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Abstract 

The stereospecifically controlled carbon-carbon bond forming ability of 

transketolase (TK) makes it promising as a biocatalyst in industry. However, E. 

coli TK suffers the limitation of low stability to elevated temperatures and 

limited scope of substrates, hampering its use in industrial processes. Flexible 

sites were first selected as the mutation targets for engineering thermostability. 

Forty-nine single variants were designed and characterised experimentally. 

The combination of A282P with H192P resulted in the best all-round variant 

with a 3-fold improved half-life at 60 °C. The double-mutant (H192P/A282P), 

and two single-mutant (I365L and G506A) variants were then recombined and 

evaluated for pairwise epistatic interactions between mutations. The quadruple 

variant (H192P/A282P/I365L/G506A) was the most stable, with a 21-fold 

increase in half-life at 60 oC compared to wild type. Molecular dynamics 

correlation was identified to mediate the short and long-range epistatic effects 

of mutations on various measures of protein stability. These effects were then 

exploited to counteract the activity-stability trade-off of the variant 

S385Y/D469T/R520Q in which simulations revealed that the active sites 

became considerably more flexible when engineered to gain new function. Six 

variants were constructed and characterised, of which four increased the 

thermostability, while their activities were generally similar or improved. 

Mutations distant from the active site were shown to re-stabilise the active site, 

acting via a correlated molecular dynamics network. The most stable variant 

(H192P/A282P/I365L/G506A) was finally used as a template for 

simultaneously optimizing the donor substrate and acceptor substrate 

specificity. A small but smart library was constructed and screened towards 

novel substrates. Several variants were identified to be more active towards 

propionaldehyde and sodium pyruvate than WT and the best one showed 9.2-

fold improvement compared to wild type. Some of the variants were also found 

to have high catalytic efficiency towards 3-formylbenzoic acid and sodium 

pyruvate which was unprecedented for TKs.  
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Impact statement  

Most biocatalysts cannot tolerate high temperatures since enzymes naturally 

evolve to work in the cellular environment. However, high temperatures are 

usually required in industrial reactors to enhance reaction rate, reactant 

solubility, and decrease the viscosity and the risk of microbial contamination. 

Engineering proteins for thermostability is an exciting and challenging field 

since it is critical for broadening the industrial use of recombinant proteins. This 

study developed a computational method to engineer the thermostability of 

transketolase from Escherichia coli (E. coli). This method was based on the 

strategy of rigidifying flexible sites and relied on the usage of computational 

tools for molecular dynamics simulation analysis, unfolding free energy 

calculation and prediction of conserved regions. As no large library 

construction and screening was needed, this method could be more efficient 

and effective than traditional directed evolution methods and had the potential 

to be used for other proteins.  

Understanding how the two mutations interact with each other was useful for 

developing rational or semi-rational protein engineering strategies. With E. coli 

TK as the model, three mutations located distantly in relative to each other 

were combined and their epistatic interactions were explored. Through this 

study, the understanding was acquired that the dynamics could mediate the 

short and long-range epistatic effects between multiple mutations for their 

impact on conformational stability and aggregation kinetics. These effects 

were then exploited to stabilise a TK variant in which simulations revealed that 

the active-site became considerably more flexible when engineered to gain 

new function. Thus, mutations distant from the active site were shown to re-

stabilise the active site, acting via a correlated molecular dynamics network, 

while retaining (and actually improving) the new function. This work provides 

new insights into the impact of rigidifying mutations within highly-correlated 

dynamic networks, that could also be useful for developing improved 

computational protein engineering strategies. This approach will be of wide 
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interest for protein engineers and also those interested in the role of molecular 

dynamics in protein structure and function. 

This thesis also obtained TK variants showing high activity towards aliphatic or 

aromatic aldehydes but using sodium pyruvate as the ketol donor substrate. 

These reactions could open up access to a diverse range of products such as 

analogues of phenylacetylcarbinol (PAC), an important pharmaceutical 

intermediate. Combined with a transaminase to stereospecifically convert the 

ketone into an amine or a hydrolase for hydrogenation of the α-hydroxyketone 

carbonyl, it would become possible to biocatalytically synthesize drugs such 

as spisulosine, phenylpropanolamine and diols such as artemidol, pezizolide 

E. Applications of TK reactions in industrial processes could be more step-

economical, environmentally-friendly, and generate less waste compared to 

organic synthesis.  

Last but not least. The three of the four result chapters of this thesis have been 

published in scholarly journals, with one in Scientific Report and two in PNAS. 

The last result chapter is expected to be published as well. By disseminating 

outputs through this way, the study has the potential to be known by a vast 

number of domestic and overseas scholars.   
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1 Introduction 

1.1 Biocatalysts  

Almost all reactions in living organisms are catalysed by protein molecules 

called enzymes. These enzymes have the potential to be exploited for the 

synthesis or degradation of chemicals, and in this context they are often also 

called biocatalysts. Compared to traditional chemical catalysts, biocatalysts 

have numerous economic, environmental and technical benefits. Enzymes are 

mainly produced from microorganisms cultured using renewable resources 

and are biodegradable and essentially non-hazardous and nontoxic (Sheldon 

and Woodley, 2018). Additionally, enzyme reactions are generally performed 

under relatively mild conditions of pH, temperature and pressure, and without 

the need for functional-group activation, protection, and deprotection steps 

commonly used in conventional organic syntheses. Moreover, the intrinsic 

chirality of enzymes makes them a powerful tool for the development of 

stereoselective transformations that are more step-economical and generate 

less waste compared to organic synthesis (Albarrán-Velo et al., 2017). More 

importantly, enzymes could be tuned to perform non-natural reactions with 

high activity and selectivity (Hammer et al., 2017).  

Due to the above advantages, enzymes have been important tools in various 

fields including medicine, chemical industry, food processing, agriculture, 

energy and so forth. The global market for industrial enzymes was about $4.2 

billion in 2014 and expected to develop at a compound annual growth rate 

(CAGR) of approximately 7% and reach nearly $6.2 billion in 2020 (Singh et 

al., 2016). Industrial enzymes are typically divided into three major types, 

namely, technical, food and animal feed enzymes, and their global sales were 

$1.5 billion, $1.3 billion and $0.73 billion respectively in 2015 (Jemli et al., 

2016). Over the past few years, the use of biocatalysts for organic synthesis in 

chemical and pharmaceutical industries has also received increasing interests. 

Many biocatalysts, mostly hydrolases, transaminases, lipases, esterases, 

proteases and alcohol dehydrogenases are currently applied for the synthesis 
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of a wide range of organic compounds (Albarrán-Velo et al., 2017). One-pot 

processes using various enzymes is currently a demanding trend and will 

definitely contribute to the application of enzymes in organic synthesis.    

However, since enzymes are naturally evolved to work in cellular environments, 

most of them cannot operate under harsh industrial conditions including 

elevated pressure and temperature, extreme pH, non-aqueous solutions, and 

oxidative conditions (Luetz et al., 2008). Additionally, the use of natural 

biocatalysts has often been hampered by their lack of specificity and 

enantioselectivity, limited substrate ranges and low catalytic efficiency under 

operational industrial conditions. The yet incomplete toolbox of commercial 

enzymes available in industrial quantities, is also particularly hampering 

biocatalysis in the active pharmaceutical ingredient (API) and intermediate 

production (Blamey et al., 2017). To overcome these shortcomings, one 

approach is to screen novel enzymes from nature by so-called bioprospecting.  

Through millions of years of adaptive evolution, microorganisms possess a 

huge diversity and constitute an almost unlimited reservoir of biocatalysts with 

potential industrial applications. Among microorganisms, extremophiles have 

developed different mechanisms and tools to thrive under extreme 

environments of pH, temperature, alkalinity, salinity and pressure (Madhavan 

et al., 2017). They are gaining increased interest as a source to discover new 

and potent enzymes that are well suited for use in industrial process conditions. 

An important example is the discovery of Taq DNA polymerase obtained from 

the extreme thermophilic bacterium Thermus aquaticus (Chien et al., 1976) 

and its commercial market was about $500 million in 2009 (Adrio and Demain, 

2014).  

The rapid development of next-generation sequencing technologies has 

allowed a large number of genomes to be sequenced. With the ability to survey 

millions of genetic sequences avoiding the cultivation of microorganisms, 

metagenomics has been developed as an effective approach to prospect for 

new enzymes with novel activities (Escobar-Zepeda et al., 2015). With the aid 
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of functional metagenomics screening, many new biocatalysts and novel 

versions of known enzymes with potential biotechnological application have 

been discovered, including β-galactosidases (Wang et al., 2010), proteases 

(Neveu et al., 2011), xylanases (Verma et al., 2013), pectinases (Singh et al., 

2012), and amylases (Sharma et al., 2010), esterases (Fu et al., 2013), lipases 

(Peng et al., 2014) and transaminases (Baud et al., 2017). However, even 

though enzymes in nature are extremely versatile, they cannot always be 

applied to solve industrial problems due to the differences between native 

functions and human-designed industrial needs. In those cases, the enzyme 

properties have to be improved by protein engineering (Blamey et al., 2017). 

1.2 Protein engineering strategies and trends  

A critical factor that needs to be considered is to identify the optimal target sites 

for mutation when applying protein engineering technologies to improve a 

specific property of an enzyme. The mutation sites could be random or 

targeted to some specific hot-spots predicted by structural and/or sequence 

information. Random mutagenesis leads to a large size of library to be 

constructed. With the aid of a high-throughput screening method, hits can be 

obtained with a relatively high chance (Labrou, 2010). Recently, with improved 

understanding of the relationships between protein structure and function, 

targeted mutagenesis guided by structural or sequence information has 

become a popular way to produce so-called smart libraries (Sebestova et al., 

2014). Computational design programs were also reported to play an important 

role in predicting positive mutations or de novo design of proteins, and have 

the potential to be used more in the future as the algorithms develop further 

(Damborsky and Brezovsky, 2014). 

1.2.1 Random mutagenesis  

In order to create evolution in vitro in a tube, the sequence diversity should be 

created first, and then followed by a selection or screening process. A high 

sequence diversity can be obtained by gene recombination or random 

mutagenesis. DNA shuffling is a typical example of gene recombination, that 
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refers to the exchange of blocks of sequences among two or more DNA 

strands (Stemmer, 1994). Random mutagenesis is a strategy to introduce 

random point mutations into whole genes (Labrou, 2010) and can be achieved 

by chemical mutagenesis (Kadonaga and Knowles, 1985), by introducing 

target genes into mutator strains (Greener et al., 1996), by error-prone PCR 

(epPCR) (Leung, 1989, Cadwell and Joyce, 1992, Soh et al., 2017), and by 

rolling circle error-prone PCR (epRCA)(Fujii et al., 2004). Although different 

strategies for introducing mutations are available, most studies in directed 

evolution are focussed on the use of error prone PCR for library construction 

because of the easy experimental procedure (Madhavan et al., 2017).  

Following the creation of a large mutant library, high-throughput screening is 

needed to explore the sequence diversity and to select those mutants showing 

the desired property. Library screening methods can be divided generally into 

two types: agar plate-based and microtiter plate-based (Madhavan et al., 2017). 

Agar plate-based rapid screening methods involved the direct correlation of 

host cells growth on selective agar plate, with the enzyme function screened. 

This screening method has been successfully used to discover enzymes with 

novel activities from libraries at a throughput of 200,000 clones per week 

(Cecchini et al., 2013, Shim et al., 2004). Microtitre plates are a more widely 

used screening format because it resembles a miniature cuvette system, which 

enables the detection of comparatively low improvements in the desired 

enzyme function compared to other assays like colony screening. Recently, 

ultrahigh-throughput screening techniques based on microfluidic picolitre 

droplets have been developed (Bunzel et al., 2018). With the aid of 

fluorescence activated cell sorting (FACS), this technology enables �108 

assays per day so that libraries of >106 variants are easily accessible at low 

cost (Colin et al., 2015). Even wider use of microfluidics-based screening for 

laboratory evolution has now been made possible through the development of 

an absorbance-based microfluidic droplet sorter (Gielen et al., 2016, Beneyton 

et al., 2014).  
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1.2.2 Targeted mutagenesis  

Random methods to construct libraries such as error-prone PCR and DNA 

shuffling produced large and hence relatively inefficient libraries. In the 

absence of a high-throughput screening method, searching such libraries was 

time-consuming, laborious and costly. Targeted mutagenesis at specific 

amino-acid positions using saturation mutagenesis or site-directed 

mutagenesis significantly reduced the size of generated libraries and 

subsequently increased the efficiency of directed evolution, provided that the 

target site prediction was reliable (Dalby, 2011, Balke et al., 2018). These small 

but smart libraries are increasingly applied in directed evolution, and can yield 

results which are comparable to several rounds of conventional directed 

evolution (Damborsky and Brezovsky, 2014, Lutz, 2010). Apart from that, 

strategies for constructing smart libraries in one enzyme can be generally 

applied to other enzymes. Various mutagenesis targets have been selected 

for engineering different properties of enzymes. These hot-spot techniques 

could be divided into two types: sequence-based hot spots and structure-

based hot spots (Table 1-1).  
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Table 1-1 Target mutation identification for protein engineering 
 Hot spots  Properties Comments Ref. 
Sequence-
based hot 
spots  

CbD (conserved 
but different 
sites) sites  

Stability Most commonly used rational design strategy when 
3D-structures are not available.  

(Sullivan et al., 2012) 

Activity  Used under the condition that homologous proteins 
with better activity exist. 

(Bassegoda et al., 2010, Bai et 
al., 2014) 

Enantioselectivity Used under the condition that homologous proteins 
with better enantioselectivity exist.  

(Godinho et al., 2012) 

Coevolving 
residues  

Stability Combinational coevolving-site saturation 
mutagenesis (CCSA) approach has been developed.  

(Wang et al., 2012, Liu et al., 
2018) 

Activity and 
substrate specificity 

Has potential to modulate activity over a very large 
range. 

(McMurrough et al., 2014, 
Strafford et al., 2012, Liu et al., 
2018) 

Structure-
based hot 
spots 

Active-site 
residues 

Stability Rigidifying flexible active-site residues has been 
proven useful in enhancing kinetic stability.  

(Xie et al., 2014) 

Activity and 
substrate specificity 

Well-explored strategy which has been proven useful 
in many cases.  

(Denard et al., 2015, Hibbert et 
al., 2008, Wang et al., 2014) 

Enantioselectivity Well-explored strategy. Importance of computation 
design has been shown recently in this area.   

(Bartsch et al., 2008, Reetz, 
2011, Otten et al., 2010, Gao 
et al., 2018, Wijma et al., 2015) 

Access tunnel 
sites 

Stability Mutants with enhanced stability showed preference to 
appear at access tunnel sites.  

(Koudelakova et al., 2013) 

Activity  Useful for engineering enzymes with access tunnels.  (Panizza et al., 2015, Pavlova 
et al., 2009, Jung et al., 2018) 

Enantioselectivity Useful for engineering enzymes with access tunnels. (Li et al., 2017) 
Flexible sites Stability  Recently established strategy, consisting of two 

steps: identifying flexible sites then rigidifying them.    
(Reetz et al., 2006, Yu and 
Huang, 2014) 

  Activity  Still under exploration. Few successful cases have 
been reported.    

(Kazuyo et al., 2014, Hong et 
al., 2014) 

 Interface sites Stability  A useful approach to engineer multimeric enzymes.  (Bosshart et al., 2013, Basu 
and Sen, 2013) 
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CbD (Conserved but Different) sites 

Based on the assumption that sequence similarity implies functional similarity, 

exploiting statistical amino-acid frequencies from multiple sequence 

alignments (MSAs) has been widely used in protein engineering, especially in 

cases where the structural data is of limited accuracy, or where the mechanism 

of substrate recognition is not fully understood. In the MSAs, there are some 

positions that are conserved in the pool of sequences but different in the 

sequence of the target protein, named here as CbD (Conserved but Different) 

sites. CbD sites can be used as mutation target sites for protein engineering. 

For example, Paenibacillus barcinonensis esterase (EstA) converts tertiary 

alcohol ester with limited activity and enantioselectivity. However, its 

homologous enzymes, two large groups of esterases and lipases, can convert 

tertiary alcohols efficiently. MSAs of 1343 sequences revealed that in the 

oxyanion hole, all these enzymes contain a highly conserved motif with the 

sequence of GGG(A), in contrast with EstA whose third position is a serine. 

Thus, the mutant EstA-GGG was constructed. As expected, this mutant 

showed 26-fold faster conversion of tertiary alcohols in comparison to the wild 

type (Bassegoda et al., 2010) (Table 1-1) 

CbD sites could also be used for engineering of improved protein stability. 

Amino acids appearing at a specific position most frequently among 

homologous structures were believed to contribute more to the stability than 

other residues at the same position. Based on this assumption, the “consensus 

design” approach was firstly used to stabilize an antibody domain through 

substituting 10 residues with consensus amino-acids (Steipe et al., 1994). 

Following this study, many researchers have applied the “back to the 

consensus mutations” approach to engineer the stability of various enzymes 

such as dehydrogenase (Vazquez-Figueroa et al., 2007), endoglucanase 

(Anbar et al., 2012), amylase (Ranjani et al., 2014), xylanase (Han et al., 2017) 

and so forth.  
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Coevolving residues 

Multiple sequence alignments (MSAs) allow for identification of residues that 

are completely conserved, partially conserved or non-conserved. Completely 

conserved residues are functionally important; if not, they would have changed 

through random meanderings of evolutionary change. In contrast, some 

partially conserved residues covaried during the evolution. These 

simultaneous changes control the adaptation of proteins to natural 

environments through maintaining overall structural-functional integrity while 

fine-tuning the function of proteins, including catalytic activity, substrate 

selectivity, and tolerance to unusual environmental conditions. These residues 

are called coevolving residues. Coevolving residues can be much more 

important to stability and folding of proteins than other residues. Choosing 

coevolving residues as hot spots for protein engineering has also a powerful 

potential to introduce novel functions into proteins. Strafford and his coworkers 

greatly improved the activity of a transketolase using a semi-rational strategy 

guided by coevolving residues (Strafford et al., 2012). Another study showed 

that enzyme activity could be modulated over a 100-fold range by mutating 

coevolving residues (McMurrough et al., 2014). Coevolving residues can also 

be used as hot spots to engineer the thermostability of enzymes (Wang et al., 

2012). Luciferases with red light emission are beneficial for in vivo imaging due 

to their high transmittance in mammalian tissues. A library focussed on 

coevolving sites was recently constructed for engineering luciferase with 

improved substrate specificity, stability and red-shift (Liu et al., 2018).  

Active-site residues 

The active site is the reaction centre which binds the substrates, eases its 

conversion to transition states, and then releases the products (Toscano et al., 

2007). In order to engineer novel enzymes, active-site residues are good 

starting points. A large number of enzymes have homologous structures and 

these homologous enzymes use similar mechanisms to catalyse different 

reactions. It has been observed that small changes in the composition of 
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active-site residues of homologous enzymes contribute to their different 

activities. Such observations demonstrate that amino acids of enzymes 

catalytic site are mutable and this inherent structural plasticity of the active site 

has the potential to give enzymes new functions. Chemical space in the active 

site of extant enzymes has not been fully explored by nature, which gives us 

the opportunity to evolve active-site residues to create novel enzymes. In 

recent years, numerous studies have revealed that the mutation of active-site 

residues often dramatically changes the properties of enzymes. Of course, 

most of the changes lead to deactivated mutants. However, sometimes, 

variants have improved activity (Bosshart et al., 2015), broadened substrate 

scope, altered stereospecificity (Goldsmith et al., 2012), regioselectivity (Wang 

et al., 2017, Balke et al., 2017), enantioselectivity (Sandstrom et al., 2012, Gao 

et al., 2018) and even better thermostability (Xie et al., 2014).  

Access tunnel sites 

In some enzymes such as chymotrypsin, active sites are relatively surface 

exposed while in others such as dehydrogenase, the active sites are deeply 

buried in the core of the protein (Gora et al., 2013).  For enzymes with buried 

active sites, a potential substrate must pass through the body of the protein in 

order to access the active sites. Active sites inside the protein core are often 

connected with the protein surface by one or more access pathways, which 

are called access tunnels (Kingsley and Lill, 2015). Structurally, buried active 

sites accessed by access tunnels enhance the complexity of ligand binding 

processes. In order to address how tunnels influence the enzyme activity, 

reaction mechanism, specificity and stereoselectivity, the “keyhole-lock-key” 

model, different from the traditional “lock and key” model, has been proposed 

(Prokop et al., 2012). This model suggests that before complementarity 

between substrate and active site, there must be a complementarity between 

the substrates and access tunnel. In other words, the tunnel itself is also 

responsible for the substrate specificity and this has been observed in many 

enzymes such as haloalkane dehalogenases (Biedermannova et al., 2012), 

and cytochrome P450s (Cojocaru et al., 2007). Replacement of residues 
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located at access tunnels has led to the change of reaction mechanism 

(Biedermannova et al., 2012), and also provided impressive improvements in 

enzyme properties including resistance to substrate inhibition (Chen et al., 

2014), activity (Pavlova et al., 2009, Luan et al., 2015, Brouk et al., 2010, 

Panizza et al., 2015, Jung et al., 2018), substrate specificity (Schmitt et al., 

2002, Chaloupkova et al., 2003, Kaushik et al., 2018), enantioselectivity (Li et 

al., 2017) and stability (Koudelakova et al., 2013). Enzyme tunnels could also 

be the potential targets for the binding of small molecules in drug design 

(Marques et al., 2017).  

Flexible sites 

Flexibility is an important structural property determining protein function. Many 

processes like protein-protein interactions, ligand binding, allosteric regulation, 

signal transduction all require structural flexibility. Conformational changes are 

also frequently observed as part of enzyme mechanisms, and protein motions 

are critical for enzymatic function (Nestl and Hauer, 2014). On the other hand, 

highly flexible regions have a relatively low number of contacts with other 

amino acids and large thermal fluctuation of flexible regions might expose the 

hydrophobic core of protein to water penetration, triggering protein unfolding 

(Wintrode et al., 2003). The assumption that rigidity is the prerequisite for high 

thermostability has been supported by studies that compare flexibility in 

mesophilic and thermophilic proteins (Mamonova et al., 2013).  Based on this 

assumption, the RFS (Rigidify Flexible Sites) approach has been widely used 

for engineering thermostability of enzymes (Yu and Huang, 2014). Although 

flexible sites have shown a promising role in guiding the evolution of enzyme 

stability, it is still difficult to engineer functional properties taking their flexibility 

into account. Several studies attempted to explore the possibility of applying 

flexibility modulation as a means to enhance enzyme activity (Kazuyo et al., 

2014, Hong et al., 2014). What becomes very clear is that protein flexibility is 

very crucial to enzyme catalysis, promiscuity and evolution, but understanding 

how to tune flexible sites to change enzyme functions remains challenging 

(Pabis et al., 2018).  
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Interface sites 

Interface sites of a multimeric enzyme have been chosen as hot spots for 

engineering the thermostability of enzymes (Bosshart et al., 2013).  For a 

multimeric enzyme, denaturation typically starts with a loss of integrity of the 

quaternary structure and is followed by an irreversible denaturation step 

(Rogers and Bommarius, 2010, Peterson et al., 2007). It was reasoned that 

mutagenesis targeting at non-conserved residues of the interface could 

strengthen the inter-subunit interaction and protect proteins from disintegration. 

Andreas Bosshart and his coworkers tested this hypothesis using D-tagatose 

3-epimerase of P. cichorii (PcDTE) as the example (Bosshart et al., 2013). 

After a limited screening (<4000 clones), a mutant was produced which 

showed 21.4 oC enhanced thermostability, and comparable substrate 

specificity and selectivity relative to wild type. Additionally, salt bridge and 

disulphide bonds have been introduced in the interface sites by site-directed 

mutagenesis to improve enzyme stability (Basu and Sen, 2013, Hong et al., 

2017, Zhao et al., 2010). 

1.2.3 Computational protein design    

Computation protein design (CPD) seeks to accelerate the design of proteins 

with desired properties by enabling the exploration of larger sequence space 

while limiting the economic and human costs of lab experiments. The method 

used is built on the assumption that proteins fold into the lowest energy states 

that are accessible to their amino acid sequences (Huang et al., 2016). As 

developments have been made in methods for computing the energy of a 

protein chain, as well as methods for sampling the possible sequence space, 

it has become possible to design sequences that fold into proteins with new 

functions (Zanghellini, 2014).  

CPD has been increasingly used to design new enzymes from scratch for 

numerous reactions such as the Kemp elimination (Rothlisberger et al., 2008), 

the Diels-Alder reaction (Siegel et al., 2010), the retro-aldol reaction (Jiang et 
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al., 2008) and so forth. The process for de novo enzyme design has four steps: 

1) choice of a catalytic mechanism and corresponding minimal model active 

site consisting of reaction transition state models surrounded by disembodied 

side chain and backbone functional groups positioned optimally for catalysis, 

2) identification of sites in the scaffold library where the minimal active site can 

be realized, 3) optimization of the surrounding residues in the scaffold for 

stabilizing the transition state and primary catalytic residues, and 4) evaluation 

and ranking the resulting designed sequences (Richter et al., 2011). Since 

amino-acid sequences of new proteins do not exist in nature, the gene 

encoding the designed proteins must be synthesised. Currently, the 

performance of enzymes designed from scratch has still been modest and they 

typically need to be improved further by experimental directed evolution (Kries 

et al., 2013, Obexer et al., 2016). However, these new proteins generally have 

high stability, and were believed to be the better starting points of directed 

evolution than native proteins with marginal stability for delivering new 

functions (Huang et al., 2016).  

Functional properties 

CPD has also been used to modify naturally occurring proteins, to improve 

existing properties, or to generate new functions. The basic process for 

engineering enzymes for functional properties using CPD is as follows. Firstly, 

building the reaction intermediate into a target enzyme. After that, 

RosettaDesign or Foldit-based optimization is applied to design possible 

sequences. Briefly, Rosetta is used to evaluate the overall energy of the 

system as well as the interface energy between the enzyme and the reaction 

intermediate (Siegel et al., 2015). Monte Carlo search procedures are used to 

sample alternative conformations and identities of the surrounding amino-acid 

side chains. Substitutions can also be manually introduced using Foldit. 

Following the above process, a benzaldehyde lyase has been re-designed to 

catalyze the carboligation of three one-carbon formaldehyde molecules into 

one three-carbon dihydroxyacetone molecule (Siegel et al., 2015). Substrate 

specificity has also been modified by the CPD method for a variety of enzymes 
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including an endonuclease (Ashworth et al., 2006), human guanine deaminase 

(Murphy et al., 2009) and fluorophore ligase (Liu et al., 2014). Recently, 

enantioselective enzymes have also been obtained with the aid of 

computational design methods (Wijma et al., 2015, Heinisch et al., 2015).  

Stability  

Enzyme stability could also be engineered using computational protein design 

methods. Different from the design for functional properties including activity, 

specificity and enantioselectivity, stability engineering  could be carried out 

with the 3D structure itself as the input instead of that in complex with a ligand. 

The methods of computing the free energy difference (ΔG) between the folded 

and unfolded states of proteins, are useful for the design of proteins with 

improved stability, as the difference in the free energy of unfolding between a 

wild-type protein and its mutant, ΔΔG, indicates the mutational effect. Many 

energy-based approaches are available for predicting stable mutants including 

FoldX (Schymkowitz et al., 2005), Rosetta (Kellogg et al., 2011), ERIS (Yin et 

al., 2007) PopMuSiC (Dehouck et al., 2009) and CUPSAT (Parthiban et al., 

2006), where FoldX and Rosetta have been reported to provide more accurate 

results than other methods (Thiltgen and Goldstein, 2012, Kellogg et al., 2011, 

Bednar et al., 2015). Dramatically promising results of engineering enzyme 

stability have been achieved by several computation design methods 

combining FoldX or Rosetta with other tools including MD simulations, 

sequence alignment and the design of disulphide bonds. The FRESCO 

approach (Framework for Rapid Enzyme Stabilization by Computational 

libraries) has successfully improved the Tm value of a limonene epoxide 

hydrolase by 35 oC (Sebestova et al., 2014). The PROSS approach (Protein 

Repair One-Stop Shop) applied the Rosetta combinatorial sequence design 

and was able to predict a stable sequence containing multiple substitutions. A 

variant of human acetylcholinesterase containing 51 substitutions was 

obtained using this method, which exhibited 2,000-fold higher expression 

levels and 20 oC higher thermostability with no change in enzymatic properties 

compared to wild type (Goldenzweig et al., 2016). A similar approach, FireProt 
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also showed great performance when used for engineering  the stability of a 

haloalkane dehalogenase and a γ-hexachlorocyclohexane dehydrochlorinase 

(Bednar et al., 2015).  

1.2.4 The challenges of protein engineering   

Although protein engineering has made significant progress in developing 

proteins with improved properties, there are still some challenges for 

developing more effective strategies. The complexity of the structure and 

function relationship in proteins has proven to be the factor limiting the general 

application of rational design. As for directed evolution, despite the various 

methods available to construct libraries, the frequency of introduction of 

randomly distributed mutations in a gene of interest is still low, compared to 

the vastly large sequence space. Additionally, not all enzymes are amenable 

for developing a high-throughput screening method (Chica et al., 2005). Non-

additivity of mutational effects and stability-activity trade-offs are also two 

challenges limiting the application of the protein engineering technology.     

Non-additivity of mutational effects  

Single positive mutants were generally obtained when applying targeted 

mutagenesis for protein engineering. After that, the single mutants would be 

combined together with the expectation to achieve variants with better 

performance. Many mutations contribute independently to fitness, and their 

collective contributions (ΔAB for A and B) are found to be mathematically 

additive, where ΔAB = ΔA + ΔB. The contributions of some are affected by 

mutations made at other sites in the protein, in a phenomenon known as 

intragenic epistasis (Parera and Martinez, 2014). Therefore, when mutations 

that contribute positively on their own (ΔA > 0) are combined into a single 

protein, two or more mutations often interact in a nonadditive manner. This 

epistatic behaviour can be measured via its effect on various protein properties 

and can have either positive epistasis, where ΔAB = ΔA + ΔB + X; negative 

epistasis (partially additive), where (ΔA and ΔB) < ΔAB < ΔA + ΔB; negative sign 
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epistasis, where ΔAB < (ΔA or ΔB); or reciprocal sign epistasis, where ΔAB < 0 

(Reetz, 2013, Reetz and Sanchis, 2008). It has been reported that additive 

effects could be obtained when the structural regions influenced by each 

mutation, do not substantially overlap (Skinner and Terwilliger, 1996). However, 

the laboratory evolution has created new amino acid networks by forming 

communicating links between distal residues and the cooperative non-additive 

effects were formed between distant residues operating through the network 

of interactions (Reetz et al., 2009). Incomplete understanding of the ways in 

which two or more substitutions interact in a protein could potentially hamper 

the development of protein engineering strategies.  

Stability-activity trade-off  

Stability and function have been shown to be often tightly related during 

directed evolution. Mutations that increase stability often reduce functions and 

stability loss is commonly observed when mutations are accumulated primarily 

for functions (Dalby, 2011, Liskova et al., 2015). This negative correlation 

between enzyme stability and activity, the so-called stability-activity trade-off, 

has been well documented (Wang et al., 2002, Siddiqui, 2017, Bloom et al., 

2005). From the point of view of overall protein stability, the active-site 

organization is already inherently unfavourable as functional residues, 

generally polar or charged, are embedded in hydrophobic clefts, sometimes 

with proximal like-charges leading to unfavourable like-charge repulsion 

(Herzberg and Moult, 1991). While natural enzymes have evolved extensively, 

throughout the entire sequence, to maintain a delicate balance between 

function and stability, the introduction of a sparse number of function-modifying 

mutations, in a few rounds of directed evolution, are highly likely to decrease 

the stability. On the other hand, higher stability is often related to higher 

structural rigidity, which is accompanied by more intra- and inter-subunit 

interactions, more efficient core packing, less surface hydrophobicity, higher 

secondary structure content, shorter and fewer surface loops and more metal-

binding sites (Siddiqui, 2017). However, dynamics is required for enzymes to 

function (Campbell et al., 2016). The suitable flexibility of the catalytic sites 
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could be lost during the directed evolution for improved stability and hence 

resulted in the diminution of enzyme functions.  

1.3 Transketolase  

Transketolase (TK) is a key enzyme in the non-oxidative pentose phosphate 

pathway of all organisms and the Calvin cycle of photosynthesis. It catalyses 

the transfer of a C2-ketol unit from D-xylulose-5-phosphate to either D-ribose-

5-phosphate or D-erythrose-4-phosphate in the pentose phosphate pathway 

(Sprenger et al., 1995). In the Calvin cycle, these two reactions catalysed by 

TK operate in the opposite directions, transfer of a C2-ketol unit either D-

sedoheptulose-7-phosphate or D-fructose 6-phosphate to D-glyceraldehyde-

3-phosphate (Figure 1-1 A & B). Transketolase could be isolated from many 

natural sources and was first purified from the yeast Saccharomyces 

cerevisiae (S. cerevisae) (De La Haba et al., 1955). More recently, TK has 

been successfully overexpressed in Escherichia coli (E. coli) (Hobbs et al., 

1996) as well as S. cerevisae (Walfridsson et al., 1995). The process of 

producing TK including large-scale fermentation, downstream processing, 

purification and lyophilisation has been established by Sigma-Aldrich 

(Wohlgemuth et al., 2009).  

The stereospecifically controlled carbon-carbon formation ability of TK makes 

it very promising as a biocatalyst in industrial fields (Turner, 2000). Wild-type 

TK accepts a large variety of hydroxyaldehydes as the acceptor substrates 

(Turner, 2000, Kobori et al., 1992, Schenk et al., 1998). On the contrary, the 

wild-type TK showed very limited tolerance toward the donor substrates. Donor 

substrates of TK are characterized by the presence of (a) an oxo group 

adjacent to the C–C bond undergoing cleavage, (b) a hydroxyl group at C1, 

and (c) trans-configuration of hydroxyls at the asymmetric C3 and C4 (Schenk 

et al., 1998, Esakova et al., 2009). In addition to its natural phosphorylated 

donors, TK can also accept the β-hydroxypyruvic acid (HPA). The use of β-

HPA as the ketol donor renders the donor-half reaction irreversible by 

releasing the carbon dioxide from the assay, thus increasing the atom 

efficiency of the reaction favourably for industrial syntheses (Figure 1-1 C). E. 
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coli TK converts HPA with a rate of 60 U/mg, significantly higher than the rates 

of 2 U/mg and 9 U/mg reported for its orthologs from spinach and yeast, which 

makes it more interesting in industrial applications (Sprenger and Pohl, 1999). 

