. 3.4. Multiple sequence alignment of IMPDH from various organisms show that MjIMPDH has all 

the catalytic residues conserved. Sequences of IMPDHs from prokaryotic, eukaryotic and archaeal sources 

for which crystal structures are available were aligned using Clustal Omega (Sievers et al., 2011) and 

rendered using ESPRIPT (Robert & Gouet, 2014). Consensus >70 % was found across all sequences 

analyzed. Residues from the catalytic cysteine loop are enclosed in a blue box, phosphate binding loop with 

a black dashed box, finger loop with a pink box, mobile flap loop with a black box and c-terminal loop with 

a purple box. Residues that interact with IMP are highlighted with a black asterisk. Conserved NAD 

interacting residues are highlighted with a black dot. Catalytic residues in the mobile flap are highlighted 

with a black square. The residue that interacts with monovalent cations is marked with the letter ‘K’.  
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Fig. 3.5. Multiple sequence alignment of Bateman domain of IMPDH from various organisms 

highlighting the non-canonical nucleotide binding site observed in eukaryotic IMPDH. Sequences were 

aligned using Clustal Omega (Sievers et al., 2011) and rendered using ESPRIPT (Robert & Gouet, 2014). 

Key residues that interact with GDP in the non-canonical nucleotide binding site of eukaryotic IMPDH 

(enclosed within a dotted black box) are indicated.  

 

3.3.2. Structure of IMPDH TIM domain 

To elucidate the nucleotide binding site in the Bateman domain and the cation binding site of 

MjIMPDH, full-length protein was purified, and attempts were made at obtaining crystals of the 

same. Most of the population of full-length protein migrates at a high molecular mass as observed 

on preparative size-exclusion chromatography, suggesting that the protein is prone to the formation 

of higher order oligomers in solution (Fig. 3.6A). To maintain homogeneity, the higher order 

oligomers and the fractions corresponding to octamers were used for setting up crystal trays 

separately. While almost all conditions in which the higher order oligomers placed for 

crystallization precipitated, octamers formed crystals under numerous conditions (Appendix. 

Table D.1). All the crystals formed were small and lacked sufficient water content (Appendix. 

Fig. D.1). None of the crystals were of diffraction quality and crystals diffracting to a high 

resolution could not be obtained to collect data for structure solution.  With the intent to understand 

the potassium ion binding site of the protein better, MjIMPDH core catalytic domain 

(MjIMPDHΔCBS) was expressed (Fig. 3.6A) and numerous crystals of the same were obtained as 

well (Appendix. Table D.2). Structure of the core catalytic domain was solved using Pyrococcus 

horikoshii IMPDH structure (2cuo) as a MR model template and refined to a resolution of 3.1 Å 

(Table 3.1). Unit cell of the solved structure consisted of two protomers of catalytic subdomains, 
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although the functional form of the enzyme is a tetramer as evident from previous biochemical 

characterization of the protein at the laboratory. Solved structure of the catalytic domain 

superposed well with the MR model used, Pyrococcus horikoshii full length IMPDH structure 

with an RMSD of 0.609 Å (Fig. 3.6B). The catalytic cysteine loop, phosphate binding loop and 

the finger domain have been mapped in both structures (Fig. 3.6C), but the mobile flap region and 

C-terminal segment which were partially mapped in P. horikoshii IMPDH structure were missing 

in the MjIMPDH structure. Superposing MjIMPDH structure on Streptococcus pyogenes IMPDH 

(1zfj) having bound IMP, showed that the IMP binding site is structurally well conserved as it is 

across all classes of IMPDH. Majority of the residues in the pocket that accommodate IMP are 

present in loops. Loops from both MjIMPDH and SpIMPDH superpose very well despite 

MjIMPDH structure being solved in the apo-state, suggesting that these loops are not dynamic, 

but rather pre-organized to bind to the ligand (Fig. 3.4D). C-terminal segment of IMPDHs is 

coupled to the active site through a monovalent cation. Superposition of MjIMPDH structure on 

Ashbya gossypium IMPDH (4z87) in which the bound potassium ion has been mapped, revealed 

that the conserved residues in the catalytic cysteine loop that bind a potassium ion (G329, G331 

and C334 from AgIMPDH) are structurally similar in both proteins (Fig. 3.4E). These residues 

were observed to be well poised to accommodate the potassium ion in MjIMPDH. Remainder of 

the residues that interact with potassium ion in AgIMPDH, which are conserved at the C-terminal 

segment of the protein were not mapped in the MjIMPDH catalytic TIM domain structure and 

hence couldn’t be analyzed.  
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Fig. 3.6. MjIMPDH protein purification and MjIMPDHΔCBS structure analysis. A. Elution profile of 