 

Figure 1-1 Reactions catalyzed by transketolase (TK) in nature and industrial 
applications.  

Reactions A and B occur in vivo in the pentose phosphate pathway and Calvin cycle. 
Reaction C is generally applied in vitro in industrial applications. The ketol donor is 
replaced with β-HPA rendering the reaction irreversible through elimination of CO2. 

TK is dependent on two cofactors for activity, divalent metal cations (most 

usually Mg2+) and thiamine diphosphate (ThDP) (Figure 1-2). ThDP-dependent 

enzymes are found in all organisms and perform a diverse range of reactions 

including C–C, C–N, C–S, C–O ligase and cleavage reactions (Hailes et al., 

2013, Jordan, 2003). The currently known ThDP-dependent enzymes were 

grouped into 168 homologous families, which were then classified into 9 

superfamilies (Vogel and Pleiss, 2014). The annotated sequences of these 

enzymes can be found in the ThDP-dependent Enzyme Engineering Database 

(TEED, https://teed.biocatnet.de) (Buchholz et al., 2016). The common feature 

of all ThDP-dependent enzymes is the binding of ThDP at the interface of a 

pyrophosphate (PP) binding and pyrimidine (Pyr) binding domain (Costelloe et 



35  

al., 2008). Although these enzymes have high diversity in sequence, their PP 

and Pyr domains are structurally highly similar (Vogel and Pleiss, 2014).  

 

Figure 1-2 The chemical structure of ThDP in two conformations.  

A, the conformation of ThDP molecule in free solvent; B, V-conformation of ThDP 
when bound into enzyme. ThDP consists of a pyrimidine ring (blue), a thiazole ring 
(green) and a pyrophosphate group (red). 

1.3.1 Catalytic Mechanisms  

Transketolase catalyses the transfer of a two carbon ketol unit from a ketose 

donor to an aldose acceptor. The whole catalysis reaction proceeds through 

three stages in which the co-factor ThDP is directly involved. In the first stage, 

the C2 carbon of the thiazolium ring of ThDP is deprotonated to create an ylide 

that can attack the donor substrate. The second and third stages proceed via 

‘Ping-Pong Bi-Bi’ mechanism where the donor substrate and acceptor 

substrate bind to the protein sequentially (Gyamerah and Willetts, 1997, 

Fullam et al., 2012). In the second stage, the donor substrate is cleaved to 

produce the first product, an aldose and a covalent intermediate, ThDP α-

carbanion. The third step is initiated by nucleophilic attack by the ThDP α-

carbanion on the acceptor substrate resulting in the second product, a ketose 

product with an extended carbon skeleton (Nilsson et al., 1997).  
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The first stage of the whole reaction is to generate the ylide of ThDP, which 

has been identified as the nucleophile that attacks the carbonyl group of donor 

substrate (Kochetov and Sevostyanova, 2005). When bound into enzyme, the 

ThDP maintains V-conformation, which brings the 4’-NH2 group of pyrimidine 

ring into close proximity with the C2 carbon of thiazole (Figure 1-2) (Schneider 

and Lindqvist, 1998). A glutamic acid of transketolase forms a hydrogen bond 

with the 1’-N atom of pyrimidine (Schneider and Lindqvist, 1993). This 

interaction alters the pKa of the 4’-NH2 group and leads to the production of a 

4’-imino group which acts as the proton acceptor of the C2 atom of the 

thiazolium ring (Hubner et al., 1998).  

In the second stage, the ylide of ThDP formed attacks the carbonyl group of 

the donor substrate to create an intermediate, the 2-α carbanion. During 

formation of the covalent bond between ThDP and the donor substrate, the 

negative charge forming at the carbonyl oxygen is stabilized by proton donors, 

which could be His 473 and the charged 4’-imino group of ThDP. The carbonyl 

group is then protonated to form a hydroxyl group. Enzyme active sites 

including His26 and His261 (E. coli TK) could play a role in deprotonating the 

C3 hydroxyl group of the substrate and lead to carbon-carbon bond cleavage 

(Figure 1-3). At the end of this stage, the carbanion of dihydroxyethyl-ThDP 

intermediate is formed and the first product is released (Wikner et al., 1997). 

The final stage is the ligation of the dihydroxyethyl group to an acceptor 

substrate. The carbanion acts as a nucleophile attacking the carbonyl group of 

the acceptor forming another covalent-linked intermediate. Similar to the 

second stage, the oxygen on the carbonyl group of the acceptor must also be 

stabilised electrostatically and hence lead to the formation of a hydroxyl group. 

After that, the second product is formed with an extended carbon chain, and 

released from the active site (Figure 1-3) (Wikner et al., 1997, Nilsson et al., 

1997) .  
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Figure 1-3 The Catalytic mechanism of transketolase.  

B1, B2, B3 indicate the catalytic groups involved in protonation and deprotonation 
during the catalytic reaction. The first half of the reaction consists of the cleavage of 
the donor substrate and formation of the first product, an aldose and a covalent 
intermediate, the α-carbanion of (α,β-dihydroxyethyl)-ThDP. In the second half of the 
reaction, a nucleophilic attack of the α-carbanion on the acceptor substrate occurs, 
and the second product, a ketose with its carbon skeleton extended by two carbon 
atoms, is formed (Wikner et al., 1997). 

1.3.2 Transketolase structure  

The structure of transketolase from S. cerevisiae was firstly solved in 1992 and 

this was refined to 2 Å in 1994 (1TRK) (Nikkola et al., 1994). After that, 

structures have been solved for TKs from various sources including E. coli 

(1QGD, 2R8O, 2R8P, 2R5N, 5HTT) (Asztalos et al., 2007, Affaticati et al., 

2016, Littlechild et al., 1995), Maize (1ITZ) (Gerhardt et al., 2003), Leishmania 

Mexicana (1R9J) (Veitch et al., 2004), Bacillus anthracis (3M49, 3HYL), 

Francisella tularensis (3KOM), Campylobacter jejuni subsp (3L84), Humans 

(3MOS, 3OOY, 4KXU, 4KXX) (Mitschke et al., 2010, Ludtke et al., 2013), 

Lactobacillus salivarius (4C7X), Neisseria gonorrhoeae (5VRB), 

mycobacterium tuberculosis (3RIM) (Fullam et al., 2012), Burkholderia (3UK1, 

3UPT) (Baugh et al., 2013), Pseudomonas aeruginosa (4XEU), Pichia Stipitis 

(5HGX, 5HJE, 5I5J, 5I5E) (Hsu et al., 2016) and Chlamydomonas reinhardtii 

(5ND5) (Pasquini et al., 2017). In all TK structures solved to date, TK is a 

homodimer and each subunit is 70-74 kDa (Figure 1-4 A). The cofactor ThDP 

molecule binds at the interface between the two subunits, which makes each 
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monomer of TK consist of three domains, the PP-binding domain, the Pyr-

binding domain and the C-terminal domain (Figure 1-4 B). The detailed 

structure analysis and function studies have been carried out for TK and the 

functionally critical residues have been identified.  

 

Figure 1-4 Crystal structure of E. coli transketolase (PDB 1QGD). 

A, TK structure showing the dimer. Two chains are shown by different colours 
(green/blue). ThDP is shown in the style of spheres. B, TK structure showing the 
monomer. Three different domains, PP-domain, PYR-domain and C-terminal, are 
coloured in orange, cyan, and yellow respectively.  

Co-factor binding 

The ThDP molecule binds in a deep cleft at the interface of the two TK subunits 

with a V-conformation. As shown by the structure, ThDP is almost completely 

buried inside the TK active-site and only a narrow funnel-shaped channel 

allows a donor substrate to reach the C2 atom of the thiazolium ring of ThDP. 

The contacts of the thiazolium ring with the protein are mainly hydrophobic 

interactions, potentially with the conserved residues including Leu116, Ile189, 

Leu382 and Val409 (E. coli numbering) (Littlechild et al., 1995, Nikkola et al., 

1994). The oxygen of Asp381 is 3.5 Å from the 4-CH3 carbon of the thiazolium 

ring and could neutralize its positive charge (Figure 1-5).  
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Figure 1-5 ThDP bound in one active site of E. coli TK (PDB 1QGD).  

The active site is formed by the PP domain of chain A (green) and the PYR domain 
of chain B (blue). Residues involved in the interactions with ThDP are labelled. The 
unit of distance is angstrom.  

The pyrimidine ring is bound in a ring pocket made up from residues that 

include Phe437, Phe434 and Tyr440 (Littlechild et al., 1995). The N-1’ nitrogen 

of the pyrimidine ring forms a hydrogen bond with side chain of a nearby 

Glu411. This interaction could alter the pKa of the 4’-NH2 group and serve as 

the activator of C2 atom of the thiazolium ring (Hubner et al., 1998). Main chain 

atoms of Gly114 and Leu116 also form hydrogen bonds with the pyrimidine 

ring 4’-NH2 group and the N3’ nitrogen atom respectively (Figure 1-5). These 

interactions are very important in the molecular mechanism of enzymatic 

thiamine catalysis.  

The diphosphate group of ThDP only forms interactions with one subunit of TK 

and embedded in an elaborate network of salt bridges and hydrogen bonds 

formed with protein residues, water molecules and metal ions. The residues 

involved in this network include residues His66, His261, Asn185 and Ile187 in 

the E. coli TK (Nikkola et al., 1994) (Figure 1-5).   
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Donor substrate binding 

During the reaction, the ylide of ThDP attacks the carbonyl group of the donor 

substrate to create a high-energy intermediate, the 2-α carbanion. Xylulose-5-

phosphate (X5P) is the natural donor substrate, which forms the intermediate, 

X5P-ThDP after attack by the ylide of ThDP.  The crystal structure of TK with 

X5P-ThDP intermediate bound gives insights into the residues involved in 

donor substrate binding and recognition. The 1-hydroxyl group of the 

intermediate forms hydrogen bonds with both His100 and His473 (Asztalos et 

al., 2007) (Figure 1-6). These interactions could play a role in anchoring the 

donor substrate. In support of this role, site-directed mutagenesis experiment 

has shown that the mutation His100Ala had little effect on the Km for acceptor 

substrate but increased that for donor substrate (Wikner et al., 1995). The side 

chain of His473 also forms a hydrogen bond with 2-hydroxyl group of the 

intermediate. The 3-hydroxyl group of the intermediate forms two hydrogen 

bonds with His26 and His261, whereas the 4-hydroxyl group is connected with 

Asp469 and His26 also by two hydrogen bonds (Figure 1-6). The phosphate 

moiety of X5P interacts with the protein through multiple hydrogen bonds 

formed with the residues including Arg358, Ser385 and His461 (Asztalos et al., 

2007) (Figure 1-6).  
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Figure 1-6 Residues involved in binding donor substrate.  

These sites are identified from the structure of E. coli TK with the bound X5P-ThDP 
intermediate (PDB 2R8O). Green, chain A; Blue, chain B; Cyan, X5P-ThDP 
intermediate.  

Acceptor substrate binding  

Ribose-5-phosphate (R5P) is a natural acceptor substrate of TK. The structure 

of TK with R5P bound indicates that R5P is firmly embedded in the active site 

through multiple interactions with protein residues. The phosphate group of the 

sugar maintains close contacts with Ser385, His461, and Arg358 by three 

hydrogen bonds (Figure 1-7) (Asztalos et al., 2007). These interactions 

position the substrate in the binding channel in the correct orientation. The 

hydroxyl groups of the sugar form several hydrogen bonds with residues 

including His261, His26 and Asp469 (Figure 1-7). The pattern of these 

interactions is related to the enantioselectivity of TK (Smith et al., 2008). The 

potential of forming a hydrogen bond with Asp469 could explain the preference 

of TK for α-hydroxylated acceptor substrates. Replacement of this residue with 

alanine significantly impaired the catalytic activity (Nilsson et al., 1998). All the 
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interactions identified in the E. coli TK have also been found in the yeast TK 

structure with erythrose-4-phosphate bound (Nilsson et al., 1997).  

 

Figure 1-7 Residues involved in binding acceptor substrate. 

These sites are identified from the structure of E. coli TK with the bound R5P (PDB 
2R5N). Green, chain A; Blue, chain B; Cyan, R5P.  

1.4 Enzyme engineering of transketolase  

With the stereospecifically-controlled carbon-carbon bond forming ability, TK 

is a promising biocatalyst in industry, for the synthesis of complex 

carbohydrates and other high-value compounds. In order to expand its 

applications, TK has been tailored by directed evolution for several altered 

properties including substrate specificity, enantioselectivity and stability.  

Substrate specificity  
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The natural acceptor substrates of TK are phosphorylated hydroxyaldehydes. 

Activity of E. coli TK towards the non-phosphorylated acceptor substrate, 

glycolaldehyde (GA) was firstly evolved using saturation mutagenesis targeted 

to active-site residues (Hibbert et al., 2007). Saturation mutagenesis was 

carried out to substitute targeted residues to any other naturally occurring 

amino acid. Following saturation mutagenesis at chosen active-site residues, 

a medium-throughput HPLC screening succeeded in identifying variants with 

enhanced activity, and the best H461S variant showed 4.8-fold improved 

activity compared to wild type. With the purpose of enlarging the substrate 

scope of E. coli TK, the same libraries constructed above were screened to 

identify TK mutants having better activity towards the non-hydroxylated 

aldehyde substrate, propionaldehyde (PA) (Hibbert et al., 2008). After 

screening for about 1800 random variants, 13 mutants with enhanced activity 

towards PA were determined and the greatest improvements relative to wild 

type were 4.9-fold for D469T.  

Further evolution was carried out by screening for TK variants which have 

higher activity towards longer aliphatic (Cazares et al., 2010), cyclic (Cazares 

et al., 2010), aromatic (Galman et al., 2010, Payongsri et al., 2012) and 

heteroaromatic (Galman et al., 2010) aldehyde substrates. After that, E. coli 

TK was further engineered to have better activity towards polar aromatic 

aldehyde substrates (Payongsri et al., 2015). With the TK variant 

D469T/R520Q as the template, saturation mutagenesis was targeted to the 

active-site residue, Ser385. After screening for the variants towards aromatic 

substrates 3-formylbenzoic acid (3-FBA) and 4-formylbenzoic acid (4-FBA), a 

variant of TK S385T/D469T/R520Q was successfully identified with up to 13-

fold enhanced activity.  

TKs from other origins have also been engineered to have expanded substrate 

range. Inspired by the studies of E. coli TK, the TK from Geobacillus 

stearothermophilus (TKgst) was engineered to accept aliphatic and aromatic 

aldehyde acceptor substrates (Yi et al., 2015, Saravanan et al., 2017b). In 

addition, this enzyme has been engineered to convert unnatural (2S)-
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hydroxyaldehydes, whereas transketolase (TK) from various sources have 

been described to be fully enantiospecific for (2R)-hydroxyaldehyde substrates 

(Zabar et al., 2015). Recently, the donor promiscuity of this TKgst has been 

achieved by directed evolution. A double variant H102L/H474S showed 10-

fold improvement in the catalytic efficiency towards pyruvate as the donor, 

although the acceptor used for reactions was still a hydroxyaldehyde 

(Saravanan et al., 2017a).  

Enantioselectivity  

The enantioselectivity of TK has been enhanced and reversed by directed 

evolution. For the E. coli TK, residues Asp469, His26 and His100 form a pocket 

and interact with the C-2 hydroxy group of natural hydroxylated aldehyde 

substrates, and hence these were selected as mutation targets for altering 

stereoselectivity. After saturation mutagenesis and screening, several single 

variants were identified that were able to both enhance and reverse the 

stereoselectivity of TK towards propionaldehyde (Smith et al., 2008). Building 

upon this work, the two variants D469E and H26Y were tested for the reactions 

with C3 to C8 linear acceptor aldehydes as well as cyclopropane, cyclopentane, 

cyclohexane and carboxaldehydes. The variant D469E increased the 

enantioselectivity of the products to at least 97% ee for these substrates, 

significantly higher than that of WT (Cazares et al., 2010). The combined 

variants showing improved activity towards aliphatic aldehyde have also been 

tested for their enantioselectivity. Particularly interesting variants with 

increased enantioselectivity were D469T/R520Q [68% ee (S)], D469Y/R520V 

[85% ee (R)] and D469Y/R520Q [65% ee (R)], all with more than 6-fold 

improvement in specific activity compared to wild-type TK (Hailes et al., 2013).  

Stability  

Although E. coli TK has been engineered to accept various aliphatic or 

aromatic substrates, its wide industrial application still remains a challenge due 

to limited stability. E. coli TK has a broad optimum activity at 20-40 oC, but 
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many potential substrates or products of TK are insoluble in this temperature 

range. Incubating TK at 60 oC for 1 h or 65 oC for 0.5 h was able to knock out 

all enzyme activity (Jahromi et al., 2011). Circular dichroism (CD) studies of 

TK revealed that the activity loss of TK at high temperature was primarily from 

protein denaturation and a subsequent irreversible aggregation. Its stability 

has been engineered by mutagenesis of cofactor-binding loops towards those 

amino acids found in Thermus thermophiles at equivalent positions. This study 

provided some success in which the H192P variant resulted in a two-fold 

improved stability to inactivation at elevated temperatures (Morris et al., 2016). 

However, the stability of the variant is still significantly lower than the 

homologous TK from Geobacillus stearothermophilus, which retained 100% 

activity for 3 days at 65 oC. Considerable improvement is still required in the 

stability for the E. coli TK to achieve good conversion yields or to be a more 

suitable template for further improvements in activity by mutagenesis.  

1.5 Aims and objectives 

The overall aims of this thesis are to engineer transketolase from E. coli for 

wider industrial applications, and to explore the insights into the problems of 

current protein engineering technology, specifically the epistatic interactions 

between mutations and activity-stability trade-off during directed evolution. The 

specific objectives are as follows.  

The initial objective was to engineer the E. coli transketolase for improved 

stability. Flexible sites were selected as the mutation targets for engineering 

thermostability. Consensus concept and computational design approaches 

were applied to predict the possible mutations. Forty-nine single variants were 

generated and characterised experimentally. The best single variant was 

combined with a previous single mutation to achieve a double variant showing 

higher stability than all single ones.   

The second objective was to explore the epistatic interactions between distant 

mutations by combining the above double mutation with two single mutations 
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located in the core of the protein. Epistasis was determined for several 

measures of protein stability, including: the free-energy barrier to kinetic 

inactivation, ∆∆G‡; thermal transition-midpoint temperatures, Tm; and 

aggregation onset temperatures, Tagg. The epistatic behaviours for each 

measure of stability were often different for any given pairwise recombination. 

Molecular dynamics simulations and a pairwise cross-correlation analysis 

were applied to explain the epistatic interactions observed. 

The third objective was to develop a strategy to counteract the activity-stability 

trade-off of a TK variant. Based on the understanding of how the dynamics 

mediate long-range interactions between mutations, a hypothesis was made 

that stabilising mutations could be targeted to residues outside of the active 

site if their dynamics were correlated with the active site residues. Six variants 

were constructed with these residues as targeted, of which four increased the 

thermostability compared to the parent variant, while their enzyme kinetic 

parameters were generally similar or improved.  

The last objective was to simultaneously optimize the donor substrate and 

acceptor substrate specificity of E. coli TK by constructing a small but smart 

library into the most stable variant achieved above. The library screening was 

carried out towards both novel acceptor substrates and a novel donor 

substrate and the best variants were identified and characterized.  
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2 Materials and methods 

2.1 Media, buffers and reagents preparation  

2.1.1 Luria Bertani (LB) media  

LB medium was prepared by dissolving 5 g yeast extract, 10 g tryptone and 10 

g sodium chloride in RO water with a final volume of 1 L. LB media was also 

prepared by suspending 25 g LB broth (MILLER) (Merck, Darmstadt, Germany) 

in 1 litre of water. The prepared medium was autoclaved under 121 oC, 20 min 

for sterilisation.  

2.1.2 LB-Ampicillin Agar  

LB agar was prepared by dissolving 15 g/L agar in LB liquid medium. LB agar 

was also prepared by dissolving 37 g LB agar (MILLER) (Merck, Darmstadt, 

Germany) in 1 litre of water. After autoclave, the liquid was left to cool down to 

approximately 55 oC and ampicillin was used at the final concentration of 150 

µg/ml. Approximate 20 mL LB agar was poured into standard petri dish and 

allowed to set.  

2.1.3 Ampicillin stock  

Ampicillin was dissolved in ultrapure water purified by Milli-Q Advantage A10 

system to the concentration of 150 mg/mL. Stock was sterilized through slowly 

filtering through 0.2 µm filter. Sterilized stock was aliquoted into sterile 1.5 mL 

eppendorf tubes and stored under -20 oC.  The working concentration of 

ampicillin in culture media was 150 µg/mL for selecting bacteria carrying 

plasmid pQR791.   
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2.1.4 Tris buffer 

50 mM Tris buffer was prepared by dissolving 7.88 g of Tris-HCl in 1 litre of 

ultrapure water in a borosilicate bottle. The pH was then adjusted to 7.0 by the 

addition of sodium hydroxide. 

2.1.5 Buffers used for protein purification   

Cell pellets were suspended in lysis buffer and then sonicated to release target 

proteins. Protein purification was carried out using Ni-NTA spin column. Lysis 

buffer was prepared by dissolving 500 mM NaCl, 5 mM Imidazole, 2.4 mM TPP 

and 9 mM MgCl2 in 20 mM Tris-HCl buffer. The elution buffer was prepared by 

dissolving 500 mM NaCl and 500 mM Imidazole in 20 mM Tris-HCl. Extra NaCl 

and imidazole in the eluted protein was removed using either dialysis or 

filtration. The solution used for dialysis and filtration was prepared by dissolving 

2.4 mM ThDP and 9 mM MgCl2 in 50 mM Tris-HCl buffer. The pH of all 

solutions was 7.0.   

2.1.6 Transketolase cofactor solution  

MgCl2 and ThDP were used as cofactor of transketolase. The cofactor solution 

was prepared by dissolving 9 mM of MgCl2 and 2.4 mM of ThDP in 50 mM 

Tris-HCl buffer, pH 7.0. The pH was adjusted to 7.0 by adding a small volume 

of sodium hydroxide. Prepared cofactor solution was aliquoted and stored 

under -20 oC. 

2.1.7 Transketolase substrate solution  

In this research, various donor substrates and acceptor substrates were 

applied for catalytic reactions. All the substrates were used in the final 

concentration of 50 mM in the reaction system, except the 4-FBA and 3-HBA 

which have the finial concentration of 30 mM and 15 mM, respectively, due to 

their limited solubility in water.   



49  

For the substrate glycolaldehyde, 300 mM glycolaldehyde and 300 mM Li-HPA 

or sodium pyruvate were separately prepared in 50 mM Tris buffer, pH 7.0. 

The donor and acceptor substrates were then mixed with equal volume to give 

150 mM substrate stock solution which is 3-times substrate solution. The 

substrate solution was aliquoted and stored at -20 °C.  

For the substrate propionaldehyde, 107.4 µL propionaldehyde was added to 5 

ml of 50 mM Tris buffer, pH 7.0 in glass vials to prepare the 300 mM 

propionaldehyde. This solution was then mixed with 5 mL of 300 mM Li-HPA 

or sodium pyruvate to prepare 3 times substrate solution.  

For the substrate 3-formylbenzoic acid (3-FBA), 150 mM 3-FBA was first 

prepared in 50 mM Tris buffer by increasing temperature and adding sodium 

hydroxide to adjust pH to 7.0. Then this solution was used to dissolve 150 mM 

of donor substrates Li-HPA or sodium pyruvate to make the 3-times substrate 

solution.  

For the substrates 4-formylbenzoic acid (4-FBA) and 3-hydroxybenzaldehyde 

(3-HBA), 90 mM 4-FBA and 45 mM 3-HBA were first prepared in 50 mM Tris 

buffer, pH 7.0. Then these solutions were used to dissolve 150 mM Li-HPA to 

make the 3-times substrate solution.  

2.2 Molecular biology procedures  

2.2.1 DNA plasmid extraction and quantification  

A QIAprep Spin Miniprep Kit (Qiagen, Crawley, UK) was used to extract 

plasmid from E. coli cells. The method was carried out following protocol 

described by the supplier. The concentration of DNA was determined by 

nanodrop ND-1000 spectrophotometer (Fisher scientific, UK).  
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2.2.2 DNA agarose gel electrophoresis 

The agarose gel of 1 % (w/v) was used in this study. Ethidium bromide was 

added into solution and then the agarose was added into an electrophoresis 

tray with comb inserted. Once the gel was set, the comb was removed. Five 

microliters of DNA sample was mixed with 1 µL 6×DNA loading buffer and then 

mixed solution was loaded into each well. Five microliters of 1 kb DNA ladder 

(NEB, UK) was loaded onto the gel to be used as DNA marker. The gel was 

run at a constant voltage of 70 V for 45 minutes. The gel was visualised under 

the UV light by GelDOC-IT gel imaging system (Ultra-Violet Products Ltd, 

Cambridge, UK).  

2.2.3 QuikChange site-directed mutagenesis  

QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies, US) was 

used to carry out site-directed mutagenesis. Primers used for introducing 

mutation were designed using web-based QuikChange Primer Design 

Program available online at www.agilent.com/genomics/qcpd.  All primers 

used in this research were shown in Appendix 1.   

Primers were obtained from Eurofins Genomics (UK) as lyophilised form, salt 

free grade. The primers were centrifuged at 3000 rpm for 5 min before 

suspended in Mill-Q water to the final concentration of 10 µM. Polymerase 

chain reaction was carried out in a 50 µL reaction system. The compositions 

were shown in Table 2-1.  

Table 2-1 PCR reaction system for site-directed mutagenesis 

Components  Volume (µL) 
10×reaction buffer 5 
Quiksolution  3 
Forward primer (10 µM) 2 
Reverse primer (10 µM) 2 
dNTP mix 1 
DNA Template 1 
PfuUltra DNA Polymerase 1 
Milli-Q Water 35 
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PCR tubes were briefly centrifuged to make sure reaction solutions were on 

the tube bottom before transferral to the thermal cycler. Details of the PCR 

cycle are illustrated in Table 2-2.  

Table 2-2 PCR cycle for site-directed mutagenesis 

Segment  Number of cycle  Step  Temperature (oC) Time  
1 1 Initial 

denaturation  
95 1 min 

2 18 Denaturation  95 50 s 
Annealing 60 50 s 
Elongation  68 5.5 min 

3 1 Final elongation  68 7 min 
4 1 Final hold 4  

 

2.2.4 Transformation of E. coli XL 10-Gold strains  

XL10-Gold ultracompetent cells were thawed on ice and 45 µL cells were 

transferred to a prechilled 14-mL BD Falcon tube.  Two microliter of β-ME was 

added into competent cells and incubated on ice for 10 minutes, swirling gently 

every 2 minutes. Two microliter of PCR product digested by Dpn I was 

transferred to cells and incubated on ice for 30 minutes. The XL10-Gold cells 

were then heat shocked under 42 oC for 30 seconds and transferred back to 

ice for 2 minutes. Five hundred microliters of preheated NZY+ broth was added 

to competent cells and then incubated at 37 oC for 1 hour with shaking at 250 

rpm. The mixture was then spread on LB-Amp plates and incubated at 37 oC 

for more than 16 hours.  

2.2.5 Glycerol stock preparation  

Positive colonies were picked to prepare glycerol stock and then confirmed by 

DNA sequencing provided by Source Bioscience (Nottingham, UK). Glycerol 

stock was prepared by adding overnight culture in one to one ratio volume with 

sterilized 50% of glycerol in a 2 mL sterile cryovial. The glycerol stocks were 

stored at -80 oC.  
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2.3 Protein preparation  

2.3.1 Shake flask fermentation  

A culture from a frozen glycerol stock was streaked on a LB agar plate 

containing 150 µg/ml of ampicillin. The plate was inoculated overnight at 37 oC.  

A singe colony was picked and transferred to 5 mL of LB medium in a 50 mL 

falcon tube. The tube was incubated for 16-18 h at 37 oC in an orbital shaker 

rotating at 250 rpm. After this, the culture was transferred into 45 mL of LB 

medium contained in a 250 mL shake flask. The flask was then incubated at 

37 oC for an additional 8 hours. Fermentation culture was then aliquoted to four 

14 mL falcon tubes before harvesting the cells by the centrifugation at 4000 

rpm for 30 min.  

2.3.2 His6-tag proteins purification  

All proteins including wild-type and mutant TKs were purified by Qiagen Ni-

NTA spin columns. Cell pellets were suspended by 1.2 mL cell lysis buffer in 

each 14 mL falcon tube. Transfer the suspended cells to a 2 mL Eppendorf 

tube for sonication. Sonication was carried out on ice with 10 seconds on, 15 

seconds off for 10 cycles. The mixture was then centrifuged at 15000 rpm for 

15 min at 4 oC to collect supernatant. Supernatant with the volume of 600 µL 

was load up twice onto one spin column prewashed by lysis buffer through 

centrifugation for 5 min at 1600 rpm. Ni-NTA spin column was washed twice 

with 600 µL of 50 mM Tris-HCl, pH 7.0 by the centrifugation at 2900 rpm for 2 

min. The target proteins were eluted with 300 µL elution buffer. The elution 

step could be repeated again to collect more protein.  

2.3.3 Protein quantification 

Concentration of purified protein was determined by absorbance at 280 nm by 

loading 2 µL of sample in a nanodrop ND-1000 spectrophotometer 

(ThermoFisher scientific, UK) assuming a monomeric molecular weight of 

72260.82 g/mol and an extinction coefficient of (ε) 93905 L/ mol•cm. Elution 
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buffer was used as baseline. The Beer-Lambert law was used to calculate the 

concentration of protein:  

C =
#
$% 

In which C is concentration (M), A is absorbance, ε is extinction coefficient and 

l is cuvette path length (cm). In terms of nanodrop spectrophotometer used 

here, l equals to 1.   

Concentration of proteins were also determined using Bradford protein assay 

kit (ThermoFisher Scientific #23200, US) following the protocol provided by the 

supplier.  

2.3.4 SDS-PAGE 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

was used to investigate purity of purified proteins. SDS-PAGE was carried out 

on a Mini-protean II system (Bio-Rad Laboratoreis, Inc, UK) using 12 % w/v 

commercial gels (Bio-Rad Laboratories, UK). Protein samples were mixed 

4×Laemmli sample buffer containing 200 mM DTT at the ratio of 4:1. Mixture 

was heated at 99 oC for 10 minutes. Five microliter of molecular weight marker 

(ThermoFisher Scientific #26619, US) was loaded in the first lane while 10 µL 

heated mixture were loaded in other lanes. Protein separation was achieved 

by a constant voltage of 200 V for 40 minutes  

2.3.5 Desalting  

Removal of extra sodium chloride and imidazole from protein eluted was 

carried out by dialysis or centrifugal filtration. For the dialysis, the purified 

protein was transferred to Slide-A-Lyzer Dialysis Cassette (ThermoFisher 

Scientific, US) with 10 KD molecular mass cut off for dialysis against co-factor 

solution for 18 h at 4 oC. Dialysis buffer volume was 200-500 times the volume 

of the sample. Purified protein was either transferred to 0.5 mL centrifugal 
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filters (Merck Millipore, Darmstadt, Germany) with 10 kDa molecular mass cut-

off for buffer exchange with co-factor solution at 4 oC.   

2.4 High-pressure liquid chromatography (HPLC) system 

Two separate HPLC systems were employed in this study for the analysis of 

enzyme reactions.  

2.4.1 For aliphatic substrates  

The samples from reactions of aliphatic substrates including glycolaldehyde 

and propionaldehyde were analysed by HPLC (Ultimate 3000, ThermoFisher 

Scientific, US) with an Aminex HPX-87H ion exclusion column (300 × 7.8 mm) 

(Bio-Rad Laboratories, Hertfordshire, UK) maintained at 60 oC. The solution of 

a 0.1% (V/V) TFA was used as mobile phase at a flow rate of 0.6 mL/min. The 

UV absorption at 210 nm was monitored at the data collection rate of 5Hz by 

UltiMate™ 3000 VWD variable wavelength detector (ThermoFisher Scientific, 

US). Twenty microliters of the reaction solution was added to 180 μL 0.1% (V/V) 

TFA in a 96-well microplate for quenching the reaction before testing by HPLC. 

For the glycolaldehyde reaction, the HPLC assay time was 15 minutes, 

whereas that of the propionaldehyde reaction was 20 minutes. Li-HPA and L-

erythrulose were the donor substrate and the product of the glycolaldehyde 

reaction and their retention times were 8.5 and 11.5 minutes respectively. The 

reaction between Li-HPA and propionaldehyde has a product, 1,3-dihydroxy 

pentan-2-one whose retention time was 16.7 min.  

2.4.2 For aromatic substrates  

The catalytic reactions with aromatic substrates including 3-FBA, 4-FBA and 

3-HBA were analysed by the HPLC with a ACE5 C18 reverse phase column 

(150 × 4.6 mm) (Advanced Chromatography Technologies, Aberdeen, UK) 

which was maintained at 30 °C. UV absorbance at 210 and 250 nm were 

simultaneously detected throughout the process. For analysis of 3-FBA and 4-

FBA reactions, the mobile phase was 0.1% (V/V) TFA and 100% acetonitrile 
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(CHROMASOLV® HPLC gradient grade). The mobile phase was pumped in 

at the flow rate of 1.0 mL/min starting with 85% of 0.1% TFA and 15% of 100% 

acetonitrile which was then linearly increased to 72% in 9 minutes. This was 

followed by a 2-minute equilibration period by 85% of 0.1% TFA and 15% 

acetonitrile. For the 3-HBA reaction, the same column was used but the mobile 

phases were changed to 0.2 M acetic acid and 80% (V/V) methanol (in water). 

The mobile phase starts with constant flow of 90% 0.2 M acetic acid and 10% 

of 80% methanol for 5 minutes. After that, the concentration of 80% methanol 

was linearly increased from 10% to 60% at 14th minute, which was maintained 

for another 6 minutes. This was followed by an equilibration for 3 minutes using 

90% 0.2 M acetic acid and 10% 80% (V/V) methanol. 

2.5 Molecular dynamics simulations  

Molecular dynamics simulation software GROMACS v 5.0 was used to 

investigate the structural flexibility of wild-type TK and variants. The starting 

structures for the simulations were based on E. coli TK, Protein Data Bank 

(PDB) code 1QGD. Τhe crystallographic water and all the ligands including 

ThDP, sulfate ion, and calcium ion were removed before simulations. The 

structures of variants were constructed by modifying wild-type TK structure 

(1QGD.pdb) using the Pymol Mutagenesis Wizard (DeLano, 2004).  

The PDB files were first processed by the program PDB2GMX of the 

GROMACS package to generate run input files. The OPLS-AA force field was 

used for all the simulations. The program PDB2GMX could prompt users to 

select the protonation states for ionizable residues and the default settings 

were used. PDB2GMX took the protonation state of an amino acid free in 

solvent at pH 7 as the default. The Lys and Arg were protonated, while the Asp 

and Glu were unprotonated. For His, the proton could be either on ND1, on 

NE2 or on both and the selections were done automatically based on optimal 

hydrogen bonding conformations. His at positions 47, 147, 164, 219, 424, 461 

and 473 were singly protonated on ND1. His76 and His211 were doubly 

protonated and all other His were singly protonated on NE2. The N- and C-

termini were also ionized by default.  



56  

The initial structure was then solvated in a cubic box of SPC/E water molecules 

using the program of GMX SOLVATE of the GROMACS. Sufficient Na+ was 

then added to neutralize the negative charges in the system using the tool of 

GMX GENION, which randomly placed the ions in the box. Following this, the 

whole system was minimized using the steepest descent method (2000 steps) 

plus the conjugate gradient method (5000 steps). The target of the maximum 

force on any atoms was set as 1000 kJ mol-1 nm-1.  

Two 50-ps position-restricted simulations were performed at 300 K under the 

NVT and NPT ensembles respectively with a positional restraint of 1000 kJ 

mol-1 nm-2 on all heavy atoms. All bond lengths were constrained using the 

LINCS algorithm with a lincs-order of 4 and a lincs-iter of 1. A standard cutoff 

of 1 nm was used for neighborlist generation and computing Lennard-Jones 

and Coulomb interactions, with Coulomb interactions beyond this limit 

computed using the Particle Mesh Ewald method with a grid spacing of 0.16 

nm and 4th order interpolation (Darden et al., 1993). The V-rescale algorithm, 

a modified Berendsen thermostat (Bussi et al., 2007) was used for temperature 

coupling with a thermostat time constant of 0.1 ps. The pressure of the system 

was stabilized at 1 bar under the NPT ensemble with the pressure control of 

Parrinello-Rahman (Parrinello and Rahman, 1981), with the isothermal 

compressibility of 4.5´10-5 bar-1 and the pressure coupling time of 2 ps.   

Thirty nanosecond production simulations were performed in triplicate without 

velocity generations under the NPT ensemble at 300 K, 330 K or 370 K. The 

V-rescale thermostat and Parrinello-Rahman barostat were used for 

temperature and pressure coupling respectively with the same settings as the 

position-restricted simulations. Settings for the LINCS algorithm and non-

bonded interactions were also the same. The time step of simulation was set 

to 2 fs and 15000000 integration steps were carried out to simulate the system 

for 30 ns. During the simulation, the coordinates, velocities, energies and log 

files were saved at every 2 ps.  
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The analyses of MD trajectories were carried out using standard GROMACS 

tools. The root-mean square deviation (RMSD) of certain atoms in a molecule 

with respect to a reference structure can be calculated with the program GMX 

RMS by least-square fitting the structure to the reference structure. The RMSD 

of backbone atoms of wild-type TK and variants were calculated for the whole 

protein with respect to the starting structure of the production simulation or the 

average structure of the last 10 ns of the trajectory. The RMSD of backbone 

atoms were also calculated for the local regions with the average structure of 

the last 10 ns of the trajectory as the reference. The RMSD distributions were 

calculated with the frequency bin of 0.002 nm or 0.005 nm.  

Root-mean-square fluctuation (RMSF) is a measure of the deviation between 

atomic positions of residues and their averaged structure from the trajectory. 

The program GMX RMSF was applied to compute RMSF of each residue from 

the last 10 ns of the trajectory and the RMSF of each residue was the average 

over RMSF values of all atoms in the residue. RMSF values of residues from 

Chain A and Chain B were averaged for analysis of the TK flexibility. Since the 

baseline values of average RMSF varied greatly between runs, the RMSF 

values were normalized by the average RMSF of the whole protein. 

Specifically, the normalized RMSF value for each residue was calculated by 

dividing the raw RMSF of each residue by the average RMSF of all the 

residues in the protein. 

  

  



58  

3 Two strategies to engineer flexible loops for improved 
thermostability of transketolase  

3.1 Introduction  

As a mesophilic enzyme E. coli TK suffers the limitation of low stability to 

elevated temperatures and extremes of pH (Jahromi et al., 2011), limiting its 

current use in industrial processes. High temperatures are often used to 

enhance reaction rates, increase reactant solubility, and decrease the risk of 

microbial contamination. E. coli TK has a broad optimum activity at 20-40 oC 

and loses activity at above 55 oC due to irreversible aggregation (Jahromi et 

al., 2011). It is therefore a challenge to design efficient bioconversions of 

aliphatic or aromatic aldehyde substrates, at elevated temperatures to 

enhance their solubility in water. In addition, limited enzyme stability can be a 

barrier to further improvements in activity by mutagenesis (Bloom et al., 2006). 

The recent mutagenesis of cofactor-binding loops towards those amino-acids 

found in Thermus thermophilus at equivalent positions, provided some 

success in which the H192P mutant increased the optimal temperature for 

activity from 55 oC to 60 oC, with a linked increase in the Tagg measured by 

dynamic light scattering, from 60 oC to 61.5 oC (Morris et al., 2016).  However, 

considerable improvement is still required in both the specific activity and the 

half-life of the enzyme at elevated temperatures, to achieve good conversion 

yields.  

Various techniques have been applied to enhance the thermostability of 

enzymes, including protein engineering, post-translational enzymatic or 

chemical modification, use of additives, and immobilization (Bommarius and 

Paye, 2013). Targeted mutagenesis guided by structural or sequence 

information has emerged as a popular protein engineering route for altering 

various properties of enzymes. Unlike traditional directed evolution consisting 

of iterative cycles of library construction using random mutagenesis and high 

throughput screening, this strategy focuses on several specific mutations sites 
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such that no high-throughput screening approach is required (Dalby, 2011). 

Targeted mutagenesis is less likely to disrupt the global protein fold and thus 

increases the probability for obtaining active mutants. The focus on specific 

amino-acid positions significantly reduces the size of generated libraries and 

subsequently increases the efficiency of directed evolution, provided that the 

target site prediction is reliable (Goldsmith and Tawfik, 2013, Bershtein and 

Tawfik, 2008). Target site prediction is mainly determined through a current 

understanding of the relationship between the structure and function of 

enzymes. Although still far from well-understood, the past decades of studies 

have gained considerable insights into how an enzyme structure affects its 

activity, specificity, stability and enantioselectivity.  

One potential target for protein stabilisation is their flexible loop regions. Loops 

are a diverse class of structures including both well-defined turns and more 

disordered random coils, which generally connect the main secondary 

structures, α-helices and β-strands (Nestl and Hauer, 2014).  Loops are 

important structural elements in proteins, often associated with a higher 

sequence variability across homologs, thus contributing to diversification in 

terms of function within different clades of the same superfamily (Furnham et 

al., 2012). A growing number of studies (Papaleo et al., 2016) have shown that 

loops play a significant role in modulating enzyme catalysis (Malabanan et al., 

2010), specificity (Gunasekaran et al., 2003), stability (Zhao and Arnold, 1999, 

Damnjanovic et al., 2014), and protein-protein interactions (Herbert et al., 

2013). Therefore, loops might be good targets for engineering enzymes with 

newly acquired or improved properties. Several enzymes have been 

successfully engineered to have altered stability by carrying out mutations in 

loop regions (Yedavalli and Rao, 2013, Damnjanovic et al., 2014, Reich et al., 

2014, Yu et al., 2015).   

Considerable attention has, recently, been given to the role of fluctuations in 

protein thermostability (Karshikoff et al., 2015). Highly fluctuating regions have 

been believed to have a relatively low number of contacts with other amino 

acids, while large thermal fluctuations of flexible regions might expose the 
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hydrophobic core of a protein to water penetration, triggering protein unfolding 

(Wintrode et al., 2003).  The assumption that rigidity is the prerequisite for high 

thermostability was supported by some studies that compared mesophilic and 

thermophilic proteins (Mamonova et al., 2013, Paul et al., 2014). However, 

other experimental and computer simulation studies imply that thermal 

tolerance is not necessarily correlated with the suppression of internal 

fluctuations for all proteins (Hernandez et al., 2000, Singh et al., 2015, 

McClelland and Bowler, 2016).  

With flexible sites as targets, a number of enzymes have been engineered to 

have improved thermostability (Yu and Huang, 2014, Yu et al., 2015, Acevedo-

Rocha et al., 2014). B-factor and molecular dynamics (MD) simulation are two 

commonly used methods to investigate protein flexibility. As an experimental 

approach, B-factors are obtained from X-ray data which indicate smearing of 

atomic electron densities with respect to their equilibrium 

position(Parthasarathy and Murthy, 2000). Since B-factors are dependent on 

the resolution of crystal structures used, it is difficult to compare them from 

proteins with different resolution, unless structures at similar resolution are 

employed. As a computer-aided method, MD simulation investigates flexibility 

in a different way from B-factor. MD simulations focus on the dynamic motion 

of proteins during a period of time and provide accurate representations of 

protein flexibility under physiological like environments. Flexible sites could be 

engineered by various approaches such as iterative saturation mutagenesis 

(Reetz et al., 2006), RosettaDesign (Kim et al., 2010), the introduction of 

disulphide bonds or prolines (Yu et al., 2015, Le et al., 2012), or the addition 

of salt bridges (Fei et al., 2013), although no single approach is consistently 

successful at increasing thermostability.  

The evolved enzymes guided by the RFS (rigidifying flexible sites) strategy 

tend to maintain comparable catalytic activity with that of wild type, mainly 

because the most flexible region tends to be located on the protein surface, far 

away from catalytic sites. However, exceptions exist. In a recent study, the 

introduction of disulfide bonds to flexible sites was used to engineer Candida 
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antarctica lipase B (CalB) for enhanced thermostability. A variant 

N169C/F304C showed an improved conformational stability but a decreased 

thermal deactivation. Investigation of conformational change at molecular level 

indicated that the catalytic sites were influenced by the mutations, although the 

formed disulfide bond rigidified the flexible regions (Le et al., 2012). The 

relationship among flexibility, stability, and activity is complex. Rigidity is 

needed to maintain integrity of the native folded structure, whereas a certain 

degree of flexibility is required for activity. The number of cases successfully 

employing the RFS strategy is still limited, mainly due to a limited 

understanding of how to determine the best mutation candidates. 

Here, a targeted mutagenesis approach was used to improve the 

thermostability of E. coli TK. Flexible loops were selected as the mutation 

targets, and then two parallel strategies were applied to identify mutation 

candidates within those loops.  The first was a “back to consensus mutations” 

approach, and the second was computational design based on ∆∆G 

calculations in Rosetta. Forty-nine single-mutant variants and one double-

mutant variant were generated and assessed for their impact on catalytic 

activity and thermostability. From these, three single-mutants and one double-

mutant were found to be more thermostable than wild-type TK. The best 

variant had a 3-fold improved half-life at 60 oC, and an increase in Tm of 5 oC 

above that of wild type. This study confirmed that flexible loops could be 

selected as “hot spots” for engineering protein thermostability, and that 

thermostability is correlated to rigidity provided that a suitable method was 

used for measuring flexibility.  

3.2 Materials and methods  

All chemicals were obtained from Sigma-Aldrich, UK unless mentioned 

otherwise.   
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3.2.1 Microplate-based screening for thermostable mutants  

Mutants confirmed by DNA sequencing were streaked on LB agar plates for 

microwell fermentation. Microwell fermentation was carried out using 2 mL 96 

deep-well square plates (DWP) (Figure 3-1). Wells were filled with 900 µL LB 

Amp+ medium and inoculated with individual colonies of mutants. DWP plates 

were sealed with breathable sterile film (VMR International, US) and incubated 

at 37 oC, 400 rpm for 18 h. Final cell densities were measured by OD600 in a 

plate reader by transferring 50 µL cells to a standard 96-well plate and diluting 

4-fold with water. Reaction plates were generated by transferring 200 µL cells 

to 96-well PCR plates and then centrifuged at 4000 rpm 30 minutes to collect 

cell pellets. Reaction plates were thawed from -80 oC resulting in freeze-thaw 

lysis of cells. The cells were resuspended in 50 µL 18 mM MgCl2, 4.8 mM 

ThDP, 50 mM Tris-HCl, pH 7.0 and incubated for 30 minutes before heating at 

60 oC for 1 h in a thermal cycler. Reactions were initiated by adding 50 µL 100 

mM hydroxypyruvic acid (HPA), 100 mM glycolaldehyde (GA), 50 mM Tris-

HCl, pH 7.0 at 22 oC, and then quenched after 60 min with 1 vol. 0.2 % (V/V) 

trifluoroacetic acid (TFA). Samples were analysed by HPLC (Dionex, CA, USA) 

as described previously (Hibbert et al., 2007) to determine the concentration 

of L-erythrulose against a standard curve. Residual activity was used as an 

indicator of thermostability. For screening purposes only, an approximate 

specific activity of enzymes in lysates was estimated by dividing the initial 

activity of samples by the OD600 of culture.  
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Figure 3-1 Microplate-based screening strategy 

3.2.2 Temperature inactivation of holo-TK 

Wild-type and mutant TKs were purified and then diluted to 0.1 mg/mL by 

dialysis buffer containing 2.4 mM ThDP and 9 mM MgCl2 in 50 mM Tris-HCl. 

The half-life of enzyme activity was measured in triplicate by placing 100 µL 

enzymes at 60 oC. Samples were removed at different times and then cooled 

to 25 oC. Reactions were initiated at 22 oC by adding 50 µL of 150 mM Li-

hydroxypyruvic acid (HPA) and 150 mM glycolaldehyde (GA) in 50 mM Tris-

HCl, pH 7.0, then quenched at various times over 60 min by adding 10 µL 

sample into 190 µL 0.1% (v/v) TFA, prior to erythrulose determination by HPLC. 

Residual activities were calculated by dividing the activity of heated enzymes 

by their initial activities. A first-order deactivation rate constant (kd) was 

measured by linear regression of ln(residual activity) versus the incubation 

time (t). The half-life (t1/2) of each variant at 60 oC was calculated by equation 

3-1.  

t1/2=ln(2)/kd              Eq. 3-1 
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3.2.3 TK activity measurement at high temperature  

Purified wild-type and mutants of E. coli TK were prepared at 0.1 mg/ mL, with 

2.4 mM TPP, 9 mM MgCl2 and 50 mM Tris-HCl, pH 7.0. Enzymes were then 

incubated for 5 min by placing 100 µL samples into a water bath equilibrated 

at 60 or 65 oC. Reactions were initiated by addition of pre-warmed 50 µL of 

150 mM Li-HPA, 150 mM GA in 50 mM Tris-HCl, pH 7.0. Aliquots of 10 µL 

were quenched at various times over 120 min with 190 µL of 0.1 % (v/v) 

trifluoroacetic acid (TFA). Triplicate reactions were analysed by HPLC. Li-HPA 

thermal degradation in the absence of TK in water at temperatures up to 65 oC 

has been found to be less than 5% after 60 min incubation (Morris et al., 2016). 

Specific activities were determined as initial rate/enzyme concentration.  

3.2.4 Enzyme kinetics  

Kinetic parameters were obtained at saturating 50 mM Li-HPA levels and a 

range of 4–80 mM GA in final conditions of 50 mM Tris-HCl, 2.4 mM ThDP, 9 

mM MgCl2, pH 7.0. The mixtures containing enzymes (0.067 mg/mL) and 

substrates were incubated 22 oC for 2 h. Aliquots of 10 µL were quenched at 

various times by adding 190 µL of 0.1 % (v/v) TFA. Triplicate reactions were 

monitored using HPLC as above. All data were fitted by non-linear regression 

to the Michaelis–Menten equation to determine the KM and kcat of wild-type TK 

and the variants using software OriginPro9.0. Double-reciprocal Lineweaver–

Burk plots were also used to verify that the relationships between the velocity 

and the substrate concentration were linear.  

3.2.5 Thermal transition mid-point, Tm, measurements  

The Tm-values of TK variants were measured in an Optim1000 (Unchained 

Laboratories, Wetherby, UK) via their intrinsic fluorescence. The microcuvette 

arrays were loaded with 9 µL of 1.0 mg/mL sample and excited with a 266 nm 

laser. The fluorescence was measured as a function of temperature in the 

range of 30-90 oC with steps of 1 oC, equilibration time of 30 s at each 
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temperature, and a temperature tolerance of 0.5 oC. Barycentric mean 

fluorescence (λbcm) was used as the analysis method for Optim1000 results, 

which was defined as equation 3-2.  

 &'()=Σ&	&I(&) /Σ&+(&)          Eq. 3-2 

Where & is wavelength and I(&) is the fluorescence intensity at wavelength &.  

The λbcm indicates a change in the average wavelength of fluorescence 

emission, which was normalized for comparative purposes for different variants 

and fit to a two-state transition model to determine Tm as previously (Chakroun 

et al., 2016).  

3.2.6 B-factor analysis 

The B-factors of wild-type TK (PDB ID: 1QGD) were extracted from the pdb 

structure file using the B-FITTER software (Reetz et al., 2006) available at the 

website (http://www.kofo.mpg.de/en/research/organic-synthesis). This tool 

calculates the amino acid B-factor as an average of B-factor of all the atoms 

of an amino acid in a given protein excluding hydrogen. Since TK is a 

homodimer, the B-factor of each residue was calculated by averaging the B-

factor values of the same residue from chain A and chain B.  

3.2.7 Atom depth calculations 

The DEPTH server (http://mspc.bii.a-star.edu.sg/tankp/intro.html) was used to 

calculate atom depths for TK, defined as the distance of the atom from the 

nearest surface water molecule (Chakravarty and Varadarajan, 1999). The 

default conditions used for calculating atom depth of TK were: number of 

solvating cycles, 25; solvent neighbourhood radius, 4.2 and minimum number 

of neighbourhood waters, 2.    
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3.2.8 Salt bridges and hydrogen-bond analysis 

 Analysis of salt bridges was carried out with the visual molecular dynamics 

(VMD) program (Humphrey et al., 1996). The distance threshold was set as 

3.2 Å and PDB structure (1QGD.pdb) was used as the input. HBPLUS v.3.06 

program was used to calculate the number of hydrogen bonds in the TK 

structure (McDonald and Thornton, 1994) setting maximum distances for D-A 

and H-A bonds at 3.9 Å and 2.5 Å respectively [D refers to the donor atom; A, 

the acceptor; H, the hydrogen atom].   

3.2.9 ΔΔG calculations and mutational scanning 

The relative change in folding free energy due to point mutations, ΔΔG, was 

predicted for residues in flexible regions using the Rosetta ddg_monomer 

application (www.rosettacommons.org) (Kellogg et al., 2011). Here the TK 

mutant G540Stop with a truncated C-terminal domain, instead of the full-length 

wild-type structure, was used as the input for Rosetta due to its limitation on 

computational resource. G540stop has been reported to have an increased 

catalytic rate compared to WT TK, whereas the C-terminal domain has an as 

yet unknown function, and is not thought to contribute significantly to the 

stability of TK (Costelloe et al., 2008).  For the Rosetta ddg_monomer program, 

the high-resolution algorithm was used (Kellogg et al., 2011) which allows a 

small degree of backbone conformational freedom. To run the ddg_monomer 

application, the input PDB file was first cleaned using script clean_pdb.py and 

then pre-minimized using application minimize_with_cst.linuxgccrelease, both 

available within Rosetta installation folders. Based on the high resolution 

protocol, the flags used for the ddg_monomer executable were as follows –

in:files target.pdb –ddg::mut file mutation.mutifle -ddg::weight_file 

soft_rep_design –fa_max_dis 9.0 -ddg::iterations 50 -ddg::min_cst false -ddg:: 

mean true -ddg::min false -ddg::sc_min_only false -ddg:: ramp_repulsive true.  
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3.3 Results and discussion  

3.3.1 Identification of flexible and thermally-sensitive loops in TK   

The Pymol molecular graphics system was used initially to highlight secondary 

structure as annotated within the pdb file of TK (PDB ID 1QGD). A total of 39 

loops were identified with the longest one, L5 90-117 containing 26 amino 

acids and the shortest ones like loop 3, only containing 2 amino acids (Table 

3-1).  B-factors are a commonly used indicator of protein flexibility. These are 

atomic displacement parameters obtained from X-ray data, indicating 

smearing of atomic electron densities with respect to their equilibrium position. 

Here, with the TK 3D crystal structure (PDB: 1QGD) as input, the average B-

factor for each residue was calculated with the B-FITTER program, and the B-

factor for each loop was calculated by averaging the B-factors of all residues 

within the loop. Loop15 278-287 showed the highest flexibility with an average 

B-factor of 29.90 while loop34 583-585 was the most rigid one with an average 

B-factor of 9.2 (Table 3-1). 

Residue depth is another useful tool to investigate protein structure and 

stability. In order to understand the relationship between flexibility and the 

location of loops, the depth of loops was calculated using the DEPTH server. 

As with the B-Factors, the depth for one loop was calculated by averaging the 

depth of all residues involved in that loop.  

Average B-Factors and depths of loops in TK are presented in Figure 3-2 A. 

As expected, loops with higher flexibility tended to locate at the protein surface 

(Figure 3-2 B). For example, loops 13-17 showed relatively higher average B-

factors than other loops, and they all had an average depth of less than 5 Å. 

Conversely, loops deeply buried in the protein tended to have lower flexibility 

than surface loops. Loop 24 was the deepest loop with an average depth of 

14.33 Å, and the average B-factor of this loop was only 9.79 (Figure 3-2 A). 

Loop 3 is interesting as it has a relatively high B-factor for its depth. Only 

containing two residues Ser63 and Asn64, loop 3 is a small loop located in the 
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active site, and close to the dimer interface. Asn64 interacts sterically with the 

ThDP cofactor, and also with catalytic residue His66 which is directly involved 

in the substrate specificity of the TK (Figure 3-3) (Wikner et al., 1997) . Given 

that loop 3 is located quite deeply within the protein, its relatively high flexibility 

may be required for efficient enzyme catalysis (Teilum et al., 2009).   

 

Table 3-1 Flexibility rank of loops based on B-Factor   

Rank Loops B-Factor Depth (Å) Rank Loops B-Factor Depth (Å) 
1 L15 278-287 29.90 4.42 21 L38 631-640 15.83 5.33 
2 L17 331-337 25.63 4.37 22 L11 214-220 15.67 4.49 

3 L13 245-257 23.64 4.98 23 L25 451-454 14.81 5.21 
4 L14 261-266 22.93 4.67 24 L31 519-529 14.01 4.99 
5 L33 545-551 22.56 3.93 25 L19 372-376 13.83 7.31 
6 L1 23-27 19.80 6.11 26 L2 44-58 13.67 5.51 
7 L16 295-296 19.41 4.64 27 L3 63-64 13.29 11.67 
8 L30 509-513 19.08 5.60 28 L7 173-177 13.12 5.27 
9 L36 601-607 18.95 4.47 29 L9 196-200 12.99 4.96 
10 L39 648-651 18.76 4.61 30 L20 380-382   11.93 7.84 
11 L37 624-627 18.50 4.69 31 L27 467-477 11.10 8.53 
12 L32 537-538 18.15 4.26 32 L23 425-428 10.89 6.95 
13 L4 79-83 18.13 4.87 33 L10 209-210 10.79 6.06 
14 L12 234-238 17.82 4.99 34 L26 461-463 10.71 9.05 
15 L18 351-356 17.68 4.10 35 L28 484-488 10.61 5.67 
16 L21 387-403 17.44 4.74 36 L24 440-441   9.79 14.33 
17 L6 138-148 17.26 5.02 37 L29 492-495 9.60 10.79 
18 L8 185-192 16.97 5.10 38 L22 407-410 9.52 10.92 
19 L35 592-593 16.79 4.03 39 L34 583-585 9.20 10.27 
20 L5 90-117 16.44 7.17     
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B 

 

Figure 3-2 B-Factor and depth of loops in TK.  

A, Comparison of B-factor and depth of 39 loops in TK. The Y-axis is for both B-factor 
and depth (Å).  B, Correlation of B-factor and depth for loops. 
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The loops located at the protein surface also showed a significant range of 

flexibilities (Figure 3-2 B).  While loops 11, 15, 17, 33, 35 are all located on the 

protein surface with similar depths of around 4 Å, their average B-factors varied 

greatly, from 15.7 to 29.9. Flexibility is an indicator of the accumulation of 

interactions. Regions with higher rigidity tend to be involved in more 

interactions such as salt bridges, disulphide bonds, hydrogen bonds, and 

hydrophobic contacts. Since these loops were located at a similar depth, their 

differences in flexibility will be heavily determined by the number (per residue), 

type and strength of interactions they make.  

 

 

Figure 3-3 The position of loop 3 in the TK.  

A, loop3 located near to cofactor and His66. B, loop3 located close to the interface of 
two chains. Loop 3 is coloured in red, while His66 is displayed as spheres. The images 
were generated by PyMol with the PDB structure, 1QGD as the input.   
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Table 3-2 Interactions detected in the five surface loops 

 Ranka Salt Bridges   Hydrogen Bondsb  
Loop11 
214-220 

22 Asp215-Lys244 
Glu206-Arg214 
His219-Asp35 

1. Arg214-Glu206     2. Arg214-Asp200   
3. Asp215-Lys244     4. Ile216-Met242   
5. Ile216-Lys244        6. Asp217-His219  
7. Gly218-Lys244      8. His219-Ile246   
9. His219-Asp35       10. Asp220-Ala222  
11. Asp220-Ser223  12. Asp220-Ile224 

    
Loop15 
278-287 

1 None 1. Gly278-Arg274      2. Trp279-Arg274   
3. Trp279-Lys280      4. Lys280-Arg274   
5. Try281-Arg274      6. Ala282-Glu285  
7. Phe284-Asp17       8. Pro287-Ile290   
9. Pro287-Tyr291 

    
Loop17 
331-337 

2 None 1. Gly331-Arg327      2. Gly331-Gln510  
3. Gly331-Arg454      4. Glu332-Arg327   
5. Glu332-Lys330      6. Pro334-Phe337 
7. Asp336-Lys340      8. Phe337-Aln341 

    
Loop33 
545-551 

5 Asp545-Arg579 1. Asp545-Arg579     2. Asp545-Tyr568   
3. Ala547-Lys577      4. Glu551-Lys577 

    
Loop35 
592-593  

19 None 1. Gln592-Ala588      2. Gln592-Phe589 
3. Gln592-Arg597     4. Gln592-Arg538  
5. Asp593-Ala595     6. Asp593-Tyr596 
7. Asp593-Arg597 

a The rank was based on the B-factor 

b For the hydrogen bonds appearing between two residuals more than once, only one 
time was count. For instance, there are two hydrogen bonds detected between side 
chains of Arg214 and Glu206, 214Arg NH1-206Glu OE2 and 214 Arg NH2- 206Glu 
OD1. In this case, only Arg214-Glu206 was listed in the table.  

Disulphide bonds, hydrogen bonds and salt bridges are three important 

interactions contributing to protein stability. TK contains no disulphide bonds, 

and so only salt bridges and hydrogen bonds were analysed for loops 11, 15, 

17, 33, 35, and listed in Table 3-2. Loop 11 (residues 214-220) is the most rigid 

of these five surface loops, with a B-factor of 15.7, and contained the most 

interactions. Three salt bridges and 12 hydrogen bonds were found to rigidify 

this loop, although it is located on the protein surface. Similarly, the salt bridge 

Asp545-Arg579 within loop 33 could be the reason for its lower flexibility than 

loop 17. Loop 33 contains the same number of amino acids but fewer hydrogen 

bonds than loop 17, suggesting that the salt bridge contributes more to 

rigidifying the loop than the four additional hydrogen bonds in loop 17.  
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However, as the total number of hydrogen bonds is much higher than the 

number of salt bridges in proteins, their accumulative contribution to protein 

stability cannot be neglected. For example, loop 35 (592-593) is relatively rigid 

as a result of seven hydrogen bonds found in this small two-residual loop. 

Molecular dynamics (MD) simulations were used to investigate flexibility 

independently from B-factors. While B-factors can only be obtained from an 

existing crystal structure, MD simulations can potentially predict the flexibility 

of the wild-type structure and then also assess the impact of mutations made 

in silico. MD simulations provide information on the dynamic motion of proteins, 

down to an atomic level, and over a range of timescales. By performing MD 

simulations at different temperatures, one can reveal the dynamic properties 

of structural elements during thermal unfolding, and predict thermo-sensitive 

regions. A 30-ns molecular dynamics simulation was applied to analyse the 

flexibility of the wild-type TK structure. The backbone RMSD (root-mean-

square deviation) was calculated during the MD simulation to ensure that the 

system was stable and that no conformational change occurred during the 

simulation.  

Figure 3-4 A shows that the backbone RMSD remained at around 0.13 nm and 

that the structure became relatively stable within 15 ns of a 30 ns molecular 

simulation performed at 300 K. Based on the results of RMSD, the last 10 ns 

of the trajectory was selected to calculate the RMSF (root-mean-square 

fluctuation) values for all atoms in each residue. RMSF values measure the 

amplitude of each atom motion relative to a mean reference position during 

MD trajectory, thus higher RMSF values indicate higher mobility and lower 

RMSF values indicate restricted mobility. However, since the baseline values 

of average RMSF varied greatly between runs (Figure 3-4 B), the original 

RMSF values were normalized by the average RMSF of the whole protein.  

We compared the normalized RMSF value of each residue with the average 

B-factor values obtained from the crystal structure, to validate its performance 

(Figure 3-5). Although B-factor values and RMSF values reflect protein 
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flexibility in different aspects, they have significant similarity, with a Pearson’s 

correlation coefficient of 0.83, indicating that RMSF is consistent with B-factors 

in the prediction of protein flexibility. However, despite the strong correlation, 

there were differences worth noting. For example, the 5 most flexible loops 

were loop 15, loop 6, loop 33, loop 17 and loop 8 based on RMSF values 

calculated from an MD trajectory run at 300 K (Figure 3-6 A), whereas the 5 

most flexible loops were loop 15, loop 17, loop 13, loop 14 and loop 33 

predicted by B-factors (Table 3-1). 

MD simulations performed at higher temperatures could potentially give more 

information relating to protein unfolding. Two additional simulations of TK were 

performed at 330 K and 370 K to identify thermally sensitive regions, which 

might be sites at which thermal global unfolding initiates. RMSF values for 

each residue were calculated using the last 10 ns of each simulation trajectory, 

and then compared at different temperatures (Figure 3-6 A). The RMSF values 

of all residues increase with temperature, indicating increased atomic thermal 

motion. As shown in Figure 3-6 A, the pyrophosphate (PP)-binding domain (2-

322 aa) and the C-terminal domain (540-663 aa) were more flexible than the 

pyrimidine (Pyr)-binding domain (323-539 aa). Residues 400-500 within the 

Pyr domain showed the lowest fluctuation under all three temperatures, 

suggesting that this highly buried region is also relatively thermostable.  
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Figure 3-4 RMSD and RMSF values of wild-type TK.  

A, Backbone RMSD versus simulation time. The structure present in the minimized 
and equilibrated system was used as the reference. B, RMSF values calculated from 
two independent MD simulation runs at 300 K. The RMSF of each residue was the 
average over RMSF values of all atoms in the residue.  
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Figure 3-5 Correlation between RMSF and B-factor values. 
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Figure 3-6 Flexibility of TK detected by MD simulation.  

A, Normalized RMSF values versus residues of TK at different temperatures. B, 
Difference of normalized RMSF values between 370 K and 300 K for each loop. 
Normalized RMSF values were calculated by dividing raw RMSF value of each 
residue by the average RMSF of all the residues in the protein.  

The difference in normalized RMSF values between 300 K and 370 K for each 

loop was calculated and ranked in Figure 3-6 B. Several loops exhibited steep 

changes in fluctuation as a function of temperature. The most thermally 

sensitive loops were loops 8 and 13 whose normalized RMSF values 
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increased by 1.4 Å as the temperature was increased from 300 K to 370 K. 

Loop 8 is one of two cofactor-binding loops (Figure 3-7). A previous study has 

shown that deactivation, denaturation and aggregation of TK at extreme pH or 

high temperatures is strongly linked to the binding of cofactors, and to the 

structure of the cofactor-binding loops (Jahromi et al., 2011). More importantly, 

this loop has been engineered by mutating it towards the equivalent loop of a 

thermostable orthologue, Thermus thermophilus, and the best mutant H192P 

showed both improved activity and stability indicating the importance of 

thermally sensitive loops in regulating protein stability (Morris et al., 2016). By 

contrast, the other cofactor-binding loop, loop 21 in this study, did not show a 

significant change in flexibility as the temperature was increased (Figures 3-6 

B and 3-7). Consistent with this observation, previous mutations tested in this 

loop did not lead to any improvements in thermostability (Morris et al., 2016) .     

 

Figure 3-7 Relative positions of loop8 (cyan) and loop21 (green).  

The ThDP cofactor and Ca2+ ion are shown as spheres. Important residues are 
represented as sticks. The image was generated by PyMol (DeLano, 2004) 

Although loop 8 was previously shown to be a critical region in which to 

engineer the thermostability of TK, this loop failed to be detected by the B-

factor approach which ranked loop 8 at only eighteenth among the 39 loops 

(Table 3-1), indicating a potential limitation of using the B-factor approach in 

isolation for predicting flexible regions of a protein. One of the reasons that the 
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B-factor approach underestimated the flexibility of loop 8 could be the 

presence of the cofactor ThDP in the crystal structure (1QGD.pdb). It is known 

from a comparison of the crystal structures of holo-TK and apo-TK (Nikkola et 

al., 1994), that the cofactor-binding loops are non-structured in the absence of 

ThDP, but become structured upon ThDP binding.  It is thus important to 

consider the B-factor values both in the presence and absence of such ligands 

when relying upon that approach alone. In addition, protein flexibility in solution 

might differ qualitatively from that in a crystal and the possible reasons have 

been discussed previously (Yu and Huang, 2014).  

 

Figure 3-8 Locations of the flexible loops and mutations sites.  

Only one chain of the TK homodimer is shown. Five targeted loops are coloured 
differently. The mutation sites are displayed as spheres. Image was generated in 
PyMOL (DeLano, 2004). 