MjIMPDH and MjIMPDHΔCBS on preparative grade size-exclusion chromatography (left panel). Enclosed 

in red dotted box is the fraction corresponding to higher order oligomers of MjIMPDH migrating at a 

higher molecular mass. Enclosed in green dotted box is the fraction corresponding to octamers of IMPDH 

which was collected separately for crystallization and TEM imaging. Purified fractions of MjIMPDH (55 

kDa) and MjIMPDHΔCBS (43 kDa) were examined on SDS-PAGE (right panel). B. Superposition of 

MjIMPDHΔCBS (green) on Pyrococcus horikoshii IMPDH (cyan) (2cuo) that was used as the MR model, 

revealed a good alignment. A small region around the C-terminal segment of the protein which couldn’t be 

mapped in MjIMPDH but was mapped in PhIMPDH is indicated within a red box. C. Mapped catalytic 

cysteine loop of the MjIMPDH structure is highlighted in red; finger domain in magenta; partially mapped 

mobile flap and C-terminal segment in cyan and yellow, respectively. D. Superposition of MjIMPDH 

(green) over Streptococcus pyogenes IMPDH (cyan) (1zfj) shows that the IMP binding residues 

(highlighted in pink) located in loops are pre-organized in MjIMPDH to accommodate the substrate. E. 

Superposition of MjIMPDH (green) over Ashbya gossypium IMPDH (cyan) (4z87) shows that one cysteine 

and two glycine residues (highlighted in magenta) in MjIMPDH are well poised to hold the potassium ion 

(orange sphere) in place.  

 

3.3.3. Transmission electron microscopy imaging of MjIMPDH 

MjIMPDH forms higher order oligomers which is apparent from its migration at higher molecular 

mass during the size-exclusion chromatography step of protein purification (Fig. 3.6A). A large 

proportion of the protein in size-exclusion chromatography also goes into the void volume. To 

understand if there is a structural rearrangement of MjIMPDH mediated by nucleotide modulators 

as has been reported for eukaryotic IMPDHs, TEM imaging was carried out. Images were acquired 

for the apo-protein and protein incubated with ATP and GTP. Cytoophidia filaments were 
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observed in case of the protein incubated with ATP (Fig. 3.7A), while the same was not observed 

with protein without modulator or with addition of GTP (Fig. 3.7B, C).  

 
Fig. 3.7. Negative-stain electron microscopy imaging of purified MjIMPDH. A. MjIMPDH incubated 

with 1mM ATP.B. MjIMPDH apo-protein. C. MjIMPDH incubated with 1mM GTP. Images of scale bar 

50 nm and 20 nm are presented.  
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3.4. Summary 

Although biochemical, kinetic, and structural characterization has been carried out in IMPDH from 

prokaryotes and eukaryotes to great detail, archaeal IMPDH remains to be characterized to date. 

Previous work from our laboratory had revealed interesting biochemical aspects in IMPDH from 

the archaea, M. jannaschii that has not been observed in this enzyme from other organisms. 

Although MjIMPDH shares a much higher identity with prokaryotic IMPDHs than eukaryotic 

IMPDHs with reports of phylogenetic tree showing archaeal IMPDH grouping with prokaryotic 

proteins (Tamura et al., 2011), MjIMPDH has revealed inhibition by guanine nucleotides and a 

lack of altered catalytic activity on ATP binding, which are exclusive features of the eukaryotic 

type IMPDH. A non-canonical nucleotide binding site in the CBS domain of the eukaryotic 

IMPDH to which guanine nucleotides bind and inhibit the enzyme is absent in prokaryotic 