Despite the potential pitfalls, the B-FIT approach (Reetz et al., 2006) has been 

used successfully to engineer the thermostability of several enzymes such as 

lipases from Yarrowia Lipolytica (Wen et al., 2012) and P. aeruginosa LipC 

(Cesarini et al., 2012), lipoxygenase from Anabaena sp. PCC 7120 (Diao et 
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al., 2015) and esterase from Pseudomonas fluorescens (Jochens et al., 2010).  

Being aware of the limitation of B-factors, it is beneficial to apply a 

complementary method like MD simulation to investigate protein flexibility. 

Based on the above understanding, we finally selected loop 6, loop 8, loop 13, 

loop 15 and loop 17 as five targets for engineering the thermostability of TK 

(Figures 3-6 A and 3-8).  Loop 13, 15 and 17 were predicted to be flexible by 

both MD simulation and B-factors, whereas loop 6 was picked based on RMSF 

values at 300 K, and loop 8 was selected on the degree of change as the 

temperature was increased.    

3.3.2 Introduction of mutations guided by the consensus concept  

Amino acids appearing at a specific position most frequently among 

homologous structures, contribute to the stability greater than other residues 

at the same position. Based on this assumption, the “consensus design” 

approach was first used to stabilize an antibody domain (Steipe et al., 1994), 

and later to engineer the stability of several enzymes including a 

dehydrogenase (Vazquez-Figueroa et al., 2007), an endoglucanase (Anbar et 

al., 2012), and an amylase (Ranjani et al., 2014). A related and simple 

approach is to compare the sequence or structure of the target enzyme with 

that of homologs from thermophilic organisms, to identify key sites for 

mutagenesis. In this way the two co-factor loops of E. coli TK, have been 

mutated previously toward those of Thermus thermophilus TK. A single mutant 

H192P gave a two-fold improved stability to inactivation at elevated 

temperature, and three-fold improved specific activity compared to WT at 60 
oC (Morris et al., 2016) .   

Loops include both well-defined turns and disordered random-coil-like 

structures (Papaleo et al., 2016). The β-turn is a well-defined turn, consisting 

of 4 residues (positions i, i+1, i+2, i+3) and has been classified into nine 

different types based on the dihedral angle values of the i+1 and i+2 position 

in the turn (Guruprasad and Rajkumar, 2000). β-turns make up about 30% of 

the residues in proteins and type I, II are the most common types whose 

content are 34% and 13% respectively. Although poor amino-acid consensus 
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has been observed in loop regions, a statistical analysis of residues 

constituting 7153 β-turns of 426 protein chains showed that significant residue 

preferences occur at specific β-turn positions (Guruprasad and Rajkumar, 

2000). For example, four residues (A, E, K, P) occur with higher frequency than 

others at the second position of type II β-turns. From 911 type II β-turns, 213, 

95, 89, and 76 respectively had proline, alanine, lysine and glutamic acid at 

the second position. According to the consensus concept, if the residue in the 

second position of a type II β-turn is not A, E, K or P, then mutating it to one of 

them might improve the stability of the target protein. Using this assumption, 

40 single mutants were designed within defined flexible loops with the aim of 

improving the stability of TK. Loop 8 was ruled out in this strategy as it had 

already been engineered previously using the H192P mutation. 

Table 3-3 Designations of TK β-Turns 

No. β-Turn Type No. β-Turn Type No. β-Turn Type 
1 48NPQN51 I 17 188SIDG191 I 33 397NEDA400 VIII 
2 49PQNP52 VIII 18 217DGHD220 I 34 399DAAG402 I 
3 51NPSW54 I 19 234VTDK237 I 35 407YGVR410 IV 
4 54WADR57 I 20 246IIGF249 II 36 439EYAR442 I 
5 62LSNG65 IV 21 248GFGS251 IV 37 467GEDG470 I 
6 89NFRQ92 II 22 251SPNK254 I 38 470GPTH473 I 
7 92QLHS95 II 23 252PNKA255 I 39 471PTHQ474 I 
8 95SKTP98 IV 24 254KAGT257 II 40 475PVEQ478 IV 
9 98PGHP101 VIII 25 260SHGA263 IV 41 485TPNM488 II 
10 102EVGK105 II 26 282APFE285 II 42 509RQDG512 I 
11 103VGKT106 IV 27 334PSDF337 I 43 542VLKD545 VIII 
12 106TAGV109 II 28 372LPEF375 I 44 550PELI553 VIII 
13 115PLGQ118 II 29 379SADL382 IV 45 583MPST586 VIII 
14 139RPGH142 II 30 390WSGS393 I 46 602PKAV605 I 
15 143DIVD146 VIII 31 395AINE398 I 47 624GLNG627 I 
16 175LGKL178 I 32 396INED399 I    

The β-turn information of TK (1QGD.pdb) was obtained from the database 

PDBsum (http://www.ebi.ac.uk/pdbsum) (Table 3-3). There were 47 isolated 

or overlapping β-turns in transketolase, all of which belonged to four types I, II, 

IV, VIII. In this study, only type I and II β-turns were considered since they 

represent the majority of the different types of known β-turns and showed the 

most statistically significant amino-acid positional preferences (Fu et al., 2009, 

Guruprasad and Rajkumar, 2000). 
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Figure 3-9 Amino acid positional preference for type I and type II β-Turn.  

Determined by Guruprasad and Rajkumar (Guruprasad and Rajkumar, 2000)  

 

Scheme 3-1 The strategy of introducing mutations guided by the consensus 
concept  

Overlapping β-turns are those that share one or more residues with other β-

turns such as turns 20-24, all of which locate in loop 13 245-257. Such 

overlapping turns appear to be very common in proteins, and comprise 58% 

of all β-turns (Hutchinson and Thornton, 1994). As for overlapping β-turns, we 

only considered the overlapped residues when designing potential mutants. 

Since turn 22, 23 and 24 shared residue Lys254, it was designed to be mutated 

to C, G, N, D, S, T, P based on sequence statistics of β-turns (Figure 3-9, Table 

3-4). Except overlapping β-turns, an isolated β-turn 246IIGF249 has also been 

detected in loop 13. As a type II β-turn, the amino acid found at the first position 

in wild-type E. coli TK was isoleucine, which was not in agreement with the 

statistically preferred C or P (Figure 3-9). Therefore, I246C, and I246P were 
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selected as mutation candidates. Following this strategy (Scheme 3-1), all 

possible mutants in loop 6, 13, 15, 17 were designed and shown in Table 3-4. 

Table 3-4 Design of mutants based on β-turn amino acid positional preference  

Loops β-turns Type Possible mutations 
Loop6 138-148 139RPGH142 II R139C,P    H142C,D,K,Q,S,T 
Loop13 245-257 246IIGF249 II I246C,P    I247A,E,K,P    

F249C,D,K,Q,S,T 
251SPNK254 I K254C,G,N,D,S,T,P 
252PNKA255 I 
254KAGT257 II 

Loop15 278-287 282APFE285 II A282C,P F284G,N    
E285C,D,K,Q,S,T 

Loop17 331-337 334PSDF337 I F337C,G,N 

 

 

Figure 3-10 Residual activity and specific activity of 40 consensus variants 
relative to wild-type TK.  

Residual activity was measured by incubating 200 µL cell lysates in triplicate under 
60 oC for 1 h. Specific activity was calculated by dividing initial activity by OD600 of 
culture. 

The activity and stability of all generated variants were investigated initially 

using a microplate-based screening method. Specific activity and residual 

activity ratios relative to WT were calculated for comparison and the variants 
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ranked based on the relative residual activity (Figure 3-10). Most of the variants 

decreased the thermostability relative to WT, except for two mutants in loop 

15, A282P and E282D, and five mutants in loop 6, H142C/K/Q/S, and R139C. 

Although these seven mutants did not show a significant improvement of 

stability according to the screening conditions, they maintained specific 

activities comparable to WT. In addition, some of the mutations such as K254D, 

R139P, I247K led to a significant loss of specific activity. Nineteen mutants 

were designed in loop13 245-257 (Table 3-4) and, surprisingly, most of them 

showed both decreased activity and stability. Loop 13 is near to an invariant 

residue His261, which interacts with the diphosphate of ThDP and the C3-

hydroxyl groups of the ketol donor substrate, and could form part of the active-

site funnel leading to the co-factor ThDP and substrates (Nikkola et al., 1994). 

To evaluate the true effect of mutations on the properties of TK, we purified 

several mutants showing relatively high residual activity, and compared their 

thermostabilities with the wild type, but first a second computational approach 

was adopted for mutant design as below. 

3.3.3 Computational design of mutants using Rosetta  

Several algorithms have been developed to predict protein stability changes 

due to mutations, ΔΔG, for which negative values represent stabilising 

mutations. A recent comparison indicated that the Rosetta ddg_monomer 

program generally provided more accurate results than three other methods 

(Thiltgen and Goldstein, 2012, Kellogg et al., 2011). To investigate whether 

ΔΔG prediction is an effective strategy to guide mutation candidates in flexible 

loops, we calculated the ΔΔG values of all possible single substitutions in the 

flexible loops of TK using the Rosetta ddg_monomer program.  

There are 49 amino acids in the flexible loops (Loops 6, 8, 13, 15, 17) and 931 

possible single mutants in total. A heat map of all 931 predicted ΔΔG values 

suggested that most substitutions would be neutral or deleterious (Figure 3-11 

A). The positions predicted to tolerate very little sequence variation include 

Gly191 in loop 8, Gly248-Ser251 in loop 13, and Phe337 in loop 17. In the 

consensus approach above, we already constructed several mutants at 
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positions Phe249 and Phe337. All of these mutants F249C/D/K/Q/S/T, and 

F337C/G/N failed to improve the stability of TK, which agreed with Rosetta’s 

prediction. As for Gly191, this was already the consensus residue in an 

alignment of 54 homologous TK sequences. Asp143 in loop 6, was predicted 

to be tolerant to almost all amino acids except leucine, suggesting its potential 

to be a hotspot for engineering the stability of TK (Figure 3-11 A). The heat 

map of predicted ΔΔG values also showed some amino acid preferences at 

certain positions. For example, Val145, also in loop 6, was predicted to be 

tolerant only to leucine and isoleucine. These are both larger hydrophobic 

residues than valine, indicating the potential to optimise hydrophobic packing 

in this region. 

To investigate the accuracy of the Rosetta ddg_monomer program, the 

predicted ΔΔG values were compared with the residual activities in lysates, 

obtained above for the 41 consensus variants, including the previously 

identified thermostable variant, H192P in loop 8 (Figure 3-11 B). There was no 

obvious quantitative correlation between predicted ΔΔG values and their 

residual activity. However, the data in Figure 3-11 B were clustered into two 

main groups, each with an inverse correlation between residual activity and 

predicted ΔΔG. The group with the lowest residual activity was formed by 

mutations that were clustered near the active site. By contrast, the mutations 

with greater residual activity were distributed throughout the PP-domain, both 

within and far from the active site, and also with one mutational site in the PYR 

domain. The flexible residues targeted in the cluster close to the active site, 

become more prone to thermal inactivation upon mutation, but through an 

additional mechanism that is not related to the global ΔΔG calculation.  For 

example, the region may be particularly sensitive to introducing irreversible 

local unfolding, or increased local aggregation propensity, upon mutation. 
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Figure 3-11 Stability prediction of TK mutants by Rosetta.  

A, Heat map of ΔΔG values for TK mutants showing stable (red) and unstable (green) 
variants. Black squares highlight the mutants generated and tested experimentally. B, 
Correlation between ΔΔG values and residual activity (relative to wild type) of 41 TK 
consensus variants in lysates.  

Qualitatively, the mutants can be divided into 4 zones with the WT located at 

the cross centre (Figure 3-11 B). Negative values of ΔΔG represent stabilising 

effect, while the positive values of ΔΔG represent destabilising effect. The 

majority of mutants were predicted to be destabilising, and this is consistent 

with the experimental results. The mutants in zone I had the decreased stability 

and positive ΔΔG values, while the mutants in zone IV had the increased 

stability and negative ΔΔG values (Figure 3-11 B). We define these mutants 

as those predicted correctly by the Rosetta. Qualitatively, the 30 mutants in 

zone I and IV (73.2%) were predicted correctly by Rosetta, while the 11 
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mutants in zone II and III (26.8%) were not. The variant H192P is located in 

zone IV with the ΔΔG value of -0.537. Since this variant was more stable than 

WT, its effect on stability was predicted correctly by Rosetta. However, its ΔΔG 

value was significantly higher than the lowest ΔΔG value of D143K (-6.384).   

The assessment of thermostability as a residual activity after heating does not 

necessarily reflect the stability of a purified protein, as the lysate environment 

could influence the conformational stability and also the aggregation rate of 

enzyme. Furthermore, differences in expression levels in lysates between 

variants could also influence the aggregation rates as this is concentration 

dependent. Hence, to further investigate the accuracy of the Rosetta 

ddg_monomer program in predicting stable variants independently from the 

consensus approach, we generated, purified and tested the thermostability of 

the 8 variants with the lowest predicted ΔΔG values. 

3.3.4 Characterisation of purified variants with greater stability  

We generated and purified 6 top hits from the consensus approach, and the 8 

best Rosetta designs from above (14 mutants in total), and all data are 

summarised in Table 3-5. Of the mutants guided by the “back to consensus” 

concept, A282P improved the residual activity 2.4-fold compared to wild type, 

whereas the other five variants retained a similar or lower activity after heat 

inactivation (Figure 3-12).  As H192P was constructed previously based on a 

related consensus strategy, and found to improve the residual activity 5-fold 

above wild type, we further combined H192P and A282P to get the double 

mutant H192P/A282P. This mutant was found to be more stable than both 

H192P and A282P, with a 7-fold improvement in residual activity compared to 

wild type, and retained 50% activity after 1 hour at 60 oC. 

The thermostabilities and activities of the 8 variants predicted by the Rosetta 

ddg_monomer program were also measured (Figure 3-12). Of these, I189H 

showed the highest residual activity with an 8-fold improvement relative to WT. 

However, this mutation also resulted in a 95% loss of specific activity relative 
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to wild type, most likely because Ile189, which is in the same co-factor loop as 

His192, also interacts directly with the thiazolium ring of ThDP (Costelloe et al., 

2008). Although both I189H and H192P mutations located in loop 8, the 

residual activity of I189H was almost 1.6-fold higher than that of H192P, 

indicating that I189H introduced a greater rigidification of loop 8. This highlights 

both the powerful capability of Rosetta in predicting stabilising mutants, but 

also a key challenge in that Rosetta would not discriminate against mutations 

that potentially impair function. By contrast, the consensus approach in such 

sensitive areas is more pragmatic as it selects from functional mutations that 

exist in natural variants of the enzyme, although it would tend to provide more 

modest stability enhancements such as those of H192P and A282P.  

The most stable variant predicted by Rosetta was D143K but that variant only 

increased the residual activity by 50% relative to wild type (Figure 3-12). The 

residual activity of T245N was the lowest among all purified mutants although 

it had a predicted ΔΔG value of -4.1, which is even lower than the -0.54 and -

2.2 predicted for H192P and A282P, respectively. Of the 8 mutants with the 

lowest predicted ΔΔG values, only two of them, I189H and D143K, showed the 

improved residual activity. Combining these 8 mutants with the 41 mutants 

tested above, we found that the qualitative stability changes of 32 mutants 

were predicted correctly by the Rosetta ddg_monomer program in 65.3% of 

cases.  
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Figure 3-12 Thermostability and specific activity of TK mutants from two 
strategies.  

Thermostability was examined by incubating 100 µL 0.1 mg/mL enzymes in triplicate 
under 60 oC for 1 h. Enzyme activity was measured at 22 oC with 50 mM GA, 50 mM 
HPA, in 50 mM Tris-HCl, pH 7.0 before and after heating.  
 
 
 

  

Figure 3-13 Assessment of Rosetta performance.  

A, Correlation between ΔΔG values and residual activities of purified TK variants. B, 
Correlation between ΔΔG values and Tm of TK variants. 13 variants are I189H, D143K, 
D146N, D146Y, T245N, K280W, A282E, E332C, H192P, H142C, H142K, H142Q and 
A282P. 
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Figure 3-14 Characteristics of TK variants. 

A, Unfolding curves of TK mutants triggered by temperature. B, Natural-logarithmic 
plot of residual activity vs. length of the heat treatment at 60 oC. WT, y=-
0.0303x+4.2627 R2=0.95; D143K, y=-0.0275x+4.4798 R2=0.99; I189H, y=-
0.0122x=4.71 R2=0.96; A282P, y=-0.0192x+4.4680 R2=0.97; H192P, y=-
0.0158x+4.6117 R2=0.93; H192P/A282P, y=-0.0110x+4.4969 R2=0.96. C, Catalytic 
activities of TK variants at 60 oC. The catalytic activity was measured in triplicate using 
50 mM GA and 50 mM HPA as the substrates in 50 mM Tris-HCl buffer pH 7.0. 
Specific activities were determined as initial rate/enzyme concentration. D, Catalytic 
activities of TK variants at 65 oC. Specific activities of wild type and variants were WT, 
3.52 µmol min-1 mg-1; H192P, 5.6 µmol min-1 mg-1; H192P/A282P, 17.53 µmol min-1 
mg-1
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Correlating the residual activities of the purified TK variants (Figure 3-12) with 

their ΔΔG values (Figure 3-13 A) shows that 9 of 15 variants were predicted 

correctly by Rosetta, with five stable variants and four unstable variants relative 

to wild type, giving a prediction accuracy of 60 %.   

Variants showing improved residual activity were assessed further for their 

impact on other measures of stability, namely their thermal transition mid-

points, Tm, half-lives of inactivation, and activities at elevated temperature. The 

thermal transition mid-point, Tm, of each variant was measured from intrinsic 

fluorescence using an Optim1000 (Figure 3-14 A). The Tm of TK is indicative 

of thermostability, although it is a convolution of both protein unfolding and 

subsequent rapid aggregation at elevated temperatures (Jahromi et al., 2011).   

The Tm of 69.9 oC for D143K was essentially unchanged from that of wild-type 

(70.4 oC), whereas I189H marginally increased the Tm to 72.3 oC. The 

consensus mutants H192P, A282P and double mutant H192P/A282P, each 

increased the Tm to 74.0, 74.9 and 75.0 oC respectively, which were around 4-

5 oC higher than that of wild type (Table 3-5). The increased Tm values are 

therefore all consistent with the improved residual activities observed for these 

mutants after incubation for 1 hour at 60 oC.   

From the unfolding curves reported using barycentric mean fluorescence 

(BCM), a second transition was observed for H192P and H192P/A282P, which 

was not previously seen for wild type or the other two mutants A282P and 

D143K (Figure 3-14 A). H192P mutation could have selectively stabilised a 

part of the TK structure, leading to a separate transition at higher temperatures. 

In the structure of TK, Trp196 is directly connected to loop8 185-192 by a small 

helix (Figure 3-15). Local stabilisation of the cofactor-binding loop by the 

H192P mutation could therefore be reported directly by Trp196 as a new 

transition at elevated temperature. Interestingly, the MD simulations conducted 

in the section of 3.3.5 also showed that loop 8 185-192 and the regions nearby 

underwent dramatic fluctuations at elevated temperature, consistent with the 

new transition being attributable to stabilisation of this co-factor loop. 
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Figure 3-15 3-D structure of TK showing the positions of loop8 185-192 and 
Trp196.  

Green indicates the loop8; His192 and Trp196 were displayed as sticks 

The variant H192P/A282P showed the highest Tm value among all the variants 

tested and this might be contributed by both H192P and A282P amino acids 

substitutions. Added or removed interactions by the mutations are investigated 

in the section of 3.3.5. It turns out that a new salt bridge was formed between 

Glu275 and Lys280 in the variant A282P and more hydrogen bonds were 

formed in the loop 8 185-192 in the variant H192P compared to the wild type. 

Both the added salt bridge and hydrogen bonds could be detected in the 

double variant H192P/A282P, suggesting that its high stability was contributed 

by both H192P and A282P.  

The Tm-values of the other 13 purified variants were also investigated to test 

the performance of Rosetta against this measure of thermodynamic stability 

(Figure 3-13 B). As found above for residual activity, no obvious correlation 

was observed between the predicted ΔΔG and the Tm-values for these mutants. 

Six of 11 mutants were in zone IV, and none in zone I, resulting in a prediction 

accuracy of 46.2 %.  However, more samples would be required for a robust 

statistical analysis of any such correlation between predicted ΔΔG and 

experimental Tm-values for TK. 
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Table 3-5 Characteristics of WT and mutant TK  

Specific activity 
(µmol mg-1min-1) 

Tm (oC) Half life 
t1/2 (min) Km (mM) kcat (s-1) kcat/Km 

(s-1 M-1) 
 22 oC 60 oC 

WT 48.8(0.4) 89.8(1.4) 70.4(0.3) 22.9 20.5(1.3) 62.3(2.4) 3039 

D143K 46.7(1.6) - 69.9(0.4) 25.2 16.1(1.2) 48.1(3.2) 2988 

I189H 1.9(0.1) 40.9(1.1) 72.3(0.2) 56.8 18.0(0.8) 1.5(0.03) 833 

H192P 57.3(1.0) 158.0(3.7) 74.0(0.2) 43.9 18.0(1.2) 65.5(1.9) 3639 

A282P 22.3(0.5) 89.3(1.1) 74.9(0.2) 36.1 17.6(2.1) 45.5(1.5) 2585 

H192P/ 
A282P 59.9(1.4) 254.7(2.3) 75.0(0.1) 63.0 23.3(1.4) 81.2(4.2) 3485 

The half-life of the remaining enzyme activity at 60 oC was also determined as 

a measure of kinetic stability, for the five TK variants that had been shown to 

have improved residual activities relative to WT. The first-order denaturation 

rate constant kd was measured by linear regression of ln (residual activity) 

versus the incubation time (t) (Figure 3-14 B) for each variant. All five variants 

had a lower kd than for wild type, indicating that the mutants deactivated more 

slowly. H192P/A282P improved the half-life 3-fold relative to wild type, 

whereas A282P, H192P and I189H had 1.5-fold, 2-fold and 2.5-fold improved 

half-lives, respectively (Table 3-5).  

The five thermostable variants displayed different specific activities compared 

to the wild type (Table 3-5). Michaelis-Menten kinetics at saturating (50 mM) 

Li-HPA were carried out to better understand the influence of mutations upon 

the enzyme kinetics at 22 oC, and the kinetic constants, Km and kcat, are 

summarised in Table 3-5. All variants had a similar Km to wild type, indicating 

that these mutations did not significantly affect the interactions of GA within the 

active site. I189H showed lowest specific activity among all wild-type and 

mutant TKs, and this could be contributed to a 40-fold decrease in kcat to 1.5 s-

1. This reflects the disruption of hydrophobic interactions with the thiazolium 

ring of ThDP, as discussed above, due to this mutation.  
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Interestingly, the kcat of variant H192P/A282P was improved 1.3-fold relative 

to wild type, which was not the case for either H192P or A282P. The improved 

kcat could have resulted from an improvement in the flexibility of another co-

factor loop (loop 21), detected in MD simulations, as this might facilitate binding 

of co-factor. By contrast, A282P lost around 50 % of the specific activity found 

in wild type, which is reflected in a 1.4-fold lower kcat relative to wild type. The 

Km of D143K is the lowest of the five variants. However, the kcat achieved was 

also lower than wild type, which resulted in a comparable kcat/Km and specific 

activity to that of wild type.        

The optimum temperature range for the wild-type E. coli TK enzyme activity 

has been reported as 20-40 oC (Jahromi et al., 2011). To investigate whether 

the variants functioned well at higher temperatures, we tested the catalytic 

activity of wild-type and variant TKs at the particularly challenging 

temperatures of 60 oC and 65 oC (Figure 3-14 C&D). At high temperature, HPA 

can degrade independently, but this was observed in control experiments to 

be less than 5% within 1 h at 65 oC. At 60 oC, both the wild type and variants 

achieved increased specific activity compared to that at 22 oC (Table 3-5). The 

variant, H192P/A282P showed the highest specific activity of 254.7 µmol mg-

1min-1 at 60 oC, a 4.3-fold improvement relative to that at 22 oC, and 2.8-fold 

higher than that of the wild type at 60 oC. This indicates an improved potential 

of H192P/A282P to be used in bioconversions at elevated temperatures.  

I189H, surprisingly, achieved a specific activity of 40.9 µmol mg-1min-1 at 60 oC 

which was 21.5-fold higher than that at 22 oC, whereas the specific activity of 

the wild type increased only 1.8-fold when the reaction temperature was shifted 

to 60 oC. Additionally, the wild type and all variants, except H192P/A282P, 

displayed lower final conversions of erythrulose at 60 oC, compared to the 50 

mM maximum observed at 22 oC (Figure 3-14 C). This suggests that the high 

temperature denatured the enzymes before the substrates could be fully 

converted, and is consistent with the enzyme half-lives at 60 oC. At 65 oC, the 

variants and wild type all demonstrated a significant loss of activity during the 

reaction, as indicated by the even lower final conversions to erythrulose 
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compared to that at 60 oC (Figure 3-14 D). However, H192P/A282P achieved 

a 5-fold higher initial activity compared to wild type, resulting in a 4-fold greater 

final conversion to erythrulose. Recently, a TK from thermophilic 

microorganism Geobacillus stearothermophilus was characterised to have an 

optimal temperature range of 60-70 oC with retained 100% activity for 3 days 

at 65 oC, more stable than the double variant. This enzyme has been 

engineered to convert unnatural substrates including aliphatic aldehydes (Yi et 

al., 2015), (2S)-hydroxyaldehydes (Zabar et al., 2015) and arylated substrates 

(Saravanan et al., 2017b) in the later studies, implying the potential of 

thermostable TK in the improvement of catalytic properties by mutagenesis. 

3.3.5 MD simulation analysis of variants 

MD simulations were applied to examine the flexibility changes of variants 

H192P, A282P, H192P/A282P and T245N. The T245N variant was selected 

as it showed a similar specific activity but significantly decreased stability 

compared to WT (Figure 3-12), thus it might be expected to display the 

opposite flexibility change to the three stabilising mutants. The normalized 

RMSF values of each amino acid were calculated from the last 10 ns of the 

30-ns trajectory (Figure 3-16) and used for colouring structures of wild-type 

and mutant TKs (Figure 3-17 A). The conformational changes of local regions 

of different variants were also examined by calculating the backbone RMSD of 

the specific loops containing mutations in respect to its average conformation 

of the last 10 ns of the trajectory (Figure 3-17 B).  

At 300 K, the stable variants showed an increased local rigidity compared with 

the wild type in loop 8 for H192P, loop 15 for A282P, and both loop 8 and 15 

for H192P/A282P, which all displayed lower RMSD or RMSF values than those 

of the wild type (Figure 3-16 & Figure 3-17 B). Introduction of prolines at 

positions of His192 and Ala282 could have rigidified the local regions of TK 

and hence led to the improved thermostability. On the other hand, loop 13 of 

the variant T245N exhibited an increased flexibility, suggesting that the 

mutation from Thr to Asn at position 245 might lead to a decreased stability 

around the loop 13 (Figure 3-16 & Figure 3-17). 
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Figure 3-16 Normalized RMSF values of wild-type TK and its variants.  

The RMSF of each residue was the average over RMSF values of all the atoms in the 
residue, and calculated using the last 10-ns trajectory. The normalized RMSF was 
calculated by dividing the RMSF of each residue by the average RMSF of the whole 
protein. The regions containing loop 8 185-192 and loop 15 278-287 were zoomed in 
and shown on the right hand side. 
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Figure 3-17 Flexibility of wild-type and mutant TKs. 

A, Comparison of wild-type and mutant TKs structures coloured by normalized RMSF 
at 300 K and 370 K. Each structure was obtained from the average of the last 10 ns 
of the trajectory. The surfaces of loops 8, 13, 15, 21 are displayed and only those of 
WT at 300 K are labelled. Each RMSF value used for colouring the structures was the 
average of normalized RMSF from triplicate simulations. For each simulation, the 
normalized RMSF was calculated by dividing the RMSF of each residue by the 
average RMSF of the whole protein. The RMSF of each residue was the average over 
RMSF values of all the atoms in the residue. B, the backbone RMSD of loops 8, 13, 
15 of wild-type and mutant TKs with the average conformations of last 10 ns as the 
reference. For H192P/A282P, RMSD of loops 8 and 15 were combined. Only the 
RMSD values of frames at 10-ps intervals were displayed for clarity and each value 
was the average of RMSD from triplicate simulations.  

Interestingly, the per-residue RMSF plots also showed the dynamic change of 

other regions beyond the five loops we identified (Figure 3-16). For example, 

loop21 387-403 of variant H192P/A282P became more flexible than that of WT 
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and other three variants. In order to confirm this, 100 frames were extracted 

from last 10 ns of one MD simulation at 300 K, and displayed in one picture 

(Figure 3-18). The loop 21 of H192P/A282P became more disordered 

compared to that of WT. Loop21 is a co-factor binding loop and interacts with 

loop 8 of the second chain, across the dimer interface, to form one side of the 

active-site funnel with ThDP at the base (Figure 3-7). The increased flexibility 

of active sites was frequently observed in thermostable proteins, and believed 

to be linked to their higher temperatures of optimal activity (Singh et al., 2015). 

Hence, the increased dynamics of loop 21 could have contributed to the 

elevated kcat of variant H192P/A282P (Table 3-5).   

Both wild-type and mutant TKs showed enhanced flexibility as the temperature 

increased from 300 K to 370 K (Figure 3-16). Loop 8 and 13 of the WT are the 

two most thermally-sensitive loops which showed the largest increase of 

flexibility as the temperature increases from 300 K to 370 K. However, the 

loops 8, 13 and 15 were clearly rigidified at 370 K in the most thermostable 

variant, H192P/A282P, implying the critical role of flexible loops in regulating 

the protein thermostability (Figure 3-17 A). The variant H192P/A282P, hence, 

could have stabilized the TK by rigidifying loops 8, 13, 15, and increased the 

enzyme activity by making the mobility of loop 21 more flexible. In agreement 

with the observation at 300 K, the loop 13 of variant T245N became more 

dynamic compared to that of wild type at 370K. Also, the loop 8 of T245N 

unfolded at 370 K, which was not the case for WT and other three variants, 

indicating its limited tolerance to high temperature (Figure 3-17 A). The local 

flexibility of all three stable variants H192P, A282P, H192P/A282P were 

decreased, and that of T245N was increased compared to wild type, 

suggesting a good inverse correlation between flexibility and stability.  
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Figure 3-18 Loop 21 of H192P/A282P becomes disordered compared to that of 
WT. 

The region Ala380-Thr415 was shown, which contains the loop 21 387-403. For better 
visibility, only 100 frames within last 10 ns of one MD simulation at 300 K are displayed. 
Frames at the start of the simulation are in red, whereas frames at the end are in blue. 
The pictures were generated by VMD graphics system. 

Since a single mutation is unlikely to cause a significant change to the overall 

flexibility of a protein, especially one as large as TK, an appropriate method to 

examine the local flexibility around mutation sites is vital to predict the effect of 

mutations on protein stability. A method based on inspection of averaged 

structure from MD simulations trajectories has been used in a stability 

engineering strategy, FRESCO, to analyse the flexibility effect of each single 

mutation (Wijma et al., 2014). Although the FRESCO strategy has been proven 

useful (Wu et al., 2016), the method used for predicting local flexibility is not 

straightforward since it is based on inspection instead of numbers. Additionally, 
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the 100 ps MD simulations used in the FRESCO strategy could not be long 

enough for a protein to reach a stationary equilibrium phase. The method used 

here took only conformations from the stationary phase into account, and an 

RMSD instead of RMSF calculation was used to allow detection of local region 

movement over the whole stationary phase, which could be an alternative 

approach used for predicting local flexibility change caused by mutations to the 

one used in the FRESCO strategy.      

As shown Table 3-2, salt bridges and hydrogen bonds greatly influenced the 

flexibilities of loops. It will be very interesting to know what interactions have 

been removed or added due to the mutations and how the change of 

interactions affects the flexibilities of loops for the TK variants. The total 

number of hydrogen bonds participated by each loop kept changing during the 

simulation, and the average number of hydrogen bonds did show the 

difference for specific loops of WT and variants (Figure 3-19 A). Loop 8 has 

been rigidified by the mutation from His to Pro at position 192 as shown in 

Figure 3-17. In agreement with this, loop 8 of variant H192P formed more 

hydrogen bonds than that of WT, with the average number of hydrogen bonds, 

17 and that of WT, 11.  

The variant T245N showed decreased thermostability and increased local 

flexibility compared to those of WT. Interestingly, the number of hydrogen 

bonds involved by the loop 13 decreased as well for the variant T245N relative 

to WT (Figure 3-19 A). The mutation from Thr to Asn at position 245 could have 

triggered a large conformational change and then removed several hydrogen 

bonds from loop 13. In order to confirm that, we compared the structures of 

WT and T245N achieved from the average of last 10-ns simulations at 300 K 

and identified three hydrogen bonds existing in WT but not in T245N (Figure 

3-19 B). All these hydrogen bonds were formed with the main chain atom N 

(blue) as a donor and the main chain atom O (red) as an acceptor. As for WT 

(green), the distances between donors and acceptors (labelled by dash line 

with numbers) were smaller than the threshold of 3.9 Å, whereas those of 

T245N (cyan) were obviously beyond the distance threshold. Additionally, 



101  

when looking closely to the two structures, it can be seen that there is a small 

helix His258-His261 linked to the loop 13 245-257 for WT, however, this helix 

lost its secondary structure in the variant T245N, which could also be 

contributed by the increased flexibility of the loop 13 in the T245N.     

The loop 15 of A282P showed decreased mobility compared to that of wild 

type. Surprisingly, the average number of hydrogen bonds formed by the loop 

15 did not show too much difference for the A282P and the wild type (Figure 

3-19 A). However, a salt bridge between Glu275 and Lys280 was found to 

appear in the variant A282P but not in the WT (Figure 3-19 C). In order to 

confirm this, the distance between the atom OE2 of Glu275 and the atom NZ 

of Lys280 was investigated during the last 10-ns simulation for the WT, A282P 

and H192P/A282P (Figure 3-20). It turned out that distance of the variant 

A282P remained smaller than those of the WT and H192P/A282P for most of 

time. The distance threshold of a salt bridge was set to 3.2 Å, this salt bridge 

then survived 3.1 ns, 5.1 ns, 3.2 ns within the last 10 ns simulations at 300 K 

in WT, A282P and H192P/A282P, respectively. As shown in Figure 3-19 C, the 

mutation from Ala to Pro at the position 282 could have restricted the mobility 

of its neighbour residue, Lys280 leading to the decreased distance between 

Glu275 and Lys280 in the variant A282P. This salt bridge also survived a little 

longer in the variant H192P/A282P than in the WT which was in agreement 

with the fact that thermostable variant H192P/A282P showed increased local 

rigidity. However, given the stochastic nature of protein conformational change 

in MD simulation and the small difference in the salt bridge survival time 

between WT and variants, more repeats of simulations are needed to verify 

the existence of this salt bridge in the A282P and H192P/A282P. 
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Figure 3-19 Hydrogen bonds and salt bridges formed by the loops of wild-type 
and mutant TKs. 

A, number of hydrogen bonds formed by loops (chain A and B) of wild type (black 
square) and variants (red circle) changed as the function of simulation time. Numbers 
of hydrogen bonds were calculated for last 10-ns simulation trajectories at 300 K and 
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only those of frames at 10-ps intervals were displayed for clarity. B, ribbon diagrams 
showing the positions and distances of three hydrogen bonds found in WT (green) but 
not in variant T245N (cyan). The distance between atom O (red) and N (blue) in Å, 
was measured using PyMol. Residues, Thr245 of WT and Asn245 of T245N were 
displayed as spheres. WT and T245N structures were obtained from the average of 
the last 10 ns of simulation trajectories. C, a ribbon diagram of loop8 showing positions 
and distances of the salt bridge in WT (pink) and A282P (green). WT and A282P 
structures were obtained from the average of the last 10 ns of simulation trajectories. 
Images were generated in PyMol (DeLano, 2004) 

 

Figure 3-20 The distance between the atom OE2 of Glu275 (Chain A) and the 
atom NZ of Lys280 (Chain A) changed as the function of simulation time.  

If the threshold was set 3.2 Å for a salt bridge, then the salt bridge between Glu275 
and Lys280 was intact for 3.1 ns, 5.1 ns, 3.2 ns in WT, A282P and H192P/A282P 
respectively throughout the last 10 ns of simulations at 300 K. 
 

3.4 Conclusion  

In this chapter, two strategies were applied to guide mutations in the flexible 

loops to engineer thermostability of E. coli TK. According to the “back to 

consensus” concept, 40 single mutants were designed in five flexible loops. 

A282P in loop 15 was proven to be the most thermostable mutant and its 

combination with H192P in loop 8, a mutant from the previous study, resulted 
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in a double mutant H192P/A282P showing significantly improved 

thermostability and also catalytic activity compared to the wild type. As the 

second strategy, the Rosetta ddg_monomer program was applied to predict 

the stability change of all possible 931 single mutants within the same five 

target loops. Eight of the mutants with the lowest predicted ∆∆G values were 

generated and characterised experimentally. Of these, the variant I189H 

showed an 8-fold increased kinetic stability relative to the wild type, but also 

led to a significant loss in activity. MD simulations of three stable variants 

H192P, A282P, H192P/A282P and one unstable variant T245N revealed a 

strong correlation between thermostability and rigidity, suggesting the 

important role of flexibility in engineering protein stability.  

Based on a statistical analysis of the stability changes for all variants 

constructed, the qualitative prediction accuracy of the Rosetta ddg_monomer 

program reaches 65.3%. Two variants, A282P and R139C were identified from 

a library of 40 variants with a success rate of 5%, guided by the “back to 

consensus” approach. Both of these variants were predicted accurately by 

Rosetta. However, when we ranked ∆∆G values of the total 931 single variants 

from smallest to largest, it turned out that A282P ranked 72th and R139C 

ranked 112th. There is no way to identify these two variants solely relying on 

Rosetta ∆∆G values. The library predicted by Rosetta is still too large to be 

constructed using a site-directed mutagenesis approach. A flexibility prediction 

approach such as MD simulation could be used to identify variants with 

increased rigidity in the future to further reduce the library size.  

Both of the two strategies investigated in this study were useful in guiding 

mutation candidates to flexible loops, and have the potential to be applied in 

other enzymes. Although the Rosetta ddg_monomer program seemed to give 

a higher success rate, as an alternative to pure computation design the “back 

to consensus” strategy has its own advantages such as being usable for 

enzymes without crystal structures. Rational design to engineer protein 

thermostability is still in progress and a combination of different strategies 

could give an increased chance of success.   
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4 Molecular dynamics mediate epistasis between mutations 
that affect stability and aggregation kinetics of 
transketolase  

4.1 Introduction  

Proteins are increasingly used in medical and industrial applications. However, 

most cannot withstand harsh conditions, such as the elevated temperatures 

often required for biocatalysis, as they have evolved naturally to work under 

ambient cellular conditions. Thus, enhancement of stability in an efficient 

strategy is a major goal in protein engineering. High thermal stability is a 

property that not only enables performance under unfavourable conditions, 

such as in the presence of organic solvents, but is also strongly correlated with 

expression yield, in-vitro half-life, and in-vivo serum survival time (Suplatov et 

al., 2015, Goldenzweig and Fleishman, 2018, Wijma et al., 2013). Additionally, 

a thermostable protein could tolerate more mutations than mesophilic proteins, 

and is often found to give better results when used as a starting point in protein 

engineering (Wijma et al., 2013, Tokuriki and Tawfik, 2009)  

Directed evolution is a powerful strategy for engineering protein stability 

through the accumulation of beneficial substitutions. A traditional directed 

evolution process consists of random gene mutagenesis, expression, and 

screening/selection for the desired property. Usually several rounds of 

evolution have to be applied and large numbers of mutants must generally be 

screened to obtain a desired level of change (Dalby, 2011). 

When a high-throughput screen is not available for the target protein property, 

such as aggregation kinetics of purified enzymes, then random mutagenesis 

approaches become inaccessible. By contrast, smart-library design and semi-

rational site-directed mutagenesis is gaining popularity, due to improved 

efficiency (Paramesvaran et al., 2009), and also recent improvements in the 

prediction accuracy with which computational or other rational design 

strategies can propose stabilising mutations. For example, based on multiple 
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protein-sequence alignments, ancestral reconstruction and consensus 

methods can propose mutations, based on the hypothesis that ancestral or 

consensus sequences are more thermostable than extant homologues 

(Malcolm et al., 1990, Steipe et al., 1994). Statistical analysis of a large number 

of protein secondary structure sequences have shown that proline prefers to 

appear at the second position of β-turns (Guruprasad and Rajkumar, 2000).  

The strategy of replacing non-proline amino acids with proline has been 

developed to stabilize several enzymes (Yu et al., 2015, Matthews et al., 1987). 

Three-dimensional structure information has been critical for many 

computational design methods.  By applying geometry or energy constraints 

when analysing 3-D structures, many programs have optimized the surface 

charge of proteins, or introduced disulphide bonds into proteins for increasing 

stability (Dombkowski, 2003, Gribenko et al., 2009). Recently, an increasing 

number of computational protein design programs have been developed to 

predict the impact of mutations upon stability to global unfolding. These include 

Rosetta (Kellogg et al., 2011), FoldX (Guerois et al., 2002), and SDM 

(Pandurangan et al., 2017). 

Although site-directed mutagenesis is widely used to engineer protein stability, 

single-point mutations usually contribute relatively little, whereas many 

multiple mutations are often required to stabilize large proteins (Goldenzweig 

et al., 2016). However, when several amino-acid substitutions are made in a 

single protein, two or more individual mutations can potentially interact in a 

non-additive manner, and cause either cooperative (positive) or antagonistic 

(negative) effects (Reetz, 2013, Reetz and Sanchis, 2008). It has been 

reported that additive effects are most likely when the structural regions 

influenced by each mutation, do not substantially overlap (Skinner and 

Terwilliger, 1996). It is well known that mutational effects are usually non-

additive when the mutated residues are in direct contact with each other 

(Istomin et al., 2008, Olson et al., 2014). However, non-additive effects have 

also been observed between mutations of structurally distant residues, with 

their effects proposed to be mediated through a network of interactions (Reetz 

et al., 2009). How such networks actually mediate long-range epistasis 

between two or more distant substitutions, remains poorly understood, and 
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thus hampers the development of more effective rational or semi-rational 

protein engineering strategies (Johansson and Lindorff-Larsen, 2018).  

Recently, dynamics has been considered as a factor that mediates long-range 

communication in proteins (Whitley and Lee, 2009). Several studies have 

investigated this through the impact of point mutations upon protein dynamics 

as characterised by NMR (Clarkson et al., 2006) or computational algorithms 

(Verma et al., 2012, Dubay et al., 2011), and found that changes in the 

dynamics due to single point mutations could be frequent, significant and long-

ranged. Most of these studies have focused on the impact of long-range 

dynamics on allostery and ligand binding, including the effect of mutations 

distant from sites normally associated with function (Zhuravleva et al., 2007).  

However, little is known about the role of dynamics in mediating long-range 

epistatic effects between multiple mutations for their impact on conformational 

stability, and even less for aggregation kinetics.  

Here, with E. coli transketolase (TK) as a model, this chapter investigated how 

the combination of stabilising mutations influenced various measures of protein 

stability, including thermal transition mid-point (Tm), aggregation onset 

temperature (Tagg), the rate of irreversible thermal inactivation at elevated 

temperature, and the fraction unfolded at that temperature (fT). For each, the 

additivity of the effects of each mutation was explored and compared to their 

structural locations, and also their impact on protein flexibility was investigated 

to determine the role of dynamics on epistatic interactions.  

Recently, numerous mutants have been constructed focusing on different 

regions of E. coli TK to increase its thermostability. Firstly, by mutating 

residues in the flexible cofactor-binding loops towards those found in Thermus 

thermophilus at equivalent positions, the H192P mutation was found to double 

the half-life at 60 oC (Yu et al., 2017, Morris et al., 2016).  In Chapter 3, using 

the RFS (rigidifying flexible sites) strategy (Yu and Huang, 2014), 49 single 

mutations were individually targeted to flexible loops on the surface, which led 

to several more stable variants including D143K, I189H and A282P. Combining 
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H192P with A282P extended the half-life at 60 oC to triple that of WT (Yu et al., 

2017). In a separate study, consensus mutations were targeted to protein 

hydrophobic core regions, and six single mutants including I365L, G506A and 

V228I showed significantly improved thermostability compared to WT (Jahromi, 

2014).  

Here, a combination study was carried out with selected mutants: the double 

mutant H192P/A282P, and two single-mutant variants I365L and G506A, from 

all previously identified mutations. These variants showed the highest 

thermostability but were also located in two different domains within the 

monomer chain, and distant from each other. H192P and A282P were located 

on the surface of the pyrophosphate (PP)-binding domain, whereas I365L and 

G506A were each located in the hydrophobic core of the pyrimidine (Pyr)-

binding domain. When assembled into the homodimer, the PP and Pyr 

domains interact strongly with each other between the two chains, and so 

mutations in each domain might be expected to influence those in the other 

through either an inter- or intra-chain mechanism. We generated four new 

variants I365L/G506A, H192P/A282P/I365L, H192P/A282P/G506A and 

H192P/A282P/I365L/G506A, and then investigated the epistatic interactions 

among the mutations by analysing the kinetics and free energy of thermal 

inactivation, Tm, Tagg, and fT, for all variants. Molecular dynamics (MD) 

simulations were carried out and analysed using a dynamics cross correlation 

matrix to investigate the role of dynamics in mediating the observed epistatic 

interactions between mutations, and to compare the relative importance of 

inter- and intra-chain mechanisms.   

4.2 Materials and methods  

4.2.1 Temperature inactivation of holo-TK 

Thermostability was assessed as the relative activity retained after exposure 

to high temperatures. T5015 indicated the temperature required to reduce the 

initial enzyme activity by 50% within 15 min, which was measured by placing 

100 µL enzymes at various temperatures, from 22 to 65 °C, for 15 min.  
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Immediately after heating, the enzymes were cooled to 25 oC. Retained 

activities were calculated using the methods in Chapter 3, section 3.2.2. The 

precise value of T5015 was calculated by determination of the inflection point of 

a fit of the residual activities at certain temperatures to a sigmoidal plot 

(sigmoidal Boltzmann fit, using OriginPro 9.0) (Wulf et al., 2012).  

The methods used for measuring the half-life of enzymes were identical to 

those in Chapter 3, section 3.2.2 except that a second-order deactivation rate 

constant (kd) was measured by linear regression of 1/ (retained activity) versus 

the incubation time (t). The half-life (t1/2) of each variant at 60 oC was calculated 

using equation 4-1.  

t1/2=1/(100*kd )                                                                    Eq. 4-1 

4.2.2 Thermal transition mid-point and aggregation onset temperature  

Intrinsic protein fluorescence (IPF) (266 nm excitation, 280-450 nm emission 

scan) and static light scattering (SLS) at 266 nm, were measured 

simultaneously for measuring the Tm and Tagg values of TK variants using a 

UNit (Unchained Laboratories, Pleasanton CA). Measures were taken as a 

function of temperature in the range of 30-90 oC with steps of 1 oC, equilibration 

time of 30 s at each temperature. The microcuvette arrays were loaded with 

9 µL of 0.1 mg/mL sample and all experiments were performed in triplicates. 

Tagg values were determined with instrument software by the analysis of SLS 

counts at 266 nm. In previous work and Chapter 3, BCM data was used to 

calculate melting temperature Tm, which gave overestimates of Tm values. 

Here, fluorescence intensity ratio determined between the spectral intensity at 

350 nm to that at 330 nm was used to calculate melting temperature, Tm.  The 

fluorescence intensity ratio was fitted to a two-state transition model using 

equation 4-2 (Santoro and Bolen, 1988, Consalvi et al., 2000) , in the software 

OriginPro 9.0 (Origin Lab Corp., Northampton, MA, USA).  
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   Eq. 4-2 

where IT is the observed signal, IN and ID are the native and denatured baseline 

intercepts, a and b are the native and denatured baseline slopes, T is the 

temperature, ∆Hvh is the Van ’t Hoff enthalpy, R is the gas constant (1.987 cal 

mol-1 K-1) and Tm is the apparent mid-point of the observed thermal transition. 

The Van ’t Hoff entropy is calculated using equation 4-3.  

∆FGH = 	
∆I<=
,B	

    Eq. 4-3 

The mole-fraction, fT, of unfolded protein at any temperature T, was calculated 

from 

J, = 	
-AC-.C0,

-2/3,C-.C0,	
   Eq. 4-4 

and by substituting for IT in the equation 4-2, this reduces to  
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   Eq. 4-5 

4.2.3 Analysis of epistatic interactions between mutations  

In order to analyse quantitatively any epistatic interactions between two 

mutations, equation 4-6 can be used (Wells, 1990). The change in free energy 

of a functional property caused by a mutation at site X is typically expressed 

relative to that of the wild-type protein as ∆∆G(X).  Such free energy changes 

for two single mutants (X and Y) can be related to those of a double mutant 

(designated X, Y) by equation 4-6. The so-called coupling energy ∆GI value 

should reflect the interaction between sites X and Y.  Specifically, the values 

of ∆GI indicate either cooperative (positive epistasis) effects (∆GI >0), additive 

effects (∆GI =0), partially additive effects (∆GI <0) and [∆∆G(X) and ∆∆G(Y)] < 
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∆∆G(X, Y), or antagonistic (negative epistasis) effects (∆GI <0) and [∆∆G(X) or 

∆∆G(Y)] > ∆∆G(X, Y).  

ΔΔG(X, Y) = ΔΔG(X) + ΔΔG(Y)+ ΔGI  Eq. 4-6 

For an enzyme, its free energy of inactivation (ΔG‡) can be determined 

according to equation 4-7.   

∆K‡ = −NOln RH
,RS

  Eq. 4-7 

where R (8.314 J mol-1 K-1) is the gas constant, T is the absolute temperature 

used for heat treatment, h (6.6262 x 10-34 J s) is the Planck’s constant, kB 

(1.3806 x 10-23 J K-1) is the Boltzmann’s constant, and k (s-1) is the inactivation 

rate constant.  

The thermal deactivation of TK proceeds through a second-order reaction. 

Aggregation could proceed through a number of potential mechanisms, 

including: i) molecular re-organisation after interaction of native-states; ii) 

partial local unfolding of native states prior to interaction; or iii) global unfolding 

prior to interaction. This second-order process is expressed by the equation 4-

8.   

E
T(U)

= E
TV
+ XY  Eq. 4-8 

where A(t) is the activity at time t of the heat treatment, A0 is the initial activity 

before heat treatment, and k is the inactivation rate constant. Retained activity 

(RA) at time t of the heat treatment is thus calculated as: 

RA(\) =
T(U)
TV

   Eq. 4-9 
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Considering the equations from 4-6 to 4-9, for a variant, its change in the free 

energy of inactivation relative to wild type can be calculated from equation 4-

10, in which RAvariant and RAwild-type are the activities retained for the variant and 

wild type after the same time of heat treatment, assuming that A0 = 100% for 

both variant and wild type.  

∆∆K‡]^_`^a\ = NOln (ECbTcdefgUhij)bTklmdlnU
(ECbTklmdlnU)bTcdefgUhij

  Eq. 4-10 

The equation 4-11 was also used to analyse epistatic interactions between two 

mutations (x and y) in terms of melting temperature (Tm) and aggregation onset 

temperature (Tagg).  

ΔT(X, Y) = ΔT(X) + ΔT(Y)+ ΔTI   Eq. 4-11 

where ΔT(X, Y) is the experimentally observed difference in Tm or Tagg caused 

by the combined mutant, ΔT(X)  and ΔT(Y) refer to the experimentally observed 

changes in Tm or Tagg caused by each mutant separately.  ΔTI indicates the 

epistatic impact of the combined mutations. 

4.2.4 Aggregation hotspots prediction  

The aggregation propensity of TK was predicted using three tools including 

AGGRESCAN (Conchillo-Sole et al., 2007), PASTA (Trovato et al., 2007) and 

TANGO (Fernandez-Escamilla et al., 2004). The FASTA format sequence from 

the crystal structure (PDB ID 1QGD) was used as the input for the 

AGGRESCAN and PASTA. As for the TANGO, in addition to the peptide 

sequence, the input parameters also included the pH of 7.0, temperature of 

298.15 K, ionic strength of 0.05 and no protection at terminals. In its output, 

the segment with an aggregation tendency above 5% over 5-6 residues was 

considered as the potential aggregation hotspots.   
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4.2.5 Distance measurement between mutations 

The PyMol molecular graphics system (Schrödinger, USA) was used calculate 

the distances between α-carbon atoms of mutant residues with the structure 

of TK (PDB ID 1QGD) as the input. 

4.2.6 Dynamics cross correlation map  

The dynamics cross correlation matrix was computed for wild-type TK and 

variants using the Bio3D package (Skjaerven et al., 2014, Grant et al., 2006). 

The last-10 ns trajectory from MD simulation was saved at every 10 ps and 

converted to the file of dcd type using the VMD plugin CatDCD (Humphrey et 

al., 1996). The file of dcd type was used as the input of Bio3D and the Cα atom 

of the protein was selected for calculating the correlation coefficient. The 

dynamics cross correlation matrix for each protein was the average of triplicate 

trajectories. The final correlation matrix data from Bio3D was loaded to the 

software OriginPro9.0 for plotting.  

4.3 Results and Discussion  

4.3.1 Design of combined mutations 

One double-mutant, H192P/A282P and two single-mutant variants, I365L and 

G506A were selected for combination. These variants were obtained from two 

different strategies in which mutations were targeted to surface loop, and 

hydrophobic core regions of E. coli TK, respectively. The three variants I365L 

(A), G506A (B) and H192P/A282P (C) were now combined to generate one 

double mutant I365L/G506A (AB), two triple mutants H192P/A282P/I365L 

(AC), and H192P/A282P/G506A (BC), and a quadruple mutant 

H192P/A282P/I365L/G506A (ABC). This combinatorially complete set from 

three parent variants enabled us to measure the additive and non-additive 

effects from across the eight (= 23) possible variants, combined in six (= 3!) 

possible forward pathways: P1 A-AB-ABC; P2 A-AC-ABC; P3 B-AB-ABC; P4 

B-BC-ABC; P5 C-AC-ABC; P6 C-BC-ABC (Figure 4-1).  
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Figure 4-1 Graphical representation of sequence space from WT to the 
thermostable mutant H192P/A282P/I365L/G506A (ABC). 

Each vertex of the cube represents a variant and each edge represents a single 
mutational step. Each variant was represented by letters: A-Il365L, B-G506A, C-
H192P/A282P, AB-I365L/G506A, AC- H192P/A282P/I365L, BC- 
H192P/A282P/G506A, ABC- H192P/A282P/I365L/G506A. 
 

4.3.2 Comparison of residual activity, rate of activity loss, Tagg, Tm, and 
fraction unfolded  

For most industrial enzymes, kinetic stability is a critical parameter as it 

measures the likely activity remaining during the time-course of the 

bioconversion at a given operating temperature. The kinetic stability of TK at 

elevated temperatures relates to the rate of inactivation due to irreversible 

aggregation, promoted by increased partial unfolding of the native protein upon 

heating (Jahromi et al., 2011). The retained activity was determined after 

incubation at 60 oC for 1 h, to evaluate the kinetic stability of the TK variants. 

The combined variants all retained higher activities than the parents.  
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A                                                              B 

 

C                                                              D             

 

Figure 4-2 Thermal stability of TK and its variants.  

A, Activity retained after heating at 60 oC for 1 h. Data were averaged from triplicate 
experiments and the standard deviation was shown as error bar.  B, Second order 
degradation kinetics of TK variants at 60 oC. RA represents residual activity. WT, 
y=0.00275x-0.0085 R2=0.98; H192P/A282P, y=0.00052x-0.0016 R2=0.95; 
H192P/A282P/I365L, y=0.000197x+0.0076 R2=0.98; H192P/A282P/G506A, 
y=0.000187x+0.0075 R2=0.94; H192P/A282P/I365L/G506A, y=0.000121x+0.0099 
R2= 0.95. C, Thermal-induced inactivation of WT and a quadruple variant. Enzymes 
in 100 µL solution (2.4 mM ThDP, 9 mM MgCl2 and 50 mM Tris-HCl, pH 7.0) were 
incubated at different temperature from 22 to 65 oC for 15 min and assayed for residual 
activity at 22 oC. The activity incubated at 22 oC was considered to be 100%. D, Tm, 
Tagg and fraction unfolded at 60 oC (f60) for wild-type and variant TKs. 
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The quadruple mutant H192P/A282P/I365L/G506A retained 66.2 % activity 

after incubation at 60 oC for 1 h, representing a 10.2-fold improvement above 

the 6.5 % retained by WT (Figure 4-2 A).  

In order to understand the kinetic stability of the TK combined variants in more 

detail, we measured their half-lives, t1/2, for loss of enzyme activity at 60 oC, by 

incubating them at 60 oC for different periods of time (Figure 4-2 B & Figure 4-

3). Whereas in previous work and Chapter 3, inactivation profiles were fit with 

less accuracy to single exponential decays (Yu et al., 2017, Morris et al., 2016), 

giving longer estimates of half-lives, the current analysis revealed better fits to 

a second-order reaction equation. The half-life for WT was now determined as 

4 min (Figure 4-2 B, Table 4-1). The double variant H192P/A282P data also fit 

best to the second-order reaction equation and the half-life was determined to 

be 19.3 min, a 4.8-fold improvement compared to WT. All three newly 

combined variants deactivated more slowly than both wild type and 

H192P/A282P, indicating an increased resistance to high temperature. The 

two triple-mutant variants, H192P/A282P/I365L and H192P/A282P/G506A 

had similar half-lives, 50.6 min and 53.2 min respectively (Table 4-1).  

The quadruple variant H192P/A282P/I365L/G506A had the highest half-life of 

82.5 min, representing a 21-fold improvement over that of WT (4 min). Enzyme 

kinetic studies revealed that H192P/A282P/I365L, H192P/A282P/G506A and 

H192P/A282P/I365L/G506A did not appear to impact significantly on the 

kinetic parameters kcat and Km, indicating their improved potential to be used 

for biocatalysis (Table 4-2).  

For a more detailed comparison, the quadruple variant and wild-type TK were 

incubated at different temperatures from 22 oC to 65 oC for 15 min, and the 

retained activities measured after cooling to 22 oC, were calculated relative to 

those incubated throughout at 22 oC. No significant differences in residual 

activity were observed with incubations below 40 °C (Figure 4-2 C). However, 

incubation at 55 oC reduced the activity of wild type to 62.8%, whereas the 

quadruple variant retained 92.1% of the original activity. The temperature 
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required to reduce the initial enzyme activity by 50 % within 15 min (T5015), for 

wild type was around 58.5 oC, which was 2.5 oC lower than that of the 

quadruple variant (61.0 oC) (Table 4-1).   

 

 

Figure 4-3 Inactivation profiles of E. coli TK and its variants at 60 oC.   

Enzymes in 100 µL solution (2.4 mM TPP, 9 mM MgCl2 and 50 mM Tris-HCl, pH 7.0) 
were incubated at 60 oC for different time and assayed for retained activity at 22 oC.   
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Table 4-1 Thermal stabilities of wild-type and mutant TKs 

aStandard error of the mean were calculated from triplicate experiments and listed in the parentheses. nd = not 

determined. 

At 50 oC, the retained activity of the quadruple variant actually increased by 5% 

compared to lower temperatures. As we have observed previously, heat 

treatment at 50 oC for one hour can lead to a 2-fold improvement of activity for 

WT E. coli TK (Jahromi et al., 2011), and even 2.5-fold (at 55 oC) for the H192P 

variant located in one of the cofactor-binding loops (Morris et al., 2016). The 

reason for the more limited activity improvement after incubation at 50 oC in 

the present work, was the shorter incubation time of only 15 min, compared to 

one hour previously. The previous work showed that wild-type TK activity 

improved 50% after 0.5 h, and 100% after 1 h at 50 oC (Jahromi et al., 2011).  

 

 

 

 

 Tagg (oC) Tm (oC) ∆Svh 

(kcal mol-1 K-1) f60 t1/2 (min) kd * 103 
(%-1 min-1) T50

15 (oC) 

WT 65.7 (0.07)a 65.7 (0.04) 0.23(0.012) 0.12 (0.01) 4.0 (0.3) 2.80 (0.04) 58.5 (0.4) 

I365L 66.9 (0.2) 67.1 (0.1) 0.25(0.04) 0.082(0.008) nd nd nd 

G506A 66.6 (0.4) 66.7 (0.08) 0.22(0.002) 0.08 (0.009) nd nd nd 

I365L/ 
G506A 66.8 (0.3) 67.2 (0.5) 0.078(0.01) 0.24 (0.03) nd nd nd 

H192P/ 
A282P 66.6 (0.1) 67.4 (0.3) 0.19(0.013) 0.11 (0.01) 19.3 (1.3) 0.54 (0.06) nd 

H192P/A282
P/I365L 68.1 (0.3) 68.6 (0.4) 0.13(0.01) 0.13 (0.02) 50.6 (3.3) 0.20 (0.02) nd 

H192P/A282
P/G506A 67.6 (0.05) 68.1 (0.3) 0.19(0.003) 0.043 (0.007) 53.2 (3.5) 0.19 (0.02) nd 

H192P/A282
P/I365L/G50

6A 
69.3 (0.5) 68.9 (0.4) 0.17(0.007) 0.11 (0.02) 82.5 (5.7) 0.12 (0.01) 61.0 (0.5) 
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Table 4-2 Kinetics of wild-type and mutant TKs 

 Km (mM) kcat  (s-1) kcat/Km 
(s−1 M−1) 

WT 20.3(2.2) 62.3(2.4) 3069 
H192P/A282P/I365L 19.5(2.1) 68.9(2.6) 3533 

H192P/A282P/G506A 20.2(1.5) 54.3(1.4) 2688 
H192P/A282P/I365L/G506A 22.7(2.2) 58.3(2.1) 2568 

We also investigated the impact of combining the mutations upon their thermal 

transition midpoint temperatures, Tm, a measure of thermodynamic 

conformational stability, obtained from intrinsic fluorescence measurements on 

all variants. Their aggregation onset temperatures, Tagg, were simultaneously 

determined from static light scattering measurements (Figure 4-2 D). All the 

variants showed both increased Tm and Tagg compared those of WT.   

The quadruple mutant had the highest thermodynamic stability, with Tm and 

Tagg values 3.2 oC and 3.6 oC higher respectively, than those of WT. Tagg values 

were approximately 0.2-0.5 oC lower than Tm in all cases, except for the 

quadruple mutant for which Tagg was 1 oC higher than Tm. This close link 

indicated that on the timescale of the thermal ramping experiment, heat-

induced aggregation only began when the protein had become significantly 

unfolded. The quadruple mutant was stabilised in such a way that even more 

unfolding could occur before aggregation was observed. This could result from 

increased colloidal stabilisation, normally associated with increased net charge 

or decreased hydrophobicity. However, the I365L mutation which induced the 

observed effect was not expected to alter either property. Alternatively, the 

increase in Tagg above Tm could result from the selective stabilisation of a 

region of structure required to unfold for aggregation to occur, or otherwise 

from a decrease in the inherent propensity of a local sequence region to form 

stable inter-molecular interactions within aggregates. 

The fraction of protein unfolded at 60 oC (f60) was also determined for the wild-

type and mutant TKs, to evaluate the extent to which global protein unfolding 

influenced the inactivation rates at 60 oC.  Surprisingly, f60 did not show any 
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clear correlation with the Tm values (Figure 4-2 D). For example, the variant 

I365L/G506A had the highest f60 of 0.24, around 0.1 higher than that of WT, 

and the variant H192P/A282P/G506A had an f60 of 0.04, around 0.1 lower than 

that of WT, whereas both variants had higher Tm and Tagg values than WT.   

 

Figure 4-4 Van ’t Hoff entropy of TK variants decreases as the Tm increases.  

(●) Current measurements with enzyme concentration of 0.1 mg/mL for the variants 
listed in the Table 4-1. (▲) Previous measurements with enzyme concentration of 1 
mg/mL for WT, D143K, I189H, H192P, A282P and H192P/A282P obtained in Chapter 
3.  

The lack of correlation between Tm and f60 indicated that the co-operativity of 

unfolding was variable across the mutants, as reflected in their ∆Svh and ∆Hvh 

values (Figure 4-4). The linear correlation between Tm and ∆Svh values was 

examined, including both the current variants and also those described in 

Chapter 3 (Yu et al., 2017). Indeed, the variants with improved Tm generally 

had lower ∆Svh values, and so apparently lower unfolding cooperativity (Figure 

4-4).  During the thermal unfolding process, the holo-TK homodimer undergoes 

unfolding of all three domains in each monomer, cofactor release, and also 

dimer dissociation, apparently at the same time (Martinez-Torres et al., 2007). 

The decreased unfolding cooperativity for variants with increased Tm could 
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indicate the decoupling of at least one of these events from the rest, due to 

selective stabilisation of one structural element.  

4.3.3 Correlation between kinetic stability and thermodynamic stability  

The heat-induced kinetic inactivation of TK proceeds through a second-order 

reaction, which implies an interaction between at least two molecules, and is 

consistent with the observation of aggregation as the end product. Aggregation 

could proceed through a number of potential mechanisms, including: i) 

molecular re-organisation after interaction of native-states; ii) partial local 

unfolding of native states prior to interaction; or iii) global unfolding prior to 

interaction. 

The thermodynamic stability, as measured indirectly by Tm, and more 

specifically by f60, can reveal the extent to which global unfolding is important 

in inactivation by aggregation (Robinson et al., 2018). We therefore examined 

the linear correlations between Tm or f60 and the initial rates of deactivation at 

60 oC, expressed as ln(kd) (Table 4-1) for the current variants. Tm gave a good 

correlation to the kinetics of inactivation, with an R2 value of 0.97 (Figure 4-5 

A), indicating the potential link between kinetic and thermodynamic stability. 

By contrast, the correlation between f60 and ln(kd) was poor (Figure 4-5 B), 

indicating that global unfolding alone was not the main factor to influence 

inactivation by aggregation.  

The variants were more folded on average (<13% unfolded), but the 

inactivation rate at 60 oC for at least two variants (H192P/A282P/I365L and 

H192P/A282P/I365L/G506A), decreased significantly while their fraction 

unfolded remained at 11-13%, similar to that of H192P/A282P. These two 

variants had the lowest ∆Svh values, and also the highest Tm values of those 

tested kinetically (Table 4-1), suggesting that the I365L mutation in particular 

led to selective stabilisation of at least one structural feature that had a 

particularly strong stabilising influence on the inactivation rate. One other new 

variant, H192P/A282P/G506A, had both a lower f60 and yet an even lower ln(kd) 
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than most of other variants, indicating that this variant improved the inactivation 

rate primarily via the stabilisation of global unfolding, but also with some 

additional effects, perhaps due to local structure stabilisation.  

 

Figure 4-5 Correlation between Tm or f60 and initial rate of deactivation for TK 
variants.  

 (●) WT, H192P/A282P, H192P/A282P/I365L, H192P/A282P/G506A, 
H192P/A282P/I365L/G506A listed in Table 4-1. 
 

4.3.4 Analysis of epistatic interactions between mutations 

Epistatic interactions between mutations were evaluated for kinetic 

deactivation (∆∆G‡) based on the activities retained after heat treatment at 60 
oC for 1 h, and also for changes in thermodynamic stabilities ΔTm and ΔTagg. 

Fitness landscapes containing the six mutagenic pathways from WT to the 

quadruple mutant H192P/A282P/I365L/G506A (ABC), were constructed for all 

three properties. It was found that all six pathways were favourable, in all three 

cases, with no local minima due to antagonistic epistasis (Figure 4-6). 

The epistatic interactions between mutations were quantitatively investigated 

using equation 4-6 to determine any additive, partially additive, or positively 

cooperative effects. The ∆∆G‡ of the double mutant AB (4.88±0.2 kJ mol-1) was 

higher than that expected (4.09±0.3 kJ mol-1) from the additive effects of I365L 
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(A) and G506A (B), indicating a moderately positive cooperative effect (Figure 

4-7 A). The combination of surface mutant (C) and core mutant (A) to form the 

variant AC, gave an observed ∆∆G‡ of 7.21±0.2 kJ mol-1, with the expected 

∆∆G‡ of 8.97±0.3 kJ mol-1 from additive effects, indicating a partially additive 

interaction. Variant BC gave the ∆∆G‡ expected from the additive effects of 

G506A (B) and H192P/A282P (C). The final variant ABC can be formed from 

three combinations AB+C, BC+A, or AC+B.  The observed ∆∆G‡ for ABC was 

9.30 kJ mol-1, which was as expected for AC+B (8.98±0.3 kJ mol-1), but lower 

than the expected values for AB+C (11.34±0.5 kJ mol-1) and BC+A (10.19±0.4 

kJ mol-1), consistent with the partially additive effect found above for A+C 

(Figure 4-7 A).   