IMPDH. A sequence alignment of IMPDH from various organisms revealed that the non-canonical 

nucleotide binding site seen in eukaryotic IMPDH is not conserved in MjIMPDH (Fig. 3.4), which 

does not explain how the enzyme is inhibited by guanine nucleotides. CBS domain of IMPDH 

displays an exceedingly high degree of disorder, making it difficult to map the domain in X-ray 

structures. Only a small proportion of the X-ray structures of IMPDH solved have the CBS domain 

mapped, disallowing easy understanding of enzyme modulation. The only archaeal IMPDH 

structure solved from Pyrococcus horikoshii also has the CBS domain missing. With this view, 

structure solution of full-length MjIMPDH was attempted with the hope of mapping the CBS 

domain. Numerous crystals formed under various conditions go to show that the protein is prone 

to crystallization. Unfortunately, however, none of the crystals were of diffraction quality and 

multiple efforts at obtaining large crystals failed. Disorder of the CBS domain could have been a 

possible reason why well-formed crystals weren’t obtained. All IMPDHs reported are found to 

require K+ ions for optimal activity with its binding increasing the activity of the enzyme by ~100 

folds (Hedstrom, 2009). MjIMPDH was found to have a unique feature of not requiring K+ or any 

other monovalent cation for full activity which has not been reported in any other IMPDHs studied 

to date. Removal of the CBS sub-domain has been reported earlier to facilitate IMPDH 

crystallization (Hedstrom, 2009), hence, structure of  the MjIMPDH core catalytic domain 

(MjIMPDHΔCBS) was solved to understand differences in the monovalent cation binding site of the 

protein. Potassium ion binding site within the protein comprises of six main-chain carbonyl 

interactions, including three residues from the catalytic cysteine loop and three residues from the 
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C-terminal segment of the protein (Riera et al., 2011). Four of the total six residues involved in K+ 

binding are well conserved in MjIMPDH (Fig. 3.4). The C-terminal segment of the protein was 

not mapped in the MjIMPDHΔCBS structure, but carbonyl groups from the three residues of the 

catalytic cysteine loop (G301, G303 and C306) were well poised to bind the K+ ion as was observed 

from superposition of the structure over Ashbya gossypium IMPDH structure (4z87) having the 

bound K+ ion mapped (Fig. 3.6E). Further cues on the lack of requirement of a K+ ion for activity 

could not be deciphered from the MjIMPDHΔCBS structure. Comparison of the IMP binding site of 

MjIMPDHΔCBS with that of Streptococcus pyogenes IMPDH having a bound IMP mapped, also 

revealed that the loops of the IMP binding site in apo-protein of MjIMPDH are preorganized to 

bind IMP.  

 

IMPDH have been shown to form filamentous structures in vertebrate cells (Calise et al., 2014; 

Carcamo et al., 2014; Ji et al., 2006) and in human IMPDH1 (Fernández-Justel et al., 2019) and 

IMPDH2 (Johnson & Kollman, 2020) isoforms in vitro. These filaments called cytoophidia which 

form upon ATP binding is observed only in eukaryotes and has been a subject of study in the 

recent past (Burrell et al., 2022). To understand if such structural modulation also takes place in 

the archaeal IMPDH, negative-stain electron microscope images of MjIMPDH protein was 

acquired in the presence and absence of modulators ATP and GTP. Cytoophidia filaments formed 

in MjIMPDH in the presence of ATP supports the kinetic data which as well suggests that archaeal 

IMPDH have features similar to eukaryotic rather than prokaryotic homologs (Fig. 3.7A). Recently 

it was shown that CTPS, one of the other proteins which is known to form filaments in both 

prokaryotes and eukaryotes, also formed cytoophidia filaments in archaea (Zhou et al., 2020). This 

is the first study to reveal that IMPDH from archaea form cytoophidia filaments in vitro.  
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3.5. Future directions  

To answer the question as to why MjIMPDH has biochemical features closer to the eukaryotic 

counterparts compared to prokaryotes, although sharing a higher sequence identity with 

prokaryotes; nucleotide mediated modulation, which is the distinguishing feature between the 

prokaryotic and eukaryotic IMPDH has to be studied in much greater detail. The number of 

nucleotide binding sites in the CBS domain and the presence or absence of a non-canonical 

nucleotide binding site has to be probed. Perhaps one of the bottlenecks in understanding IMPDH 

protein in detail is the difficulty in mapping all its domains in the X-ray crystal structure due to the 

large degree of disorder it displays. Resorting to cryo-electron microscopy might help answer some 

of the questions posed by TEM imaging and kinetic studies on MjIMPDH. Filaments formed on 

ATP binding in human IMPDH can take up either a relaxed active conformation or a compressed 

inactive conformation based on the binding of GTP to the non-canonical nucleotide binding site 

(Burrell et al., 2022). In the absence of complete conservation of residues in the non-canonical 

nucleotide binding site, elucidation of the mode of binding of nucleotides that lead to filament 

formation in MjIMPDH requires availability of the structure of the full-length enzyme. Previous 

studies on human IMPDH have shown that certain mutations can lead to disruption of filament 

formation entirely (non-assembly mutants) or an overly tight filament formation (continuous 

assembly mutants) (Anthony et al., 2017; Burrell et al., 2022). Residue Y12 present in the N-

terminus loop extension, at the human IMPDH tetramer interface interacts with R356 from the 

adjacent protomer. Mutations Y12A and R356A have been shown to disrupt filament formation in 

human IMPDH. Mutation of R224P in the CBS domain, a retinal disease-causing mutation, also 

disrupted filament formation. A continuous filament assembly has been observed in the mutant 

S275L, a residue located at the active site and tetramerization interface of IMPDH. N-terminus 

loop is not mapped in most prokaryotic and archaeal IMPDH. Also, none of the above residues are 

conserved. How these residues have an impact on filament assembly and disassembly is not 

understood. Mutational analysis of the interface residues in MjIMPDH can be carried out taking 

leads from sequence alignment and structure to understand residues critical for polymerization 

similar to what has been done in human IMPDH. Obtaining more non-assembly mutants and 

continuous assembly mutants will throw further light on the peculiar feature of filament formation 

in IMPDHs in general. 
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Appendix A 

 

 

Fig. A.1. LC-ESI-MS of selenomethionine incorporated MjFH subunits. Top panel, mass spectrum of α-

subunit.  Inset, +41 charge state corresponding to a mass of 32624.99, which is 187 Da more than that of 

the native protein indicating replacement of all four methionines with selenomethionines. Bottom panel, 

mass spectrum of β-subunit. Inset, +27 charge state corresponding to a mass of 22197, which is 234 Da 

more than native protein mass indicating replacement of all seven methionines with selenomethionines.  
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Appendix B 

Fig. B.1. Representative time course curves for MjFH WT and active mutants on A. 1 mM malate and 

B. 500 µM fumarate. Inset: expansion of Y-axis to highlight the presence of activity even in the weakly 

active mutants.  
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Appendix C 

 
Fig. C.1. Time course curves for conversion of OAA to L-malate by MDH in the presence of L-malate in 

the assay mixture (pH 7.4). The progress curves show that the enzyme is not inhibited by 1 mM L-malate 

with 500 µM (A), 100 µM and 50 µM (B) concentrations of OAA as substrate. 
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Appendix D 

Table D.1. Conditions under which full-length MjIMPDH crystals were obtained 

Sl. 

No. 

Condition Components 

Salt 

(Concentration in M) 

Buffer pH 

(Concentration in M) 

Precipitant 

(Concentration in %) 