 

Figure 4-6 Fitness-pathway landscape. 

This features 6 pathways from WT to the thermostable mutant 
I365L/G506A/H192P/A282P with the ΔΔG‡ as the fitness A, with the ΔTm as the 
fitness B, with the ΔTagg as the fitness C. P1 A-AB-ABC (red); P2 A-AC-ABC (purple); 
P3 B-AB-ABC (green); P4 B-BC-ABC (dark green); P5 C-AC-ABC (cyan); P6 C-BC-
ABC (orange) 
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Figure 4-7 Analysis of epistatic interactions among all the point mutations 
based on kinetic and thermodynamic stability.  

Quantitative analysis of epistatic interactions among the mutations with the ΔΔG‡ as 
the fitness A, with the ΔTm as the fitness B, with the ΔTagg as the fitness C. y=x diagonal 
reflects the additive effect between two mutations. ABC could be formed from 
combinations of C+AB, A+BC, B+AC and two mutations of each combination were 
indicated by red and black. All the mutants were represented by letters: A-Il365L, B-
G506A, C-H192P/A282P, AB-I365L/G506A, AC-I365L/H192P/A282P, BC-
G506A/H192P/A282P, ABC-I365L/G506A/H192P/A282P.  

A quantitative analysis of the epistatic interactions for ΔTm and ΔTagg are shown 

in Figure 4-7 B&C. Improvements in Tm and Tagg upon combination of the 

variants I365L (A) and G506A (B), were both partially additive, in contrast to 

the moderately positive cooperative effect observed for ΔΔG‡ in Figure 4-7 A. 

The different types of cooperativity observed for kinetic (ΔΔG‡) and 

thermodynamic (Tm and Tagg) stabilities of A+B, underlines the observation 

discussed above that the kinetic and thermodynamic stabilities were correlated, 

but that global unfolding was not the only factor to influence kinetic inactivation. 

Ile365 and Gly506 are only 11.8 Å apart within the same hydrophobic core of 

the Pyr domain (Figure 4-8 A) and they are packed onto opposite faces of the 



126  

indole ring of W503 (Figure 4-11). This indirect structural interaction could 

readily mediate their partially additive cooperativity in ΔTm and ΔTagg, and also 

their positive cooperativity in ΔΔG‡. 

The combinations of B+C showed additive effects for ΔTm and ΔTagg, 

consistent with ΔΔG‡. This was expected given that the two mutations in 

H192P/A282P (C) were each located on the surface of the PP domain, and 

nearly 50 Å away from the single mutation G506A (B) in the hydrophobic core 

of the Pyr domain (Figure 4-8 A).  The combinations of A+C showed additive 

effects for ΔTm and ΔTagg, again in contrast to ΔΔG‡ which was partially 

additive.   

The three possible final combination steps leading to ABC, showed distinctly 

different epistatic effects for ΔΔG‡, ΔTm and ΔTagg. As described above, for 

ΔΔG‡, the combination of I365L (A) and H192P/A282P (C) in any context (A+C, 

AB+C, A+BC), was partially additive. By contrast, for ΔTm, partially additive 

effects were observed, but now for the combination of I365L (A) with G506A 

(B) in any context (A+B, A+BC, AC+B).  Finally, for ΔTagg, while A+B was 

partially additive, and A+C was additive, the combination of A and C at the final 

step was positively cooperative, particularly for AB+C. 

All epistatic effects involved I365L (A) and either B or C, but never occurred 

specifically between B and C.  As discussed above, the I365L mutation, in the 

presence of H192P/A282P, also appeared to have a particularly strong 

stabilising influence on the inactivation rate, and this could potentially 

contribute to the epistatic effect found between A+C, AB+C and A+BC.  For 

example, the selective stabilisation by I365L of an aggregation-prone motif in 

the quadruple mutant (ABC) could lead to the positive epistasis in Tagg, while 

remaining additive for Tm.  With the aim of resolving these contrasting epistatic 

behaviours, we explored the variants in MD simulations.  
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4.3.5 MD simulation analysis of the variants  

Molecular dynamics (MD) simulations of WT TK were used to investigate 

flexibility. The original RMSF values were normalized by the average RMSF of 

the whole protein to remove the baseline deviation between different repeats 

as previously in Chapter 3 (Yu et al., 2017). As shown in Figure 4-8 B, the 

flexibilities of His192 and Ala282 were 1.6-fold higher than those of Ile365 and 

Gly506, consistent with their greater proximity to the enzyme surface, and also 

with the previous analysis which found that for WT TK, the pyrophosphate 

(PP)-binding domain (2-322) was more flexible on average than those within 

the pyrimidine (Pyr)-binding domain (323-539) (Yu et al., 2017). Residues in 

deeper regions were also found generally to have higher packing densities 

(Figure 4-8 C). Located in the core region, Ile365 and Gly506 had lower 

flexibilities and higher packing densities compared to His192 and Ala282. 

However, compared to the majority of residues at the same depth, Ile365 and 

Gly506 were relatively more flexible and loosely packed (Figure 4-8). 

Analysis of RMSD 

In order to understand how the mutations interacted, and how they impacted 

on structural flexibility and stability, we compared the flexibilities of the WT, 

H192P/A282P, H192P/A282P/G506A, H192P/A282P/I365L, and the 

quadruple variant H192P/A282P/I365L/G506A. Conformational changes of the 

proteins were first explored by the analysis of RMSD distributions. The 

simulation was run for 30 ns and the backbone RMSD values were calculated 

for the last 10 ns of the trajectory with the average conformation as the 

reference. The distributions of averaged backbone RMSD values from 

triplicate simulations were shown (Figure 4-9). At 300 K, the quadruple variant 

had an RMSD distribution similar to that of WT, whereas those of the other 

three variants were shifted to lower mean values (Figure 4-9 A). H192P/A282P 

had the lowest mean RMSD overall, with H192P/A282P/I365L and 

H192P/A282P/G506A at slightly higher RMSD, indicating that the mutations 
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I365L and G506A might have resulted in increased overall flexibility for the 

enzyme at 300 K. 

A                                                                B 

 

C                                                               D 

 

Figure 4-8 Structural features of mutated residues (His192, red; Ala282, green; 
Ile365, blue; Gly506, cyan).  

A, Distances between Cα atoms of mutant residues shown on the x-ray structure of E. 
coli TK. Image was generated in PyMOL and only the residues in one monomer were 
labelled. The unit of distance is angstrom. B, Correlation between normalized RMSF 
values and depth of all residues. C, Correlation between packing density and depth 
of all residues. D, Correlation between normalized RMSF values and packing density 
of all residues.   
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A 

 

B 

 

Figure 4-9 Flexibility of wild-type TK and variants detected by MD simulations 
at 300K.  

A, Backbone RMSD distributions of the wild-type and mutant TK. The RMSD values 
were calculated with the average conformation of last 10 ns as the reference and only 
the data from last 10-ns trajectory were shown. The bin used here was 0.002 nm. The 
simulations were run in triplicates and the averaged RMSD values were shown. The 
standard deviation of WT and quadruple mutant were shown to indicate the 
significance; B, TK variants structures coloured by normalized RMSF change with WT. 
TK variants structures and RMSF values were achieved from the average of last 10-
ns MD simulation trajectory at 300 K. 
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At 370 K, the variants and WT all had higher and more widely distributed 

RMSD values than at 300 K, suggesting that the proteins became more 

dynamic at the higher temperature as expected. RMSD at 370 K decreased as 

the Tm of several variants including H192P/A282P, H192P/A282P/I365L, and 

H192P/A282P/I365L/G506A increased above that of WT (Figure 4-10 A). 

However, H192P/A282P had the lowest flexibility, and H192P/A282P/G506A 

had an unexpectedly higher flexibility than the WT. H192P/A282P provided the 

greatest step-increase in Tm, consistent with its relatively low native state 

flexibility. I365L and G506A gave more modest increases in thermostability, 

consistent with their lack of further consolidation of flexibility as reflected in 

their RMSD values. Indeed, these two mutations had a tendency to increase 

the global flexibility of the protein compared to H192P/A282P. This indicates 

that the mean RMSD for the whole protein does not necessarily correlate with 

Tm, presumably because unfolding or aggregation is initiated from specific sites 

in the protein whose flexibility may be at odds with the global mean.  

Such poor correlations between stability and flexibility have been reported 

previously (Singh et al., 2015, Karshikoff et al., 2015). Although the mean 

RMSD at 350 K for a lipase variant was increased compared to other variants, 

this was due to enhanced motions of catalytically relevant loops, whereas the 

critical regions relevant to unfolding remained highly structured (Singh et al., 

2015).  
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D                                                           E 

  
 

Figure 4-10 Effect of mutations on the protein structures of TK.  

A, Backbone RMSD distributions of the wild-type and mutant TK at 370 K. The RMSD 
values were calculated with the average conformation of last 10 ns as the reference 
and only the data for the last 10-ns trajectory were shown. The bin used here was 
0.002 nm. The RMSD values shown were the average from triplicate simulations and 
the standard deviation of WT and quadruple mutant were shown to indicate the 
significance. B, TK variants structures coloured by normalized RMSF change with WT. 
TK variants structures were obtained from the average of last 10-ns MD simulation 
trajectory at 370K. C, Normalized RMSF values of stable variants at 370 K. The 
normalized RMSF value of each residue was calculated by dividing the raw RMSF 
value of each residue by the averaged RMSF of all the residues in the protein. The 
aggregation hotspots predicted by AGGRESCAN, PASTA and TANGO were shown. 
D, the local structure around the fragment D81-K96 in the quadruple variant. Four 
mutations H192P, A282P, I365L, G506A were shown as spheres and coloured by red, 
yellow, blue and cyan, respectively. E, Dynamics cross-correlation map for the Cα 
atom pairs of the quadruple variant, H192P/A282P/I365L/G506A. Correlation 
coefficient (Cij) was shown as different colours. Cij with values from 0 to 1 represents 
positive correlations, whereas Cij with values from −1 to 0 represents negative 
correlations.  

Analysis of RMSF 

In order to understand how the four mutations contributed to the improved 

stability, we investigated the local flexibility of each variant based on RMSF 

values. The deviation of normalized RMSF between WT and each variant was 

calculated and used to colour the structures in Figure 4-9 B & 4-10 B, for 300 K 

and 370 K, respectively. These showed that the dynamics of TK variants at 
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300 K were significantly different from those at 370 K. The MD simulations at 

the higher temperature revealed greater local instabilities, and in the short 

simulation, reflected conditions closer to Tm values, therefore providing crucial 

insights relating to thermal protein unfolding, as reported previously (Le et al., 

2012).  

Previously in Chapter 3 for the wild-type TK at 370 K, the pyrophosphate (PP)-

binding domain and the C-terminal domain were found to be more flexible by 

RMSF than the pyrimidine (PYR)-binding domain (Yu et al., 2017).  Compared 

to WT, H192P/A282P had lower flexibility in the PP-domain, indicating local 

stabilisation by H192P and A282P mutations (Figure 4-10 B), but increased 

flexibility in the PYR domain around residues I365 and G506. The introduction 

of I365L or G506A in the variants H192P/A282P/I365L or 

H192P/A282P/G506A, led to decreased flexibility around the I365L and 

G506A mutations in the PYR-domain as expected, and also decreased 

flexibility in the neighbouring C-terminal domain, but conversely increased the 

flexibility around H192P and A282P. Finally, in the quadruple-mutant variant, 

the flexibility around H192P and A282P was once more decreased relative to 

WT, by a similar degree to that in H192P/A282P. This did not further affect the 

flexibility in the PYR or C terminal domains, indicating that only one of the 

mutations I365L or G506A was required to stabilise these regions, but that 

both were required to also stabilise the PP domain. Interestingly, the region 

around Ile/Leu365 remained more flexible than in WT for all variants. 

These results indicated a complex interplay between the dynamics of regions 

around each mutation, that were often distant from each other, such that a 

mutation at one site influenced the dynamics of regions far away from it. This 

has also been reported by many other studies and was believed to contribute 

to long-distance interactions (Verma et al., 2012, Dubay et al., 2011). However, 

most previous studies focused on the relationship between conformational 

dynamics and protein functions such as ligand binding (Whitley and Lee, 2009, 

Popovych et al., 2006, Clarkson et al., 2006). This phenomenon would also 

have major implications when attempting to engineer stabilising mutations, and 
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also for interpreting their experimental impact on Tm.  If it is assumed that 

protein unfolding at high temperature is initiated from flexible regions, then 

local stabilisation of these could shift the initiation sites of unfolding to other 

flexible regions. Additionally, flexibility in some regions would be expected to 

play a more critical role in stabilisation to global unfolding (or aggregation), 

than in other regions.   

While H192P/A282P was less flexible overall (by RMSD) than other variants, 

it had a lower Tm.  Potentially the H192P and A282P mutations decreased the 

local flexibility around these residues but in doing so simply shifted the 

susceptibility to unfolding to alternative initiation sites closer to I365 and G506 

as these became more flexible. This effect would thus soften the impact of 

local stabilisation around H192P and A282P, upon the global stability. 

Subsequent stabilisation of local regions around I365L and G506A, therefore 

led to more global stabilisation as measured by Tm, even though they resulted 

in some increased flexibility around H192P and A282P. This rebalancing of 

local stabilisation around the potential initiation sites for global unfolding, via 

an interplay of dynamics, would explain the partial additivity in Tm observed for 

these mutations. 

 

Figure 4-11 The local structure around Leu365 and Ala506 in the variant of 
H192P/A282P/I365L/G506A.  

The structure of this variant was obtained from the average of the last 10 ns of a 
simulation trajectory at 300 K.  
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In the quadruple variant, regions around I365L became more flexible and the 

regions around G506A, H192P and A282P were less dynamic than in the two 

triple-mutant variants at 370K (Figure 4-10 B).  We investigated the possible 

interactions within the quadruple variant using the structure obtained from the 

average of last 10 ns of simulation trajectory at 300 K. Three hydrophobic 

interactions between Ala506 and Val456, Trp503 and Leu516 were found in 

the variant but not in WT, that could each contribute to the decreased flexibility 

at 370 K (Figure 4-11).  As a result of these hydrophobic interactions, Ala506 

had an enhanced packing density in the variant compared to Gly506 in the WT 

(Figure 4-12).  Glycine has no side chain and so forms few interactions with 

other residues, while its increased backbone flexibility makes it a poor helix-

forming residue. Trp503 and Gly506 are located in an α -helix spanning Gln496 

to Glu508, and so the G506A mutation would also be expected to stabilise the 

helix through decreased backbone flexibility.  

 

Figure 4-12 The packing densities of residues at the positions of 365 and 506 in 
TK wild type and variant.  

Structures of variant H192P/A282P/I365L/G506A used for packing density 
calculations were obtained from last 10-ns MD simulation trajectories at 300K and 
370K. 

Trp503 was also found to form a hydrophobic interaction with both Leu365 in 

the quadruple mutant, and Ile365 in the WT. Trp503 also formed hydrophobic 

interactions with residues Ala364, Phe368, Phe375, Leu428, Tyr430, Val456, 



136  

Val458, Val507 and Leu516 in both wild-type and the quadruple variant (Figure 

4-11). The G506A mutation brought this residue into the network, and hence 

interacted with the I365L via Trp503 in particular, which could readily mediate 

the transmission of dynamic effects, and hence the epistatic interactions 

observed between mutations I365L and G506A in terms of both kinetic and 

thermodynamic stability.   

Epistatic effects of kinetic and thermodynamic stability were different, 

indicating the mutations mediate these two effects at least in part through 

separate mechanisms. The region around mutation I365L became more 

flexible in the quadruple mutant, compared to the triple-mutant variants 

H192P/A282P/I365L and H192P/A282P/G506A, which would explain the 

partially additive effect of Tm and Tagg. On the other hand, the positive 

cooperative epistatic effect of ΔΔG‡ observed for the combination of I365L and 

G506A, could have resulted from their impact on the region around H192P and 

A282P in the PP domain. This region was highly flexible in the two triple-mutant 

variants, but was more rigid in the quadruple mutant. This implicates the PP 

domain as having a particularly key role in the kinetic deactivation of TK. 

In the quadruple variant, in addition to the regions around mutations sites 

H192P, A282P and G506A, a fragment Asp81-Lys96 within the PP domain 

also displayed a significantly decreased flexibility compared to WT at 370 K 

(Figure 4-10 B). It is interesting to find that the normalized RMSF values of this 

fragment were the lowest in the quadruple variant H192P/A282P/I365L/G506A 

among all stable variants including H192P/A282P, H192P/A282P/I365L, 

H192P/A282P/G506A (Figure 4-10 C).  Due to its high flexibility in the WT, this 

fragment would be one of the first regions to unfold at the higher temperature. 

Rigidification of this region could inhibit its unfolding, and hence stabilize the 

protein. This region (Asp81-Lys96), and also Leu265-Ile290 around A282P, 

are less flexible in the quadruple mutant, and importantly they are both 

protecting a predicted aggregation hotspot Asn64-Tyr80, from exposure to 

solvent (Figure 4-10 D).  Stabilization of the fragments Asp81-Lys96, and 

Leu265-Ile290 could each therefore decrease the propensity of 



137  

H192P/A282P/I365L/G506A to aggregate, and hence explain its unusually 

high Tagg value.  

The Asp81-Lys96 region is also stabilised by H192P/A282P, though by less 

than the quadruple variant. However, in H192P/A282P/I365L and 

H192P/A282P/G506A the region is more flexible (though less flexible than in 

WT).  The Leu265-Ile290 region shows similar behaviour. This contributes to 

the epistatic behaviour on the dynamics of these two regions, such that I365L 

and G506A increase their dynamics when introduced into H192P/A282P 

individually, but then decrease their dynamics when both introduced in the final 

quadruple variant, which is consistent with the RMSD values (Figure 4-10 A). 

This is all the more remarkable given that I365L and G506A are 24.6 Å and 

31.7 Å respectively, from either of H192P or A282P, and also distant from the 

surrounding regions, Asp81-Lys96, Leu265-Ile290, and the predicted 

aggregation hotspot Asn64-Tyr80. 

 

Figure 4-13 Dynamics cross-correlation map for the Cα atom pairs within the 
dimer of the quadruple mutant H192P/A282P/I365L/G506A.  

Correlation coefficient (Cij) was shown as different colors. Cij with values from 0 to 1 
represents positive correlations, whereas Cij with values from −1 to 0 represents 
negative correlations. 
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Analysis of DCCM 

In order to understand how the mutations influenced the dynamics distantly, 

we computed dynamics cross-correlation matrices (DCCMs) for the WT and 

variants. Pairwise cross-correlation coefficients (Cij) indicate the extent to 

which the fluctuation of an atom is correlated (or anticorrelated) with one other 

atom, and dynamics cross-correlation maps show the correlation coefficients 

(Cij) between all Cα atom pairs. Cross-correlations were weak between atoms 

of the two different monomers (Figure 4-13), but strong cross-correlations were 

observed between certain regions within the same monomer (Figure 4-10 E & 

4-14). Therefore, we averaged the coefficients from the two chains and 

investigated the dynamics correlations within the same monomer (Figure 4-10 

E & 4-14).  

The dynamics of most regions of structure were not correlated to any other 

region, as seen from significant areas of white space in the DCCM maps 

(Figure 4-10 E & 4-14). Therefore, any pairwise correlations between distant 

regions represented an unusual coupling. The locations for correlated 

dynamics were largely consistent between the WT and variants, such that the 

mutations did not usually create or remove correlations, although some 

variants had more anticorrelated zones than the WT (Figure 4-10 E & 4-14). 

This indicated that while the mutations modified the RMSF in local and 

correlated regions, they did not cause any significant disruption to structure or 

in the networks of interactions linking the mutated regions. 

Most of the cross-correlations were found between structural neighbours, 

which is in agreement with the previous observation that cross-correlations 

decreased with distance (Ichiye and Karplus, 1991). A strong cross-correlation 

was found between Ile/Leu365 and Gly/Ala506, with the correlation coefficient 

higher than 0.3 for the WT and all variants (Figure 4-10 E & 4-14). This was 

expected as they are located closely in the structure. Their correlated 

dynamics could therefore have contributed to the observed epistatic 

interactions between two mutations I365L and G506A for the stability.  
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Figure 4-14 Dynamics cross-correlation map for the Cα atom pairs within 
monomers of wild-type TK and its variants.  

Correlation coefficient (Cij) was shown as different colors. Cij with values from 0 to 1 
represents positive correlations, whereas Cij with values from −1 to 0 represents 
negative correlations. 

The fragment Asp81-Lys96 was rigidified in the more stable variants. The 

dynamics correlation metrics showed that this fragment had a strong positive 

correlation with position 282. This provides a long-range mechanism through 

which the A282P mutation could stabilise the Asp81-Lys96 fragment. Few 

correlations were found between the PP- and Pyr-domains as expected from 

the long distances involved. However, several correlated zones were found 

between fragment 100-230 in the PP domain and fragment 350-500 in the Pyr 

domain. This provides a mechanistic route for the epistatic interactions 

observed between the mutations H192P/A282P (C) and I365L (A) across the 
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two separate domains, which were positive for ΔTagg (in A+BC and AB+C), but 

negative for the inactivation rate (in A + C), and yet simply additive for ΔTm.  

By contrast, G506A (B) and H192P/A282P (C) did not show any significant 

epistasis, for any of the measured properties, and also no dynamics coupling 

was observed between these positions. Therefore, the DCCM values were 

entirely consistent with the observed epistatic effects. 

4.4 Conclusion  

In this chapter, the epistatic interaction was explored between a double 

mutation H192P/A282P located on the surface of the PP-domain, and two 

single mutations I365L and G506A, located distantly in the core region of the 

Pyr-domain. Surprisingly, not all pairwise effects between distant mutations 

from the surface and core regions of different domains were additive. It was 

found that an interplay between the protein dynamics in the two domains could 

readily mediate these long-range epistatic interactions.  

An epistatic interaction was found between I365L and G506A, which were 11.3 

Å apart within the same hydrophobic core of the Pyr domain. This could be 

readily explained where the G506A mutation brought this residue into a 

hydrophobic interaction network containing I365L, through a common 

interaction with residue W503. Such direct structural coupling could readily 

mediate their non-additive epistatic behaviour. I365L and G506A showed 

positive cooperativity for kinetic inactivation, but partial additivity in Tm and Tagg, 

highlighting that global unfolding was not the only influence on the rate of 

thermal inactivation at 5-9 oC below the Tm.   

A partially additive effect on the kinetics of heat inactivation was found between 

the mutation H192P/A282P and I365L, but not with G506A. In the presence of 

H192P/A282P, the I365L mutation had a particularly strong stabilising 

influence on the inactivation rate. MD simulations revealed that introduction of 

I365L into H192P/A282P stabilized the Pyr-domain and the C-domain, but 

increased the dynamics of the PP-domain, where H192P and A282P are 
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located. This long-range effect on dynamics was found to be strongly 

correlated in DCCM analysis between the two regions and could, therefore, 

mediate the epistatic interactions between H192P/A282P and I365L.  

A positive epistatic behaviour in Tagg was found between I365L/G506A and 

H192P/A282P. In contrast to all other variants, the Tagg of the quadruple mutant 

H192P/A282P/I365L/G506A was higher than its Tm, implying that more 

unfolding could occur before aggregation was observed. This indicated the 

selective stabilisation of a region of structure required to unfold prior to 

aggregation. MD simulations at high temperature indicated that a remote 

fragment D81-K96 was rigidified in the quadruple mutant. The DCCM analysis 

revealed a strong correlation between this fragment and A282P mutation, 

which provides a long-range mechanism through which mutation A282P could 

have played a role in stabilizing this fragment. This fragment was close to an 

aggregation hotspot, predicted by three different algorithms. Stabilization of 

this region could therefore decrease the propensity of 

H192P/A282P/I365L/G506A to aggregate, and explain the unusually high Tagg.  

To some degree, increases in Tm could be accounted for by the decreased 

global average RMSD in simulations at 370 K. However, some regions could 

increase while others decreased their flexibility (RMSF), and yet balance out 

overall as a more stable variant despite having a higher RMSD. This can be 

accounted for where unfolding and aggregation is initiated in specific regions 

of the protein and controlled by their particular local flexibilities. Furthermore, 

global unfolding initiation and aggregation propensity are likely to involve 

different regions of structure, and so aggregation kinetics, and Tagg, can be 

readily decoupled from the global stability as measured by Tm. 
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5 Exploiting correlated molecular-dynamics networks to 
counteract enzyme activity-stability trade-off 

5.1 Introduction 

Enzymes are natural catalysts with great potential for industrial applications. 

However, the natural substrate specificity of enzymes often fails to meet the 

requirement of industrial chemists. Directed evolution has been a powerful tool 

to obtain enzyme variants with expanded substrate scope. However, during 

the process of directed evolution for improved activity or substrate specificity, 

stability loss is commonly observed when mutations are accumulated primarily 

for function (Dalby, 2011, Liskova et al., 2015). This negative correlation 

between enzyme stability and activity, the so-called activity-stability trade-off, 

has been well documented (Wang et al., 2002, Siddiqui, 2017, Bloom et al., 

2005). From the point of view of overall protein stability, the active-site 

organization is already inherently unfavourable as functional residues, 

generally polar or charged, are embedded in hydrophobic clefts, sometimes 

with proximal like-charges which have the electrostatic repulsion with 

functional residues (Herzberg and Moult, 1991, Shoichet et al., 1995).  While 

natural enzymes have evolved extensively throughout their entire sequence to 

maintain a delicate balance between function and stability, the introduction of 

a sparse number of function-modifying mutations in a few rounds of directed 

evolution, are highly likely to decrease the stability.  

In order to increase potential use for the synthesis of novel dihydroxy-ketone 

compounds, E. coli TK has been engineered by a series of smart-library 

approaches to expand its substrate scope from phosphorylated to non-

phosphorylated polar acceptors, then to non-polar aliphatic substrates, and on 

to hetero-aromatic and non-polar aromatic substrates, which makes it a great 

model for investigation of the relationship between stability and new functions, 

when using guided, or semi-rational, directed evolution strategies.  
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Saturation mutagenesis was first targeted independently to ten active-site 

residues in contact with cofactor or substrate, and also to the ten least 

conserved second-shell residues (Hibbert et al., 2007). Various single mutants 

gave improved activity towards glycolaldehyde (GA), or propionaldehyde (PA), 

with either enhanced or reversed enantioselectivity (Hibbert et al., 2008, 

Hibbert et al., 2007, Smith et al., 2008). However, a trade-off was found 

between soluble expression levels and specific activity for all single mutants 

(Strafford et al., 2012). The loss of soluble expression level in cells could be 

linked to the loss of stability (Calloni et al., 2005). As the evidence, a single 

mutant D469T showing 5-fold increased specific activity towards PA, gave 53% 

of the soluble expression level observed for wild type, and decreased the 

temperature at which aggregation was induced (Tagg) by 11 oC, reflecting a 

typical activity-stability trade-off (Strafford et al., 2012). A statistical coupling 

analysis (SCA) approach was applied to target networks for re-stabilisation, 

and a solubly expressed double variant D469T/R520Q was identified with 9.6-

fold improved specific activity relative to WT (Strafford et al., 2012).  

Later, saturation mutagenesis of two TK active-site residues within 

D469T/R520Q led to several variants, including S385Y/D469T/R520Q (3M), 

that were active on three benzaldehyde derivatives, in contrast to wild-type TK 

which was active only on non-aromatic aldehydes (Payongsri et al., 2012, 

Payongsri et al., 2015). The kinetic analysis of S385Y/D469T/R520Q, 

interestingly, showed that this variant improved the activities towards the three 

benzaldehyde analogues, 3-formylbenzoic acid (3-FBA), 4-formylbenzoic acid 

(4-FBA) and 3-hydroxybenzaldehyde (3-HBA), in three different ways. The 

crystal structure of S385Y/D469T/R520Q revealed that the directed-evolution 

had generated an evolutionary intermediate with divergent binding modes for 

the three aromatic aldehydes tested (Affaticati et al., 2016).  

The 3M variant is promising for the biocatalytic synthesis of novel aromatic 

dihydroxyketones, and subsequent transamination to access aromatic 

aminodiols such as chloramphenicol analogues. A future aim will be to further 

engineer the function of this variant. However, such a strategy would be most 
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successful when starting from an enzyme with a stability that is at least 

comparable to the wild type. Here we have measured the thermal stability of 

the variant 3M and identified a clear activity-stability trade-off linked to a loss 

in unfolding cooperativity.   

The possible origin of this trade-off was initially investigated using molecular 

dynamics (MD) simulations. It was found that regions around the active-site 

mutations (S385Y/D469T/R520Q) in 3M, and other nearby residues, became 

more flexible at high temperature and led to the decrease in stability and 

unfolding cooperativity. These regions were clustered at the dimer interface 

where it forms parts of the active site. However active-site residues do not 

represent a good target for directed evolution, and less so for rational design, 

due to the risk of compromising the newly-gained activity. In order to restore 

this loss of stability within the 3M variant, we hypothesised that those regions 

outside the active site but correlated by their dynamics to active-site flexibility, 

would be good targets for stabilising mutations. Four mutations including 

H192P, A282P, I365L, and G506A were known to stabilise the wild-type E. coli 

TK (Morris et al., 2016, Yu et al., 2017, Jahromi, 2014), as described in 

Chapters 3 and 4, and were now found to be located in regions whose 

dynamics correlated with the flexible active site in 3M.  Six variants of 3M were 

constructed and characterised, of which four increased the thermostability, and 

yet retained or improved up to 3-fold, the enzyme kinetic parameters for 

aromatic aldehyde substrates.  

5.2 Materials and methods  

5.2.1 Construction, overexpression and purification of enzymes 

Site-Directed mutagenesis was carried out using the methods in Chapter 2, 

section 2.2.3.    

Six new mutants produced from S385Y/D469T/R520Q (3M), were: 

S385Y/D469T/R520Q/H192P (3M/H192P);  
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S385Y/D469T/R520Q/A282P (3M/A282P);  

S385Y/D469T/R520Q/H192P/A282P (5M); 

S385Y/D469T/R520Q/H192P/A282P/I365L (5M/I365L); 

S385Y/D469T/R520Q/H192P/A282P/G506A (5M/G506A); 

S385Y/D469T/R520Q/H192P/A282P/I365L/G506A (7M).  

The enzymes were expressed and purified using the methods in Chapter 2, 

section 2.3.  

5.2.2 Enzyme activity measurement  

With Li-hydroxypyruvate (HPA) as the donor substrate, wild-type TK and its 

variants were tested for reactions with four acceptor substrates glycolaldehyde 

(GA), propionaldehyde (PA), 3-formylbenzoic acid (FBA) and 4-FBA. All 

reactions were run in triplicate at 22 oC. For the substrates of GA and PA, 

reactions were initiated by adding 50 µL of 150 mM Li-HPA and 150 mM GA 

or PA in 50 mM Tris-HCl, pH 7.0 into 100 µL enzymes with concentration of 

0.1 mg/mL. Then, the reactions were quenched at various time over 60 min for 

GA and 24 h for PA, by adding 10 µL sample into 190 µ L 0.1% (v/v) TFA, prior 

to determination by HPLC with an aminex HPx-87H, 300x7.8mm column (Bio-

Rad, UK). For the substrates of 3-FBA and 4-FBA, reactions were initiated by 

adding 100 µL of 150 mM Li-HPA and 150 mM 3-FBA or 4-FBA in 50 mM Tris-

HCl, pH 7.0 into 200 µL enzymes with concentration of 0.1 mg/mL. The 

reactions were quenched at various time over 2 h for 3-FBA and 24 h for 4-

FBA, by adding 20 µL sample into 380 µL 0.1% (v/v), prior to determination by 

HPLC with an ACE5 C18 reverse phase column (150 × 4.6 mm). The methods 

of using HPLC were detailed in the Chapter 2, section 2.4.  

5.2.3 Temperature inactivation of holo-TK 

The methods for investigating the temperature inactivation of enzymes were 

identical to those in Chapter 4, section 4.2.1 except that heating conditions 

were 55 oC for 1 h or 60 oC for 10 min.  
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5.2.4 Enzyme kinetics  

Kinetic parameters were obtained at saturating 50 mM Li-hydroxypyruvate 

levels and a range of 0.5–40 mM 3-FBA in final conditions of 50 mM Tris-HCl, 

2.4 mM ThDP, 9 mM MgCl2, pH 7.0. The mixtures containing enzymes (0.067 

mg/mL) and substrates were incubated at 22 oC for 15 h. Each 20 µL reaction 

samples were taken at 1 min, 3 min, 5 min, 10 min and 15 min and quenched 

by adding 380 µL of 0.1 % (v/v) TFA. Triplicate reactions were monitored using 

HPLC as above. The methods for determining the Km and kcat of wild-type TK 

and the variants were identical to those in Chapter 3, section 3.2.4.  

5.2.5 Interactions network prediction  

The RING 2.0 web server was applied for predicting residue interaction 

networks (Piovesan et al., 2016). Wild-type (1QGD.pdb) and 3M variant 

(5HHT.pdb) structures were used as the input. The distance thresholds were 

set as the option of Relaxed, which corresponds to the distance thresholds 

including hydrogen bond (5.5 Å), salt bridge (5.0 Å) disulphide bond (3.0 Å), 

Van-der-Waals (0.8 Å) and π- π stacking (7.0 Å). During the calculation, the 

network policy was set as the Closest and the interactions with water and 

hetero atoms were not considered. Only the most probable interaction type 

was calculated between a residue pair. The output files were imported to 

Cytoscape for further analysis (Shannon et al., 2003).  

5.3 Results and discussion 

5.3.1 Investigation of the activity-stability trade-off in transketolase  

The variant S385Y/D469T/R520Q (designated 3M), was obtained previously 

by directed evolution towards aromatic aldehyde substrates (Payongsri et al., 

2015). The specific activities for 3M and WT, towards 50 mM of 3-FBA, 4-FBA, 

or 3-HBA determined previously, and also in this work towards 50 mM 

glycolaldehyde (GA) or propionaldehyde (PA), are summarised in Table 5-1. 

Interestingly, the 3M variant retained activity on the aliphatic aldehydes 
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glycolaldehyde (GA) and propionaldehyde (PA), with specific activities of 

0.75 µmol·mg-1 ·min-1 and 1.85 µmol·mg-1 ·min-1 respectively. Thus, directed 

evolution towards 3M not only shifted the substrate specificity towards 

previously unaccepted aromatic aldehydes, but also increased its promiscuity 

when compared to WT TK. 

Table 5-1 Stability and promiscuity of TK variants  

 

 
Specific activity 

(µmol·mg-1 ·min-1) 

GA PA 3-FBAa 4-FBAa 3-HBAa 

WT 48.8(0.3) 0.029(0.001) 0 0 0 
3M 0.75(0.001) 1.85(0.01) 2.31 1.53 0.088 

5M 0.88(0.08) 0.92(0.03) 3.03(0.51) 1.17(0.03) 0.29(0.005) 

7M 1.14(0.09) 1.90(0.24) 2.36(0.57) 3.01(0.44) 0.19(0.01) 

a Specific activity data for WT and 3M from Payongsri et al., 2015. The specific 

activities were measured in 50 mM Tris-HCl, 2.4 mM ThDP, 9 mM MgCl2, pH 7.0, 

towards 50 mM 3-FBA/50 mM HPA, 30 mM 4-FBA/50 mM HPA and 15 mM 3-

HBA/30 mM HPA, respectively.  

3M, S385Y/D469T/R520Q; 5M, H192P/A282P/S385Y/D469T/R520Q;  

7M, H192P/A282P/I365L/S385Y/D469T/G506A/R520Q. 

The thermal transition midpoint temperatures, Tm, were determined from 

intrinsic fluorescence measurements on WT and the variant 

S385Y/D469T/R520Q for comparison (Figure 5-1 A). Their aggregation onset 

temperatures, Tagg, were simultaneously determined from static light scattering 

measurements (Figure 5-1 B). The Tm and Tagg values of the 3M variant were 

2.3 oC and 3.1 oC lower respectively, than those of WT (Table 5-1), suggesting 

that the variant achieved new functions with a significant trade-off in thermal 

stability. 
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Figure 5-1 Thermal stability of TK WT and the S385Y/D469T/R520Q (3M) variant.  

A, thermal transition mid-point (Tm) determination by intrinsic fluorescence. B, 
aggregation onset temperature (Tagg) determination by static light scattering. 
 

5.3.2 MD simulations to explore the origin of activity-stability trade-off 

Variant 3M became more flexible  

MD simulations were applied to investigate the flexibility changes of the 3M 

variant structure at 300 K and 370 K. RMSD values calculated relative to the 

starting structure for the backbones of all residues, were used to explore the 

overall conformational flexibility of the native structure (Figure 5-2 A). The 

RMSD values calculated from MD simulations were higher at 370 K than at 

300 K reflecting that MD simulation could effectively depict the thermal motion 

information of the structure. MD simulations were run for 30 ns and during most 

of that time, the RMSD values of the 3M variant were higher than those of WT, 

at both 300 K and 370 K, indicating increased conformational flexibility in the 

3M variant, which would have contributed to the decreased stability of 3M. The 

differences between the RMSD values of 3M and WT were higher at 370 K 

than at 300 K, implying that the higher temperature provided a more sensitive 

probe of the impact of the mutations on the protein flexibility, and could also 

potentially give more insight into the onset of protein unfolding (Figure 5-2 A).  

Variant 3M destabilized local structures at the dimer interface 
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The local flexibilities of 3M were further analysed from the normalized RMSF 

values at 370 K as previously in Chapter 3 (Yu et al., 2017) (Figure 5-2 B). 

Compared to WT, 3M had higher flexibility (red zones in Figure 5-2 B) 

predominantly within five local regions around the mutation sites S385Y and 

D469T, and also around Gly104, Trp196 and Glu646, that were all co-located 

at the interface between the two TK monomers (Figure 5-2 C). This dimer 

interface network was connected end-to-end in a continuous stripe across the 

protein. The structure alignment between WT and 3M indicated that these 

flexible regions in 3M underwent significant local unfolding during the 

simulation at 370 K (Figure 5-2 C). For example, the region around Glu646 

was α-helical at 12.5 ns for both the WT and 3M. However, this helix was lost 

at 20 ns and 30 ns in 3M, but remained structured in WT (Figure 5-2 C). Similar 

local unfolding was also found for the region around Ser/Tyr385 in 3M, while 

significant movement in the positions of Gly104 and Thr469 could also be 

observed between the different time points for 3M, compared to WT (Figure 5-

2 C). This increased flexibility and local unfolding at the dimer interface in 3M 

would have weakened the interactions between monomers and resulted in 

destabilisation of the whole structure. The five flexible regions identified in 3M 

formed a structural interaction network, and the increased flexibility in 3M 

appears to have resulted from a net removal of interactions across the network 

(Figure 5-3). For example, the D469T mutation removed two salt bridges with 

Arg91 and His100, and replaced them with weaker hydrogen bond interactions. 

D469T also removed two hydrogen bonds to Gly99 and His26 (Figure 5-3). 

R520Q removed hydrogen bonds to Glu468, Leu466, and Gly465, which 

removed the direct connection with Thr469 (Figure 5-3).  S385Y removed a 

hydrogen bond to Ala383 but established a new van der Waals contact with 

Ile189, and a new hydrogen bond with Gly262 (Figure 5-3).  

The three active-site mutations S385Y, D469T and R520Q that formed 3M 

from WT, also induced a decrease in flexibility at two sites, spanning N185-

H192 and T245-T257 (blue zones in Figure 5-2 B). The fragment N185-H192 

is also located in the dimer interface and formed several hydrogen bonds 

including Ser188-Asp381, Ile189-Asp381, Asp190-Asp381, Asp190-His406 

between the two monomers in both the WT and 3M, whereas the fragment of 
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T245-T257 does not form any interactions across the dimer interface (Figure 

5-2 C). Interestingly, these two regions were identified previously as highly 

flexible surface loops in WT, and were consequently selected as mutation 

targets for engineering thermostability in Chapter 3. Stabilization of these two 

fragments in 3M thus may have at least partially offset the destabilizing effect 

of the five flexible regions towards protein unfolding at high temperatures.  

 

A 

 
B 
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Figure 5-2 MD simulation analysis of 3M variant.  

A, Comparison of backbone RMSD values of WT and the 3M variant calculated from 
triplicate 30-ns MD simulations at 300 K and 370 K with respect to minimized 
structures. B, Comparion of normalized RMSF of WT and the 3M variant. Red, 
residues with RMSF values difference between variant and WT higher than 0.2; blue, 
residues with  RMSF values difference lower than -0.2. The normalized RMSF value 
of each residue was calculated by dividing the raw RMSF value of each residue by 
the averaged RMSF of all the residues in the protein. C, Simulation snapshots 
alignment for WT and 3M. Lightgreen, chain A; lightblue, chain B; red, flexible regions 
in the 3M including G99-Y105, G195-D200, D381-N386, L466-G470, V630-K660; 
blue, regions stabilised in the 3M including N185-H192 and T245-T257. The five 
flexible residues in the 3M was shown as spheres. D, Dynamics cross correlation map 
(DCCM) for the Cα atom pairs of the 3M variant. The last 10-ns MD simulation 
trajectory at 370 K was used for the measurement of DCCM. The average of triplicate 
runs was shown.  
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5.3.3 Engineering 3M for improved stability 

The decreased stability of S385Y/D469T/R520Q (3M), could hamper the 

design of new variants aimed at improving the bioconversions with aromatic 

aldehydes, but also constrains the use of 3M at elevated temperatures that 

enhance the solubility of aromatic substrates in water. The strategy of RFS 

(rigidifying flexible sites) has been proven to be a powerful method to improve 

the stability of enzymes (Yu and Huang, 2014).  Using both the RFS, and also 

a consensus mutation approach, several variants of WT transketolase were 

found previously to be more thermostable in Chapters 3 and 4 (Morris et al., 

2016, Yu et al., 2017, Jahromi, 2014, Yu and Dalby, 2018). One option might 

be to explore the WT-stabilising mutations within 3M. However, the flexible 

regions that were originally targeted for stabilisation by RFS in WT, would not 

a priori appear to be good targets for stabilisation of the 3M variant. For 

example, the highly flexible region W279-I290 in WT was stabilised previously 

with the A282P mutation in Chapter 3 (Yu et al., 2017), but this region was no 

longer highly flexible in the 3M variant (Figure 5-2 B). Similarly, the flexible 

region N185-H192 in WT was the target for the H192P mutation in Chapter 3, 

but this region was also less flexible in 3M.  Even the highly flexible loop T245-

T257 targeted in WT but without yielding any stabilizing mutations in Chapter 

3 (Yu et al., 2017), was already significantly rigidified in 3M. 

In order to engineer stability of 3M, a better option might be to directly rigidify 

the flexible regions identified by MD simulations (Figure 5-2 B). However, these 

regions also formed the active site of the 3M variant, and involved the 

mutations that introduced the new activity towards aromatic aldehydes. 

Modifying them risked the loss of this activity in a reverse of the activity-stability 

trade-off.  

In the Chapter 4, we found that the dynamics underpinning the flexibility of 

different regions of TK were highly correlated across long distances (Yu and 

Dalby, 2018). Specifically, a mutation at one site could influence the dynamics 

of regions far away from it. Additionally, SCA (statistical coupling analysis) 
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previously has also been used to identify evolutionarily correlated networks of 

residues that included the active site residues mutated for function. Screening 

of libraries targeted to one of these networks led to the R520Q mutation that 

stabilised TK-variant D469T, sufficiently to restore soluble expression 

(Strafford et al., 2012), and enable the subsequent active-site mutation S385Y 

to form variant 3M (Payongsri et al., 2015). Inspired by these findings, we 

hypothesised here that regions outside the active site, but whose dynamics 

were highly correlated to the flexible regions within the active site at the dimer 

interface, would provide good targets for stabilising mutations, even if those 

target sites were not themselves highly flexible.  

In order to identify the regions dynamically correlated with the flexible active-

site regions in 3M, we computed the dynamics cross correlation map (DCCM) 

for 3M. The regions undergoing flexibility change (Figure 5-2 B) also showed 

good dynamics correlations with each other (Figure 5-2 D). For example, the 

region around Tyr385 maintained a strong positive correlation with the region 

around Thr469, whereas Thr469 displayed a positive correlation with the 

region around Glu646 in the C-terminal (Figure 5-2 D). Additionally, the regions 

around Tyr385 and Thr469 also showed negative (anti-)correlation with the 

dynamics in fragments across residues 250-300, that accounted for the 

stabilization of regions T245-T257 and W279-I290 in 3M.  

The dynamics of other regions were also strongly correlated with those of the 

highly flexible 3M active-site/ dimer-interface regions centred around Tyr385 

and Thr469. These included anti-correlation with fragment 1-50, and positive 

dynamics correlation with the regions around residues 125, 360, and 500. 

Each of these regions retained a similar overall degree of flexibility between 

3M and WT, and so only the direction and not the amplitude of these motions 

became correlated to those in the 3M active-site/ dimer-interface. 

Interestingly, some of the mutations that stabilized WT TK previously are 

located in the regions that had highly-correlated dynamics with the highly 

flexible active-site/dimer-interface regions of 3M. For example, the mutation 
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H192P is located in the fragment N185-H192 which had decreased flexibility 

in 3M, and has direct interactions with the region around Tyr385 (Figure 5-2 

C). Similarly, the mutation A282P is located in the region 250-300 which was 

significantly less flexible in 3M compared to WT, but nevertheless had 

dynamics that were anti-correlated with those in regions around Tyr385 or 

Thr469. Finally, the mutations I365L and G506A are located in regions that 

had positive dynamics correlations with the flexible active-site regions in 3M.  

Therefore, to test our hypothesis, we introduced these mutations into the 3M 

variant to examine whether they would stabilize 3M via the correlated-

dynamics network. 

A
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Figure 5-3 Residue interaction networks of the local region around mutations 
for WT and 3M variant. 

A, interaction network for WT calculated using 1QGD.pdb. B, interaction network for 
3M variant calculated using 5HHT.pdb. The RING 2.0 web server was applied for 
predicting residue interaction networks. Nodes corresponding to residues in two 
proteins are coloured by red (mutation sites), green (residues directly connecting with 
mutation sites), grey (residues indirectly connecting with mutation sites). Edges 
corresponding to the non-covalent interactions are coloured by different types. Solid 
black lines represent Van der Waals interactions, the blue dashed line corresponds 
to hydrogen bonds, the red dashed line corresponds to salt bridges, the pink dashed 
line corresponds to π-π stacking. 
 

5.3.4 Residual activities of TK mutants after heating 

Six new variants 3M/H192P, 3M/A282P, 3M/H192P/A282P (5M), 5M/I365L, 

5M/G506A and 5M/I365L/G506A (7M) were constructed. As in previous 

Chapters and work (Yu et al., 2017, Morris et al., 2016), the thermostability of 

the TK variants was evaluated from their residual activity after temporarily 

heating at an elevated temperature. Of the six new variants constructed, 5M, 

5M/I365L, 5M/G506A and 7M showed increased residual activity after heating 

at 55 oC for 1 h, whereas the other two variants 3M/H192P and 3M/A282P 
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each retained a similar activity to 3M after heating. When heated at 60 oC for 

10 min, the variant 3M retained only 0.9% activity (Figure 5-4 A) and again 

variants 3M/H192P and 3M/A282P retained a similar level of activity to 3M. 

Interestingly, 5M also only retained 2.7% of the initial activity, suggesting that 

60 oC was leading to more extensive thermal unfolding-induced aggregation of 

5M. By contrast, 5M/I365L showed the highest residual activity of 32%, nearly 

35-fold higher than that of 3M after heating at 60 oC. Two other variants, 

5M/G506A and 7M, also displayed respectively, 17-fold and 27.8-fold 

improvements in residual activity compared to 3M, after heating at 60 oC 

(Figure 5-4 A).  

 

Figure 5-4 Thermal stability of TK variants.  

A, the residual activity of TK variants. B, second-order kinetics of activity loss for TK 
variants at 55 oC.  
 

5.3.5 Measurement of half-life for stable variants 

The half-life for the loss of enzyme activity at 55 °C was also determined for 

the four variants showing the highest residual activities relative to 3M, including 

5M, 5M/I365L, 5M/G506A and 7M. The 3M variant lost activity rapidly at 55 oC 

and maintained only 4.6% of the initial activity after 120 min, whereas 5M, 

5M/I365L, 5M/G506A and 7M had residual activities of 19.8%, 40.7%, 31.4% 

and 34.8% respectively (Figure 5-5). The degradation rate constant, kd, was 

calculated by fitting the denaturation data to a second-order degradation 
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function (Figure 5-4 B). All four of the new variants had a lower kd than 3M, 

indicating that the new variants deactivated more slowly. 5M/I365L had the 

longest half-life of 102.5 min, a 17-fold improvement over that for the 3M 

variant. The variants 5M, 5M/G506A and 7M also had 5.9-fold, 9.8-fold and 

10.8-fold improved half-lives above that of 3M, with values of 35.8 min, 59.9 

min and 65.8 min respectively (Table 5-2). 

 

Figure 5-5 Inactivation profiles of TK variants at 55 oC.   

5.3.6 Thermodynamic stability of TK variants  

The thermal transition mid-points, Tm, and aggregation onset temperatures, 

Tagg, were also measured for the new variants. The Tm values for variants 

3M/H192P, 3M/A282P and 5M were essentially unchanged from that of the 3M 

variant, whereas 5M/I365L, 5M/G506A and 7M increased the Tm over that of 

3M, by 1.5 oC, 1.3 oC and 2.9 oC, respectively (Table 5-2). It was interesting to 

find that the Tm of the variant 7M was even 0.6 oC higher than that of WT, 

indicating the successful reversal of the thermal stability lost in the 3M variant 

(Table 5-2). The increased Tm values of the variants were consistent with the 

improved residual activities observed after incubation for 10 min at 60 °C. 
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Figure 5-6 Correlation between Tm or f55 and deactivation rate constant for TK 
variants.  

 (●) 3M, 5M, 5M/I365L, 5M/G506A, 7M; (▲) 5M/I365L  

The thermodynamic stability, as measured indirectly by Tm, and more 

specifically by the fraction unfolded at 55 °C, f55, can reveal the extent to which 

global unfolding is important in inactivation by aggregation. 5M/I365L had the 

longest half-life but its Tm was not the highest among the variants constructed. 

We therefore examined the linear correlations between Tm or f55 and the 

second-order degradation rate constant at 55 oC (Figure 5-6 & Table 5-2). The 

correlation between Tm and degradation rate was not good, whereas f55 

indicated a potential correlation but with 5M/I365L as an outlier, indicating that 

global unfolding had a significant influence on the relative inactivation rates of 

the variants at 55 oC. For all variants, f55 > 0.02 (2%) which is just above the 

1% threshold observed by us previously for other proteins, as the point at which 

the role of global unfolding in aggregation kinetics becomes relatively 

insignificant compared with local fluctuations in the native ensembles 

(Chakroun et al., 2016, Zhang et al., 2018, Robinson et al., 2018). 
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Figure 5-7 Thermal aggregation profiles detected by static light scattering for 
the WT and variants.  

The SLS266 data were normalized for comparison.   

Consistent with its Tm, variant 7M had the highest Tagg value of 64.1 oC, which 

was 4.3 oC higher than that of 3M, and 1.2 oC higher than that of WT, indicating 

an increased tolerance to thermally-induced aggregation (Figure 5-7, Table 5-

2). 5M and 5M/G506A also increased the Tagg by 1.6 oC and 2 oC, while those 

of 3M/H192P and 3M/A282P were essentially unchanged from that of the 

variant 3M (Table 5-2). 5M/I365L gave a dramatically different aggregation 

profile to all the other variants (Figure 5-7). Its SLS signal increased slowly 

from 50 oC, but then more rapidly at above 64.0 oC. This behaviour may be 

linked to its improved kinetic stability, as indicated by its residual activity and 

half-life measurements, but the mechanism is not clear. 
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Table 5-2 Characteristics of variant TKs  

a Half-life at 55 °C, in 50 mM Tris-HCl, pH 7.0, 2.4 mM ThDP, 9 mM Mg2+ 

b Half-life of WT was 4.0 ±0.3 min at 60 oC, in 50 mM Tris-HCl, pH 7.0, 2.4 mM ThDP, 9 mM Mg2+ 

c Enzyme kinetic parameters for 3-FBA at 22 °C, 50 mM HPA, 50 mM Tris-HCl, pH 7.0, 2.4 mM ThDP, 9 mM Mg2+ 

5.3.7 Kinetic studies of TK variants  

Michaelis-Menten kinetics at saturating (50 mM) Li-HPA, and varying 

concentrations of 3-FBA were carried out to better understand the influence of 

mutations upon the enzyme kinetics at 22 °C. All the new variants maintained 

comparable Km and kcat to the variant 3M, with only 5M showing a 50% increase 

in kcat/Km (mainly due to Km). This indicated that the activity profile of the WT 

was not re-established when the lost thermostability was re-engineered into 

the 3M variant using the mutations known to stabilise the WT (Table 5-2).  The 

overall impact on promiscuity was also evaluated for 5M and 7M, for 

comparison to 3M and WT (Table 5-1).  Interestingly, the variants 3M, 5M and 

7M had different effects on each of the substrates, with stabilisation often also 

leading to increased activity. 

For GA, the activity increased slightly from 3M to 5M, and also to 7M, giving a 

50% increase overall. For PA, the activity decreased 50% from 3M to 5M, but 

increased back to the same level of 3M in 7M. For 3-FBA, the activity increased 

30% from 3M to 5M and then decreased again in 7M.  For 4-FBA, the activity 

decreased from 3M to 5M, but then increased in 7M such that it was double 

 Tm 
(oC) ∆Svh f55 Tagg 

(oC) 
kd *103 

(%-1 min-1) 
Half life 

t1/2 (min)a 
Km 

(mM)c 
kcat 
(s-1) 

kcat/Km 

(s-1 M-1) 

WT 65.4 (0.08) 0.27 (0.04) 0.014(0.006) 62.9(0.5) nd ndb nd nd nd 

3M 62.9 (0.4) 0.18 (0.003) 0.091(0.005) 59.8(0.3) 1.65(0.19) 6.1(0.4) 2.3(0.3) 2.8(0.1) 1217 

3M/ 
H192P 63.4 (0.4) 0.24 (0.02) 0.046(0.003) 60.1(0.4) nd nd 2.2(0.4) 3.5(0.1)  1591 

3M/ 
A282P 63.5 (0.5) 0.18 (0.01) 0.09(0.01) 61.0(0.7) nd nd 2.1(0.2) 3.2(0.3)  1524 

5M 62.8 (0.2) 0.20 (0.05) 0.044(0.006) 61.4(0.7) 0.28 (0.03) 36(2) 1.3(0.2) 2.9(0.1)  2231 

5M/ 
I365L 64.4 (0.1) 0.22 (0.1) 0.053(0.002) 64.0(0.6) 0.098 (0.01) 103(6) 1.3(0.4) 2.1(0.3)  1615 

5M/ 
G506A 64.2 (0.3) 0.30 (0.08) 0.034(0.006) 61.8(0.2) 0.17 (0.02) 60(4) 2.7(0.4) 3.9(0.2)  1444 

7M 65.8 (0.2) 0.25 (0.05) 0.023(0.009) 64.1(0.5) 0.15 (0.02) 66(4) 2.3(0.3) 3.8(0.3) 1652 
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that of 3M.  Finally, for 3-HBA, the activities of 5M and 7M were 3.3-fold and 

two-fold higher than for 3M, respectively.  

5.3.8 Comparison of the effects of mutations on WT and 3M   

Six variants H192P, A282P, H192P/A282P, H192P/A282P/I365L, 

H192P/A282P/G506A and H192P/A282P/I365L/G506A have been created 

into WT previously, and now also into 3M. It was of interest to compare the 

effects of each variant on stability when introduced into each parent, and these 

were represented as the differences in Tm of the variants relative to those of 

their respective parents (∆Tm). The corresponding ∆Tm values in each parent 
had a reasonable correlation (R2 of 0.61), a slope of 0.5, and an intercept of 

2 °C on the WT axis (Figure 5-8 A). This indicated that the effects of each 

mutation in the two templates were related, but with considerable differences, 

particularly in the overall magnitudes of effects. The fact that the effects were 

not identical is consistent with the differences in flexibility between WT and 3M, 

both at the target sites for mutations, and at the active-site/dimer-interface. 

Previous correlations in ∆Tm between proteins of similar function and a shared 

conservation of residues critical to function have been much higher, with a 

correlation co-efficient of 0.82 reported for the impact of mutations on stability 

when introduced into influenza nucleoprotein homologs of 72% sequence 

identity (Ashenberg et al., 2013). By contrast, WT and 3M have different 

functions, and the three mutated residues in 3M Ser385, Asp469, Arg520 were 

highly conserved across 52 homologous TK sequences (Costelloe et al., 2008). 

Hence, the specific structural effects of the stabilising mutations appear to 

have changed despite the overall high sequence identity, due to the altered 

patterns of flexibility around the active site in 3M. 
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Figure 5-8 Mutation effect comparison of variants introduced in WT and 3M 
variant.  

A, Effect of mutations on Tm for the TK variants. y=x diagonal was shown in the figure. 
B, correlation between Tm and van’t Hoff entropy for all variants. Variants constructed 
with WT as the template (●); Variants constructed with 3M as the template (○).  

A partial correlation between Tm and f55 indicated that the co-operativity of 

unfolding was also changing between the variants, and this was indeed 

reflected in their ∆Svh (Table 5-2). The WT holo-TK homodimer was found 

previously to thermally unfold each three-domain monomer, and also 

dissociate from dimer to monomer, in a single cooperative event (Martinez-

Torres et al., 2007). Decreased unfolding cooperativity for variants would 

therefore indicate the decoupled denaturation of at least one structural element 

from the rest, due to either selective stabilisation or destabilization. We 

examined the correlations between Tm and ∆Svh, comparing the variants in 3M, 

to the equivalent variants in WT (Figure 5-8 B). In Chapter 4, the mutations 

that stabilised WT improved the Tm yet also led to lower ∆Svh values, indicating 

a decrease in unfolding cooperativity due to the selective stabilisation of one 

structural feature of the WT TK. Meanwhile, the 3M variant engineered 

previously in WT for altered activity, had a lower Tm, but also a lower ∆Svh, 

suggesting decreased stability within a structural region affected by the active-

site mutations (Table 5-2). Introducing the same WT-stabilising mutations into 

3M also increased the Tm, but in contrast to WT they increased ∆Svh, and hence 

the unfolding cooperativity (Table 5-2 & Figure 5-8 B). Successive variants 
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improved the unfolding cooperativity of 3M until variant 7M had the same ∆Svh 

as WT (Figure 5-8 B). This difference in behaviour indicates that introducing 

the WT-stabilising mutations into 3M had specifically restabilised the structural 

features that were destabilised in 3M. This observation was consistent with our 

original hypothesis, but further evidence was required to confirm that the 

mutations restabilised the 3M active-site flexibility via the previously identified 

dynamically coupled network.  

5.3.9 MD simulations analysis of TK variants  

3M and WT variants had different number of distinct conformational 
states  

RMSD values calculated for the backbones of all residues, were used to 

explore the overall flexibility of the whole structure (Figure 5-9 A). The 

distributions of RMSD throughout showed differences in the number of distinct 

conformational states sampled for each variant. The number of distinct 

conformational states sampled for 3M was significantly higher than that of WT. 

The simulation snapshots alignment for WT and 3M also clearly showed that 

3M populated distinct alternative conformations at several time points in the 

simulation, while the WT tended to remain in similar states (Figure 5-2 C). This 

reflects access to a wider range of distinct structural conformational states for 

3M than for WT, and further explains the lower unfolding cooperativity 

observed for 3M compared to WT, as measured by a significant decrease in 

∆Svh (Table 5-2).  

WT also showed a minor population of a second conformational state in its 

RMSD distribution (Figure 5-9 A). Alignment of snapshots from the MD 

simulation revealed that the movement of the PP-binding domain was more 

significant compared to other regions including the Pyr-binding domain and the 

C-terminal domain, particularly the two loops 245-257 and 185-200 targeted 

previously for engineering thermostability (Figure 5-10) (Yu et al., 2017). This 

could lead to an increase in the RMSD values and hence displayed two states 
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of the RMSD distribution. The significant movement of these two loops might 

also explain why multiple transitions were observed previously for TK during 

urea denaturation (Martinez-Torres et al., 2007). Interestingly, only a single 

transition was observed in the process of thermal unfolding (Figure 5-1 A). As 

the second state due to movement of the two loops is at a relatively low 

population on average, and only one fluorophore, Trp196, is located in these 

regions, the signal could be relatively silent when measuring the melting 

temperature based on fluorescence. Surprisingly, the variants tended to 

increase the number of states for WT, but decreased the number of states for 

3M (Figure 5-9 A). This was consistent with the observation that variants of 

WT decreased the unfolding cooperativity, and that variants of 3M had higher 

unfolding cooperativity (Figure 5-8 B). The greater number of conformational 

states observed in the simulations potentially indicate selective local unfolding 

or stabilisation of at least one structural element that is decoupled from global 

unfolding of the rest. However, RMSD distributions are not sufficient to 

determine the number of conformational states. Instead, a multidimensional 

conformation clustering method might be used to classify conformational 

states (Li and Daggett, 1994). Additionally, the triplicate 30-ns simulation 

trajectories might not be enough to sample all possible conformational states. 

We therefore analysed the RMSF for all the variants, to verify if some regions 

were stabilized or destabilized.  
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Figure 5-9 Flexibility comparison between WT and its variants.  

A, Distribution of backbone RMSD values from 30-ns simulation trajectories at 370 K. 
The RMSD values were the average from triplicate simulations and calculated with 
the starting structure as the reference. The bin for the distribution is 0.005 nm. B, a 
heat map indicating the normalized RMSF values of TK variants at 370 K. C, a heat 
map showing the difference of variants in normalized RMSF with their templates WT 
(top half) or 3M (bottom half). The DRMSF values larger than 0.2 were indicated by 
red, lower than -0.2 were indicated by blue, larger than -0.2 and lower than 0.2 were 
indicated by white. HP, H192P; AP, A282P; IL, I365L; GA, G506A. D, Structure of 
variants coloured by the normalized RMSF change relative to WT (top row) or 3M 
(bottom row). The surface was shown for the regions undergoing significant flexible 
change. Red, high values; blue, low values.  

 

Figure 5-10 Alignment of snapshots from the MD simulation of WT at 370 K. 

A, Alignment of single chain structure at different time points. PP, phosphate binding 
domain; Pyr, pyridine binding domain; C, C-terminal. B, top view of PP-binding domain 
in the structures alignment.  green, 5 ns; cyan, 7.5 ns; purple, 10 ns; yellow, 20 ns; 
pink, 30 ns 
 

Mutations in 3M and WT stabilised different structures within the same 
correlated network 

In order to understand which structural features were stabilised or destabilised 

in the variants of both WT and 3M, relative to the initial structural dynamics and 

stabilities of their respective parents, we investigated the normalized RMSF 
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values for all variants at 370 K (Figure 5-9 B) and calculated the DRMSF 

between the variants and their respective parents (Figure 5-9 C). The 

structures of variants are shown in Figure 5-9 D, coloured at the residue level 

by their respective DRMSF values. The heat maps showed that the variants 

did not alter the flexibility significantly in most of the structure (white zones in 

Figure 5-9 C). Rather, the impact of each mutation in either WT or 3M, 

increased (red in Figure 5-9 C) or decreased (blue in Figure 5-9 C) the flexibility 

in a finite number of local structural regions, predominantly D81-K96, G99-

Y105, Q136-D143, N185-H192, G195-D200, T245-A282, D381-N386, 

D469(T), and V630-K660. Apart from D381-N386, found to change only in 3M 

and its variants, these regions were common to both WT and 3M variants.  

Most of the five regions destabilised in 3M (around residues Gly104, Trp196, 

Ser385, Asp469 and Glu646), became re-stabilized in the variants of 3M 

(Figure 5-9 C & D), while additional regions were also stabilized, including D81-

K96, I270-E285 in the 7M variant. Applying the same mutations in 3M and WT 

confined their impact on flexibility to within the same correlated network, but 

the specific regions of structure stabilized in WT and in 3M were different 

(Figure 5-9 C & D). Accordingly, any specific regions of structure that became 

destabilised, were also different between equivalent variants of 3M and WT 

(Figure 5-9 D). This confirmed our hypothesis that regions outside the active 

site, but closely coupled through correlation of their dynamics, could provide 

good targets for stabilising mutations, even if the target sites were not ranked 

as the most flexible. This is possible because the mutations can exert their 

effects across the correlated dynamics network. This effect also explains the 

partially correlated, but different impacts of applying the same mutations to the 

two templates WT and 3M (Figure 5-8 A).  

Changes in flexibility across the correlated network explain the unfolding 
cooperativity 

The distribution of flexibility across the correlated network described above can 

explain the loss of unfolding cooperativity in 3M compared to WT, but also why 
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the same stabilizing mutations then increased the unfolding cooperativity in the 

3M variants back to WT levels, and yet decreased it in the variants of WT. 

Increased flexibility at the dimer interface in 3M would have weakened the 

interaction between monomers, which could then dissociate the two monomers 

slightly earlier than monomer unfolding during thermal ramping. This would 

produce both the observed decrease in Tm for 3M, and also its lower unfolding 

cooperativity (Figure 5-8 B). 

The mutations in 3M and WT then had different impacts on the flexibilities of 

each region within the correlated network. For example, the regions around 

residues 251 and 520 were rigidified by the mutations in WT, but not in 3M 

(Figure 5-9 C). The flexibility of the loop at T245-T257 and a neighbouring 

region H258-A282, comprising two surface helices plus a loop, were changed 

dramatically by the mutations in WT (Figure 5-9 D). These regions were more 

distant from the dimer interface and located on the surface of the PP-domain 

of TK. The two mutations H192P and A282P were located close to this region, 

and neither mutation on its own could stabilize the T245-T257 loop, leaving 

part of it more flexible than WT (Figure 5-9 C). However, the combined effect 

of these two single mutations rigidified the T245-T257 loop (Figure 5-9 D). 

Subsequent mutations by either I365L or G506A increased the flexibility of 

H258-A282 to above that in WT, while the quadruple variant 

H192P/A282P/I365L/G506A rigidified it again (Figure 5-9 C & D). Overall, the 

selective stabilisation of the surface region spanning T245-A282 in WT 

variants, would delay monomer unfolding relative to dimer dissociation during 

thermal ramping, which then explains the gradual increase in Tm for WT 

variants, but also their stepwise decreases in unfolding cooperativity (Figure 

5-8 B). Variants of WT led to mixed impact on the flexibility at the dimer 

interface, with some regions stabilised (H94-G108, N185-H192, E642-G649), 

and others destabilised (G195-D200). Therefore, changes at the dimer 

interface in WT variants were unlikely to have contributed significantly to 

changes in Tm or unfolding cooperativity. This contrasts with the 3M variant 

itself, for which the dimer interface was much more flexible than in WT. 
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The five flexible active-site/ dimer-interface regions focussed around residues 

385 and 469 in 3M, were stabilized in the 3M variants, with their flexibility 

restored to the low levels found in WT (Figure 5-9 C & D). This accounts for 

the gradual return from low unfolding cooperativity in 3M, to the higher 

unfolding cooperativity in 7M equivalent to that found in WT. Some highly 

flexible regions in WT were already rigidified in 3M, including T245-T257, 

W279-I290 targeted previously with the A282P mutation (Yu et al., 2017), and 

N185-H192 targeted in WT by the H192P mutation (Figure 5-2 B). These 

differences explain why the H192P and A282P mutations had little impact 

initially on the stability of 3M compared to in WT (Table 5-2). However, the 

initial H192P and A282P mutations of 3M almost exactly reversed the changes 

in flexibility that occurred in forming 3M from WT, including restoration of the 

high flexibility of T245-T257. These effects were balanced out by a 

simultaneous increase in the flexibility around residues H258-A282, which thus 

led to no gain in Tm (Figure 5-9 C, Table 5-2). The mutations I365L and G506A 

leading to variants 5M/G506A and 7M within 3M, were originally targeted as 

consensus mutations in WT, and yet led back again to lower flexibility in the 

entire T245-T257 and H258-A282 region (Figure 5-9 C & D). The ability of 

I365L and G506A to have a stabilizing impact in the 3M variant series, was 

thus facilitated by the earlier restoration of high flexibility at T245-T257, and 

increased flexibility at H258-A282 in the 3M/H192P/A282P (5M) variant.  

Why did 5M/I365L have the highest kinetic stability and Tagg, but modestly 
increased Tm?   