1 DL-Malic acid - 20 % w/v PEG 3350 

2 0.1 M Potassium thiocyanate - 30 % w/v PEG 2000 MME 

3 0.15 M Potassium bromide - 30 % w/v PEG 2000 MME 

4 0.2 M Sodium acetate 

trihydrate 

- 20 % w/v PEG 3350 

5 0.2 M Sodium citrate tribasic 

dihydrate 

- 20 % w/v PEG 3350 

6 0.2 M Sodium formate - 20 % w/v PEG 3350 

7 0.2 M Potassium sodium 

tartrate tetrahydrate 

- 20 % w/v PEG 3350 

8 0.2 M Potassium thiocyanate - 20 % w/v PEG 3350 

9 - 0.1 M PCTP pH 5.0 25 % w/v PEG 1500 

10 0.2 M Lithium chloride 0.1 M HEPES pH 7.0 20 % w/v PEG 6000 

11 - 0.1 M MMT pH 6.0 25 % w/v PEG 1500 

12 0.2 M Sodium bromide - 20 % w/v PEG 3350 

13 0.2 M Sodium iodide - 20 % w/v PEG 3350 

14 0.2 M Potassium thiocyanate - 20 % w/v PEG 3350 

15 0.2 M Sodium nitrate - 20 % w/v PEG 3350 

16 0.2 M Sodium formate - 20 % w/v PEG 3350 

17 0.2 M Sodium acetate 

trihydrate 

- 20 % w/v PEG 3350 

18 0.2 M Potassium sodium 

tartrate tetrahydrate 

- 20 % w/v PEG 3350 

19 0.2 M Potassium iodide pH 7 20% w/v Polyethylene glycol 3,350 

20 0.2 M Potassium thiocyanate pH 7 20% w/v Polyethylene glycol 3,350 

21 0.2 M Sodium acetate 

trihydrate 

pH 8 20% w/v Polyethylene glycol 3,350 

22 0.15 M Cesium chloride - 15% w/v Polyethylene glycol 3,350 

23 1% w/v Tryptone, 0.001 M 

Sodium azide 

- 12% w/v Polyethylene glycol 3,350 

24 - 0.1 M MES monohydrate pH 6.0 22% v/v Polyethylene glycol 400 

25 - 0.1 M MES monohydrate pH 6.0 20% v/v Jeffamine® M-600® pH 7.0 

26 - 0.1 M Sodium acetate trihydrate 

pH 4.0 

10% w/v Polyethylene glycol 

monomethyl ether 2,000 

27 - 0.1 M Citric acid pH 3.5 25% w/v Polyethylene glycol 3,350 

28 - 0.1 M HEPES pH 7.5 12% w/v Polyethylene glycol 3,350 

29 - 0.1 M MES monohydrate pH 6.0 14% w/v Polyethylene glycol 4,000 

30 - 0.1 M Sodium citrate tribasic 

dihydrate pH 5.0 

18% w/v Polyethylene glycol 20,000 
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Table D.2. Conditions in which MjIMPDHΔCBS crystals were obtained 

Sl. 

No. 

Condition Components 

Salt 

(Concentration in M) 

Buffer pH 

(Concentration in M) 

Precipitant 

(Concentration in %) 

1 0.2 M Magnesium chloride 

hexahydrate 

0.1M Tris-7.0 10% w/v PEG 8000 

2 0.2 M Magnesium chloride 

hexahydrate 

0.1M Tris-7.0 10% w/v PEG 8000 

3 3.2 M Ammonium sulphate 0.1 M Citrate- 5.0 - 

4 0.2 M Ammonium sulphate 0.1 M BIS-Tris pH 5.5 25% w/v PEG 3350 

5 1.0 M Sodium citrate 

tribasic dihydrate 

0.1 M Sodium cacodylate pH 6.5 - 

6 0.2 M Sodium chloride 0.1 M HEPES pH 7.5 10 % v/v 2-Propanol 

7 2.1 M DL-Malic acid  pH 7.0 - 

8 0.2M Lithium sulphate 0.1 M Sodium HEPES pH 7.5 25% w/v PEG 3350 

9 0.2 M Ammonium sulfate 0.1 M Sodium HEPES pH 7.5 25 % w/v PEG 3350 

10 0.2 M Ammonium tartrate 

dibasic 

- 20 % w/v PEG 3350 

11 0.2 M Lithium chloride 0.1 M Tris pH 8.0 20% w/v PEG 6000 

12 0.2 M Sodium fluoride 0.1 M BIS-Tris propane pH 6.5 20% w/v PEG 3350 

13 0.2 M Sodium iodide 0.1 M BIS-Tris propane pH 6.5 20% w/v PEG 3350 

14 0.2 M Sodium nitrate 0.1 M BIS-Tris propane pH 6.5 20% w/v PEG 3350 

15 0.2 M Sodium formate 0.1 M Bis-Tris propane pH 8.5 20 % w/v PEG 3350 

16 0.2 M Sodium acetate trihydrate 0.1 M Bis-Tris propane pH 8.5 20 % w/v PEG 3350 

17 0.02 M Sodium/potassium 

phosphate 

0.1 M Bis-Tris propane pH 8.5 20 % w/v PEG 3350 

18 0.05 M Magnesium 

chloride hexahydrate 

0.1 M HEPES pH 7.5 30% v/v Polyethylene 

glycol monomethyl 

ether 550 

19 0.2 M Ammonium sulfate 0.1 M BIS-TRIS pH 5.5 25% w/v Polyethylene 

glycol 3,350 

20 0.2 M Sodium chloride 0.1 M HEPES pH 7.5 25% w/v Polyethylene 

glycol 3,350 

21 0.2 M Lithium sulfate 

monohydrate 

0.1 M HEPES pH 7.5 25% w/v Polyethylene 

glycol 3,350 

22 0.2 M Magnesium nitrate 

hexahydrate 

pH 5.9 20% w/v Polyethylene 

glycol 3,350 

 

 

 

Fig. D.1. The crystals of MjIMPDH obtained from multiple conditions were small and not of diffraction 

quality.  
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Appendix E 
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