It is not easy to explain why 5M/I365L had the longest half-life at 55 oC, 

whereas its Tm was not the highest among the variants (Table 5-2). Some 

differences between 5M/I365L and the other variants were observed, and 

these may have contributed in some way to its outlier behaviour. First, 

5M/I365L decreased the flexibility at G331-K347, which was not found for other 

variants of 3M (Figure 5-9 C & 5-11). The G331-K347 fragment was in close 

proximity to the mutation I365L (Figure 5-12).  
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Figure 5-11 Normalized RMSF of TK variants at 370 K. 

The data shown were the average of triplicate simulation trajectories.  

It was also one of the most flexible regions in the TK Pyr-domain (323-539 aa), 

and was identified as a target for mutagenesis in Chapter 3 (Yu et al., 2017). 

The flexibility of the whole Pyr-domain for 5M/I365L was lower on average than 

for other variants, which may have been critically linked to stabilization at 

G331-K347 (Figure 5-11). On the other hand, in the PP-domain (2-322 aa) of 

the 5M/I365L, several regions around residues 94, 192, 254 and 282 became 

more flexible than in 3M and other variants (Figure 5-11). Unlike other variants, 

5M/I365L had a relatively more stable Pyr-domain and a less stable PP-

domain compared to other variants including 7M and 5M/G506A. 
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Figure 5-12 Structure of 3M variant (5HHT.pdb). 

Red, a fragment Gly331-Lys347 in chain A; Yellow, the residues around fragment 
Gly331-Lys347 within 6 Å; Green, PP-domain of chain A; Blue, Pyr-domain of chain 
A; Wheat, C-terminal of chain A; Grey, chain B of TK. Three mutations S385Y, D469T, 
R520Q were shown as orange spheres. I365L were shown as a yellow sphere.  
 

5.4 Conclusions 

The strategy of RFS has been proven to be a powerful method to improve the 

stability of enzymes. However, if the highly flexible regions form the active site, 

or involve key mutations that introduced new functions, modifying them for 

stability risks losing their activity. We previously found that the dynamics 

underpinning the flexibility of different regions in a protein were highly 

correlated across long distances. Specifically, a mutation at one site could 

influence the dynamics of regions far away from it. Additionally, we have 

previously used SCA (statistical coupling analysis) to identify an evolutionarily 

correlated network that involved active-site residues in TK that we had mutated 

for function. Directed evolution targeted to that network led to a stabilised 
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variant with improved soluble expression. We therefore hypothesised here that 

regions outside the active site whose dynamics were highly correlated to 

flexible regions within the active site, would provide good targets for stabilising 

mutations, even if those target sites were not themselves highly flexible.  

The 3M variant of transketolase showed a clear activity-stability trade-off as 

well as a loss in unfolding cooperativity indicated by ∆Svh. Molecular dynamics 

simulations of 3M showed that this was due to increased flexibility in several 

interconnected regions at the dimer interface which also formed part of the 

active site. The DCCM for 3M identified those regions dynamically correlated 

with flexibility in the active-site. Several mutations found previously to stabilise 

wild-type TK were located in these regions, and so to test our hypothesis, we 

introduced the same mutations into 3M. Collectively, the four mutations 

stabilised 3M via the correlated-dynamics network, and even increased the 

specific activity by up to 3-fold towards aromatic substrates.  The variants 

increased progressively both stability and unfolding cooperativity, back to WT 

levels, where the best variant had a 10.8-fold improved half-life at 55 °C, and 

increased the Tm and Tagg by 3 °C and 4.3 oC respectively. Molecular dynamics 

simulations confirmed that the mutations rigidified the dimer interface and 

improved the unfolding cooperativity by acting via the correlated network, and 

thus that the hypothesised strategy taken was valid. This study provides new 

insights into the impact of rigidifying mutations within highly correlated dynamic 

networks, and also highlights how computational protein engineering 

strategies could be improved by considering long range dynamics, and also 

the effects of local dynamics on the cooperativity of unfolding.   
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6 Simultaneous optimization of donor and acceptor 
substrate specificity for transketolase by a small but smart 
library  

6.1 Introduction 

Transketolase (TK) catalyses the reversible transfer of a C2-ketol unit from D-

xylulose-5-phosphate to either D-ribose-5-phosphate or D-erythrose-4-

phosphate, linking glycolysis to the pentose phosphate pathway in all living 

cells (Sprenger et al., 1995, Draths et al., 1992). The stereospecifically 

controlled carbon-carbon bond forming ability of TK makes it very promising 

as a biocatalyst in industry, for the synthesis of complex carbohydrates and 

other high-value compounds (Demuynck et al., 1991, Toone and Whitesides, 

1991, Morris et al., 1996). However, to achieve industrial viability in large-scale 

processes, a robust transketolase toolbox is desired, in which the variants 

should be able to accept a diverse range of substrates including both acceptors 

and donors. 

Wild-type TK only accepts a range of hydroxyaldehydes as the acceptor 

substrates with strict (2R)-specificity (Turner, 2000, Kobori et al., 1992, Schenk 

et al., 1998). We have successfully engineered the TK from Escherichia coli to 

have improved and reversed enantioselectivity (Smith et al., 2008), as well as 

an expanded aldol-acceptor substrate range including polar aliphatics (Hibbert 

et al., 2007), non-polar aliphatics (Hibbert et al., 2008), heteroaromatics 

(Galman et al., 2010, Cazares et al., 2010) and benzaldehyde derivatives 

(Payongsri et al., 2012, Payongsri et al., 2015). Similar studies were also 

carried out on a thermostable TK from Geobacillus stearothermophilus (Zhou 

et al., 2017, Zabar et al., 2015, Yi et al., 2015, Saravanan et al., 2017b).  

Contrary to the large amount of studies on engineering towards acceptor, TK 

has rarely been engineered for novel donors. The wild-type TK showed very 

limited tolerance toward different donor substrates. Donor substrates of TK are 

characterized by the presence of (a) an oxo group adjacent to the C–C bond 
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undergoing cleavage, (b) a hydroxyl group at C1, and (c) trans-configuration 

of hydroxyls at the asymmetric C3 and C4 (Schenk et al., 1998). In addition to 

its natural phosphorylated donors, TK can also accept hydroxypyruvic acid 

(HPA). The use of β-HPA as the ketol donor renders the donor half-reaction 

irreversible, thus increasing the atom efficiency of the reaction favourably for 

industrial syntheses. E. coli TK accepts HPA with 30-fold higher activity than 

other orthologs such as from yeast and spinach, thus resulting in higher 

specific enzyme activity (Sprenger and Pohl, 1999).  

Pyruvate only differs from HPA in its absence of a hydroxyl group at C1, but 

cannot function as a substrate in the transketolase reaction, indicating the 

critical role of the hydroxyl group in serving as a donor substrate (Esakova et 

al., 2009). To our knowledge, only the TK from Geobacillus stearothermophilus 

has been engineered to accept pyruvate and its aliphatic homologues 

(Saravanan et al., 2017a). In that study, 1-deoxy-d-xylulose-5-phosphate 

synthase (DXS), an enzyme that catalyzes the transfer of the acetyl group from 

pyruvate to glyceraldehyde-3-phosphate to yield 1-deoxy-d-xylulose 5-

phosphate, was used as the template for guiding the engineering of TK from 

G. stearothermophilus for accepting pyruvate as the donor substrate. DXS 

accepts phosphorylated and hydroxylated aldehydes as the acceptor substrate, 

which is similar to the native TKs. However, this enzyme has not been shown 

to work with the aliphatic or aromatic aldehydes as acceptor substrates.  

The best variants of G. stearothermophilus TK were able to catalyse the 

preparative scale reactions between novel donors and hydroxylated acceptors 

with the isolated yields of 48 – 88%. However, the acceptor substrate used 

during the process of directed evolution was a hydroxylated aldehyde, 

glycolaldehyde. Since the wild-type TK accepts hydroxylated acceptors with 

high activity, it remains unknown whether variants would still function on the 

combination of both pyruvate as donor, and aliphatic or aromatic aldehydes as 

acceptors. The reactions between pyruvate and aliphatic or aromatic 

aldehydes would allow access to a widely diverse range of products such as 

analogues of phenylacetylcarbinol (PAC), an important pharmaceutical 
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intermediate. Combined with a transaminase to stereospecifically convert the 

ketone into an amine or a hydrolase for hydrogenation of the α-hydroxyketone 

carbonyl, drugs such as spisulosine, phenylpropanolamine and diols such as 

artemidol could also be synthesised.  

(A) 

 

(B) 

 

Scheme 6-1. TK mediated the reactions between non-natural donor substrate 
and acceptor aldehydes. (A), reaction between aliphatic aldehyde and pyruvate. (B), 

reaction between aromatic aldehyde and pyruvate.  

In this study, we engineered the E. coli TK towards a novel donor, pyruvate 2 

and unnatural acceptors including propionaldehyde 1, 3-formylbenzoic acid (3-

FBA) 4, simultaneously (Scheme 6-1). Single variants capable of accepting 

pyruvate 2 were firstly obtained by a structure-guided strategy. A small but 

smart library was then constructed by including the single mutant variants 

showing activity towards pyruvate 2, propionaldehyde 1 and 3-FBA 4 

separately. After screening this library, we successfully obtained the TK 

variants that could catalyse the reactions between sodium pyruvate 2 and 
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propionaldehyde 1 or 3-FBA 4 with significantly improved efficiency compared 

to WT.   

6.2 Materials and methods  

All chemicals were obtained from Sigma-Aldrich, UK unless mentioned 

otherwise. 

6.2.1 Preparation of lysates for enzyme reaction  

The cell pellets from 12 mL cell culture were suspended using 1.2 mL cofactor 

solution containing 2.4 mM thiamine diphosphate (ThDP), 9 mM MgCl2, 50 mM 

Tris-HCl pH 7.0. The suspended cells were then transferred to a 2 mL 

eppendorf tube for cell lysis by sonication. The sonicated cells were 

centrifuged at 13000 rpm for 15 min to collect the supernatant as the cell 

lysates. The protein expression level was assessed by 12% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The GelDoc-It 

Imaging System (Cambridge, UK) was used to quantify the densitometry of the 

target bands. The concentration of protein in the cell lysates was measured 

using the Bradford method (Bradford, 1976). The cell lysates with the 

concentration of 2 mg/mL was used for enzyme reaction.  

6.2.2 Enzyme reactions  

Enzyme reactions were carried out with lysates or purified proteins. Three 

acceptor substrates including propionaldehyde, 3-formylbenzoic acid were 

used for reaction with the donor substrate sodium pyruvate. The reaction 

between propionaldehyde and sodium pyruvate was initiated by adding 50 or 

100 µL substrate solution containing 150 mM propanal, 150 mM sodium 

pyruvate, 50 mM Tris-HCl, pH 7.0 into 100 or 200 µL enzyme (0.2 mg/mL 

purified enzyme or 2 mg/mL lysates) to allow the final concentrations of the 

substrates to be 50 mM. The triplicate vials containing reaction solutions were 

incubated at 30 oC for not less than 24 h. The colorimetric assay was applied 

to detect the generation of the reaction product, 3-hydroxy-2-pentanone. The 



177  

tetrazolium used here was WST-1 instead of 2,3,5-triphenyltetrazolium 

chloride reported previously (Smith et al., 2006). Additionally, since pyruvate 

lacks the hydroxyl group compared to hydroxypyruvate (HPA), it would not 

reduce the tetrazolium red as HPA did. Hence, there is no need to add 

carbonate resin for removing extra HPA as previously (Smith et al., 2006). In 

a 96-well microplate, 50 µL reaction mixture was diluted further with 50 µL 50 

mM Tris-HCl pH 7.0, then 20 µL WST-1 (0.2%) solution and finally 10 µL 3 M 

NaOH with good mixing. After incubation of 15 min at 25 oC, the microplate 

was detected using the plate reader (BMG Fluostar Optima, Offenburg, 

Germany) at the wavelength of 450 nm.  

The reactions between aromatic aldehyde and sodium pyruvate were initiated 

by adding solution containing 150 mM 3-formylbenzoic acid (3-FBA), 150 mM 

sodium pyruvate, 50 mM Tris-HCl pH 7.0 into purified enzymes solution. The 

final concentration of 3-FBA and sodium pyruvate was 50 mM in the reaction 

systems. After reaction at 30 oC for 24 h, 20 µL reaction mixture was 

transferred to 380 µL 0.1% TFA for quenching the reaction. The samples were 

then analysed by HPLC with an ACE5 C18 reverse phase column (150 × 4.6 

mm). The mobile phase was pumped in at the flow rate of 1.0 ml/min starting 

with 85% of A (0.1% TFA) and 15% of B (acetonitrile). After 0.5 min, the 

percentage of mobile phase B was linearly increased to 72% in 9 minutes. This 

was followed by 2-minute equilibration period by pumping 85% of 0.1% TFA 

and 15% acetonitrile. UV detection at 210 nm and 250 nm were simultaneously 

used throughout the process.  

6.2.3 Site-directed mutagenesis and library construction  

Site-directed mutagenesis was carried out using the methods in Chapter 2, 

section 2.2.3.   

A small library was constructed, which contains 8 single mutants H100F, 

H100L, H100T, D469E, D469T, D473N, D473S, R520Q and their combinatory 

mutants to give 72 variants in total. The library was divided into three groups: 
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group A containing H100F, H100L, H100T, group B containing D469E, D469T, 

D473N, D473S, D469E/D473N, D469E/D473S, D469T/D473N, D469T/D473S 

and group C containing R520Q. Three rounds of polymerase chain reactions 

were applied to construct the library. In the first round of PCR, the mutants in 

each group were constructed using site-directed mutagenesis. In the second 

round, combinatory mutants between groups including AB, BC and AC were 

constructed using mixing template and primers. For instance, in order to 

construct the combined mutants between group A and B, in one PCR tube, the 

mixed PCR products of group A in the first round were used as the template 

and the mixed mutagenic primers of group B were used as the polymerase 

chain reactions primer. In another PCR tube, the mixed PCR products of group 

B in the first round were used as the template and the mixed mutagenic primers 

of group A were used as the primer. In the third round of PCR, combinatory 

mutants among groups ABC were constructed. After PCR reactions, the PCR 

products from each round were mixed and transformed into ultracompetent 

cells.  

6.2.4 Library screening 

Colonies from agar plates were picked and transferred to 2 mL 96 deep-well 

square plates (DWP) filled with 900 µL LB Amp+ medium. Three wells were 

inoculated with blank cells without TK gene as the negative control. DWP 

plates were sealed with breathable sterile film (VMR International, US) and 

incubated at 37 °C, 400 rpm for 18 h in a humidified shaker. Fifty microliter cell 

culture were transferred to a sterile normal 96-well microplate for preparing 

glycerol stock, while another 50 µL cells were transferred to a 96-well 

microplate for measuring the final OD600. The cell culture left was centrifuged 

at 4000 rpm for 30 minutes to collect cell pellets. Cells were then frozen at − 

80 °C and thawed at room temperature resulting in the freeze-thaw lysis of 

cells. The cell pellets were suspended using 200 µL lysis buffer containing 9 

mM MgCl2, 2.4 mM ThDP, 1×bugbuster and 1% lysonase (Merck, 

Hertfordshire, UK) in 50 mM Tris-HCl, pH 7.0 and then incubated at 25 oC for 

30 minutes. The cell lysates were then transferred to a normal 96-well plate 

and centrifuged at 4000 rpm for 30 min to collect the supernatant for enzyme 
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reactions. Reactions were initiated by adding 50 µL following solutions into 100 

µL supernatant, aliphatic substrate solution containing 150 mM sodium 

pyruvate, 150 m propionaldehyde, 50 mM Tris-HCl, pH 7.0, or aromatic 

substrates solution containing 150 mM sodium pyruvate, 150 mM 3-FBA, 50 

mM Tris-HCl, pH 7.0. The reaction system was incubated at 30 oC for 24 h 

before detection. For the reaction with substrates of sodium pyruvate and 

propionaldehyde, colorimetric assay was used to detect the reaction product 

as above in the Chapter 6, section 6.6.2. And as for the reaction with substrate 

of sodium pyruvate and 3-formylbenzoic acid, 20 µL samples were transferred 

to 380 µL 0.1% TFA for quenching the reaction. After centrifuge at 13000 rpm 

for 15 min, 200 µL above solution was obtained for analysis by HPLC as above.  

6.2.5 Semi-preparative HPLC  

The target peak detected by the analysis HPLC was collected using semi-

preparative HPLC. Semi-preparative HPLC was carried out on a C18 reverse 

phase column, Agilent ZORBAX 300SB-C18 (250 mm × 9.4 mm, 5 µm). The 

reaction mixture was diluted 5-fold using 0.1 % TFA and then 200 µL of the 

sample was loaded to HPLC. The flow rate was 2 mL/min with detection at 250 

nm. The column temperature was set at 25 oC, eluting with mobile phase A 

(0.1% TFA) and B (acetonitrile). The gradient for A and B were as follows: A/B 

= 85%/15% at 0-5 min, A/B = 85%/15% to A/B = 28%/72% at 5-20 min, A/B = 

85%/15% at 20-25 min.  

6.2.6 Gas chromatography-mass spectrometry  

After the enzymes reaction, chloroform (500 µL) was added and the mixture 

was agitated, and then centrifuged at 4000 rpm for 3 min. After that, the organic 

phase was pipetted out carefully and analysed using GC/MS. A thermo 

scientific ISQ series single Quadrupole GC-MS system was used. It was 

equipped with a Rxi-5Sil MS column (30 m × 0.2 mm I.D.). Helium was used 

as the carrier gas with the flow rate of 1 mL/min. The column temperature was 

kept at 40 oC for 3 min, and then raised to 150 oC with the rate of 2 oC/min, 
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finally to 200 oC at the rate of 4 oC/min. The ion source temperature was 230 
oC and the range of molecular weight scanned was 20-350 m/z.  

6.2.7 Liquid chromatography-mass spectrometry  

MS analysis was performed in the UCL Chemistry Mass Spectrometry Facility. 

The molecular masses of the compounds were measured on an Agilent 1100 

series System with a Finnigan LTQ mass spectrometer. The HPLC system was 

equipped with an ACE5 C18 reverse phase column (50 × 2.1 mm). The mobile 

phase was 0.1% (V/V) formic acid (A) and 100% acetonitrile (B), and pumped 

in at the flow rate of 0.2 mL/min for 5 min. The gradient of the eluents was: A/B 

= 95%/5% to A/B = 5%/95% at 0-4 min, A/B = 5%/95% to A/B = 95%/5% at 4-

4.5 min, A/B= 95%/5% at 4.5-5 min. Compounds were ionized using 

electrospray ionization (ESI) and detected in positive mode. The operating 

condition of ESI interface were set to a capillary temperature of 300 oC, 

capillary voltage 9 V and spray voltage 4 kV.  

6.2.8 Nuclear magnetic resonance spectroscopy 

NMR spectra were performed with a Bruker Avance 600 at 298 K. Chemical 

shifts (in p.p.m.) are quoted relative to tetramethylsilane and referenced to the 

deuterated solvent used.  

6.2.9 Structure alignment  

The TK structure 2R8O.pdb and pyruvate decarboxylase structure 2VK1.pdb 

were aligned using the server, TopMatch-Web (Sippl and Wiederstein, 2008). 

The aligned structure from output was visualized using the Pymol (Schrödinger, 

USA). Sequence identity was calculated using the online tool of Sequence 

Identity And Similarity (SIAS, http://imed.med.ucm.es/Tools/sias.html) with the 

input of 2R8O.pdb and 2VK1.pdb.  
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6.3 Results and discussion 

6.3.1 Design of single mutants 

Several enzymes are capable of accepting pyruvate for carboligation reactions 

among the superfamily of ThDP-dependent enzymes (Widmann et al., 2010, 

Hailes et al., 2013). This includes pyruvate decarboxylase (PDC) which could 

catalyse carboligation side reactions such as the asymmetric synthesis of 

phenylacetyl carbinol from pyruvate and benzaldehyde, although it also 

catalysed the decarboxylation of pyruvate into acetaldehyde and CO2 owing to 

its catalytic promiscuity (Sandford et al., 2005, Meyer et al., 2011). We hence 

attempted to design variants based on the structural alignment between TK 

and PDC from Saccharomyces cerevisiae. 

The E. coli TK crystal structure (2R8O.pdb) in complex with natural donor 

substrate, D-xylulose-5-phosphate and cofactor ThDP has been solved 

previously (Asztalos et al., 2007). Hydroxypyruvate is capable of working as 

the substrate, whereas pyruvate cannot, indicating the important role of the 

hydroxyl group of C1 in catalysing the reaction. The TK structure in complex 

with the donor substrate showed that this hydroxyl group formed two hydrogen 

bonds with His100 and His473, which should play a role in anchoring the donor 

substrate (Figure 6-1 A). If this hydroxyl group was removed, in order to 

stabilize the new donor substrate, some other interactions such as a 

hydrophobic interaction might need to be formed between the methyl group 

and residues located nearly. We identified 9 residues within 5 Å around the 

first two carbons of the donor substrate to be the potential mutation sites 

(Figure 6-1 A).   

Although the TK and PDC studied only shared 6.74% sequence identity, the 

pairs of residues that are structurally equivalent were found using the 

TopMatch tool (Figure 6-2). The active sites around cofactor and donor 

substrate for both TK and PDC are shown in Figure 6-1 B. We made 

predictions for potential mutants based on this structure alignment. For 

example, Ile189 of TK is equivalent to Asn488 of PDC, and so the mutation 
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I189Q was proposed. His100 of TK formed a hydrogen bond with the C1 

hydroxyl group and substituting it with alanine has been proven to have little 

effect on the Km for the acceptor substrates but significantly increased that of 

donor substrate, suggesting its important role in accepting the donor substrate 

(Wikner et al., 1995). Based on the structure alignment, the mutation H100F 

was proposed. Considering the importance of this site, we also included as 

mutation candidates, tyrosine which has similar structure to phenylalanine, 

plus leucine and threonine, with the expectation to introduce new hydrophobic 

interactions with pyruvate.  

 

Figure 6-1 Binding pocket of the donor substrate alignment between 
transketolase (2R8O.pdb) and pyruvate decarboxylase (2VK1.pdb).  

(A), Structure of TK in the complex with D-xylulose-5-phosphate. green, the substrate; 
cyan, thiamine pyrophosphate. The unit of distance is Å. (B), Structure alignment 
between transketolase (blue) and pyruvate decarboxylase (pink).  

When predicting the potential mutations, previous knowledge was also 

considered. Asp469 is a hotspot for engineering TK towards novel acceptor 

substrates. D469E led to increased yields of the reactions with HPA as the 

donor and aliphatic aldehyde as the acceptors, while D469T increased the 

yield towards both the aliphatic and aromatic aldehydes. Unpublished 

preliminary work has uncovered that these two variants could accept pyruvate 
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2 as donor substrates with pentanal as the aldehyde acceptor, although the 

reaction yield was very limited. We, hence, included glutamic acid and 

threonine as the mutation candidates for Asp469 in addition to the histidine 

suggested based on the structure alignment.  

 

Figure 6-2 Structure alignment between transketolase (2R8O.pdb) and pyruvate 
decarboxylase (2VK1.pdb).  

Blue, structure of transketolase; Green, structure of pyruvate decarboxylase. Pairs of 
residues that are structurally equivalent are coloured orange (TK) or red (PDC). 

His473 also formed a hydrogen bond with the C1 hydroxy group. However, the 

structure alignment failed to guide any mutations at this site as the residue of 

PDC neighbouring His473 was also histidine. His473 of E. coli TK was an 

equivalent residue to His474 of TK from Geobacillus stearothermophilus. It has 

been reported that H474S and H474N showed a 6-fold and 3-fold improved 

activity towards glycolaldehyde and pyruvate compared to WT, respectively for 
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the TK from G. Stearothermophilus. Additionally, the mutations H102F/L/T/ 

corresponding to H100F/L/T in E. coli TK also showed improved performance 

towards glycolaldehyde 6 and sodium pyruvate 2. We here investigated if 

these mutations also worked in TK from E. coli towards propionaldehyde 1 and 

pyruvate 2. Based on the structure alignment and previous knowledge, we 

finally designed 20 single mutants and measured their activity experimentally 

(Table 6-1).  

Table 6-1 Design of singe variants  

Methods Structure alignment (16) Previous knowledge (4) 

Mutants H26I H26Q H66I H66T H100F  
H100L H100T H100Y L116I   
I189E I189N I189Q H261E  
H261I  S385D D469H  

H473N H473S 
D469E  D469T 

 
 

6.3.2 Characterization of single mutants  

Reaction with propionaldehyde and sodium pyruvate  

We constructed the designed mutants and tested their activities towards 

propionaldehyde 1 and sodium pyruvate 2 in the forms of lysates. After 

reaction for 24 h using the cell lysates, the generation of target product 3-

hydrox-2-pentanone 3 was detected using the colorimetric assay. The specific 

activity was calculated by dividing the absorbance at 450 nm by the 

densitometry of TK band in SDS-PAGE (Figure 6-3). Several variants including 

H26Q, H100F, H100Y, L116I and H261I showed significant improvement in 

the activity compared to WT (Figure 6-4 A). We then purified these five mutants 

and another six variants including H100L, H100T, D469E, D469T, H473N and 

H473S. The absorbance at 450 nm increased with reaction time, indicating the 

generation of product (Figure 6-4 B). Surprisingly, the purified variants 

including H26I, H100Y, L116I and H261I did not show significant improvement 

in activity although their lysates showed improved performance. Most of these 

variants had low protein expression levels (Figure 6-3) and so the differences 
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in specific activity measured in lysate and purified forms might relate to enzyme 

stability effects, or increased error in measuring protein concentrations in 

lysates with low expression. The most active variant was D469E showing more 

than 2-fold improvement in the catalytic efficiency compared to WT. 

Additionally, H100L, H100T, D469T, H473S and H473N also showed 

improved activity relative to WT (Figure 6-4 B).  

 

Figure 6-3 SDS-PAGE of TK variants lysates at the concentration of 2 mg/mL.  

The protein molecular weight marker (Up-250KD, 130KD, 95KD, 72KD, 55KD, 36KD, 
28KD, 17KD, 10KD-Bottom). The size of the TK was expected to be 73 KD on 
SDS/PAGE (Sprenger et al., 1995).  
 

 

Figure 6-4 Activity of TK variants towards propionaldehyde and sodium 
pyruvate.  

(A), yield of enzyme reactions catalysed by cell lysates for 24 h; (B), yield of enzyme 
reactions catalysed by purified proteins.  
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Based on the colorimetric assay, WT also showed activity towards 

propionaldehyde and pyruvate, which was never observed previously. In order 

to confirm the reaction product, we applied GC-MS to analyse the reaction 

mixture after 24-hours incubation. A peak was identified by GC with the 

retention time of 8.9 min (Figure 6-5 A). After ionization, the compound 3-

hydroxy-2-pentanone 3 was expected to be fragmented into three parts, which 

have the mass-to-charge ratio of 43, 59, 31, respectively. The mass spectra of 

the peak identified by GC did reveal these three fragments, indicating the 

successful generation of the target product.  

The peak area in GC could also be an indicator of the amount of product 

generated by the enzyme reactions. We carried out the enzyme reactions 

using seven interesting variants in purified form for 48 hours. The GC peak 

area of the 3-hydroxy-2-pentanone 3 showed that D469E improved the yield 

by 4.3 times compared to WT. H100L and H473N also revealed 2.4-fold and 

2.6-fold improvements in activity relative to WT. For WT and these seven 

variants, the GC peak area and OD450 showed a good correlation with the R 

square of 0.93, reflecting that the colorimetric assay was a reliable activity 

measurement method.  

The variants including H100F, H100L, H473N and H473S also worked in the 

TK from Geobacillus stearothermophilus towards glycolaldehyde and sodium 

pyruvate. They improved the catalytic activity of TKgst by 2-fold, 6-fold, 3-fold 

and 6-fold, respectively, for the reaction between sodium pyruvate and 

glycolaldehyde (Saravanan et al., 2017a). However, these four variants 

improved the reaction yield of TK from E. coli only by 1.4-fold, 2.4-fold, 2.6-fold 

and 1.5-fold, respectively. The main reason for this difference could be that the 

acceptor substrate used was the propionaldehyde instead of glycolaldehyde, 

implying the greater challenge of engineering TK to accept both an aldehyde 

without a C1-hydroxyl group, and also the novel donor substrate, pyruvate.  
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Figure 6-5 Quantification of the enzyme reactions using GC-MS.  

(A), the peak of 3-hydroxy-2-pentanone identified by GC for WT. (B), mass data of the 
3-hydroxy-2-pentanone. (C), yield of reaction quantified based on GC area. (D), 
correlation between colorimetric assay and the GC-MS measurement for the reactions 
yield.    
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Reaction with glycolaldehyde and sodium pyruvate  

The 20 single mutants designed were also tested towards glycolaldehyde 6 

and pyruvate 2 to understand how the acceptor substrate influences the 

acceptance of the donor substrate. The target product, 3,4-dihydroxy-2-

butanone of the reaction between glycolaldehyde 6 and pyruvate 2 was 

detected using the HPLC with the retention time of 13.7 min (Scheme 6-2). 

However, a side product, erythrulose 8 was also detected at the retention time 

of 11.4 min, which was never reported in the previous studies (Figure 6-6 A).  

The variants influenced the generation of both the target product and the 

byproduct (Figure 6-6 B). The variants including H100F, H100L and H473S 

showed higher reaction yield than WT, which is consistent with the observation 

for TK from G. stearothermophilus (Saravanan et al., 2017a). However, H473N 

did not significantly improve the enzyme activity towards glycolaldehyde 6 and 

pyruvate 2, suggesting critical differences between the active sites of TKs from 

E. coli and G. stearothermophilus. It also highlights that mutations in related 

enzymes do not necessarily have the same effects in all homologues. 

Interestingly, the variant D469E showed improved activity towards 

propionaldehyde and pyruvate, and yet failed to increase the activity towards 

glycolaldehyde and pyruvate. In order to confirm this, the purified variant was 

tested towards propionaldehyde and sodium pyruvate. The generation of the 

target product 3,4-dihydroxy-2-butanone was similar for the WT and variant 

D469E, whereas the generation of the side product of D469E was significantly 

decreased, consistent with the observation when using lysates for reaction. 

D469E showed improved activity towards propionaldehyde but decreased 

activity towards glycolaldehyde when HPA was used as donor (Hibbert et al., 

2007, Cazares et al., 2010). This suggested that the improved yield of reaction 

between propionaldehyde and sodium pyruvate catalysed by D469E could be 

contributed to the improved acceptance of acceptor instead of donor. We 

therefore tested the correlation between reaction yields for the same variants, 

when reacting with the two different acceptors and sodium pyruvate (Figure 6-
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6 D). The correlation was not very good only with an R2 of 0.43, indicating that, 

the acceptors did influence the generation of the final product.  

TK catalysed the reactions via a ‘Ping-Pong Bi-Bi’ mechanism where the donor 

substrate and acceptor substrate bind to the protein sequentially. Based on the 

above understanding, in order to improve the generation of the final product, 

the enzyme could be engineered towards either the donor or the acceptor 

initially. The following combination of the positive variants would further 

improve the reaction yield. We hence designed a new library based on this 

assumption. 

 

 

Scheme 6-2 Reaction between glycolaldehyde and sodium pyruvate.  
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Figure 6-6 Mutants catalysing the reaction between glycolaldehyde and sodium 
pyruvate.  

A, HPLC chromatography of the reaction between glycolaldehyde (GA) and sodium 
pyruvate. Retention time for erythrulose (ERY) and 3,4-dihydroxy-2-butanone (DHB) 
were 11.4 min and 13.7 min, respectively. B, Yield of the reactions catalysed by TK 
variants lysates after 24 h. C, Enzyme activity of purified D469E towards 
glycolaldehyde and sodium pyruvate. D, activity correlation between reaction with GA 
and reaction with propionaldehyde (PA) catalysed by same mutations.  



193  

6.3.3 Design of a smart library  

Seven single variants including H100F, H100L, H100T, D469E, D469T, H473N 

and H473S were identified to show a significant improvement in the activity 

towards propionaldehyde and sodium pyruvate. Recombination of these single 

mutants had the potential to further enhance the activity. The single mutation 

R520Q was also included when carrying out the combination as this mutation 

improved the catalytic efficiency of previous variants towards HPA and 

propionaldehyde (Strafford et al., 2012), including for D469T. The stabilised 

variant H192P/A282P/I365L/G506A was used as the template for constructing 

this library as the combination of active-site single mutants could otherwise 

easily lead to stability loss and a stable template may potentially promote the 

evolvability (Strafford et al., 2012, Bloom et al., 2006). 

6.3.4 Library screening towards aliphatic substrate and pyruvate  

We first screened the library towards propionaldehyde 1 and sodium pyruvate 

2 by the colorimetric assay. Ten potential variants were identified, purified and 

tested for catalytic activity. The reaction yield ratio to WT was determined for 

the variants based on GC peak area after reaction for 24 h (Figure 6-7). As the 

quadruple variant H192P/A282P/I365L/G506A (4M) was used as the template 

for constructing the library, its activity was also measured. The 4M maintained 

a comparable activity with WT, whereas its combination with other variants 

influenced the performance of the variants.  

D469E variant showed 4.3-fold improvement in the activity compared to the 

WT, while 4M/D469E improved the reaction yield by 6.7-fold, indicating the 

important role of stabilisation of TK active-site variants (Figures 6-5 C & 6-7). 

Our previous study has proven that the mutations at the position Asp469 

resulted in the stability loss of TK (Strafford et al., 2012). Introduction of the 

stabilising mutations H192P/A282P/I365L/G506A (4M) has also been proved 

to restore the stability loss of the mutants in the Chapter 5. This suggested that 

for a variant with improved activity but limited stability, improving its stability 
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could be a strategy to enhance its activity further. However, the addition of the 

compensatory stabilising mutations in 4M did not significantly change the yield 

of the variant H100L (Figure 6-5 C & 6-7). Based on a threshold model, when 

making mutations in a protein, the protein fitness remains unchanged as long 

as stability remains above a certain threshold. However, as more mutations 

accumulate, stability becomes lower than the threshold, and protein fitness 

thereby decreases (Tokuriki and Tawfik, 2009).  By contrary, when stability is 

lower than the threshold, stabilizing mutations increase the protein fitness. 

However, if the stability is above the threshold, the stabilizing mutations will 

not be beneficial to increasing fitness, which might explain why 4M did not 

increase the yield of the variant H100L (Tokuriki and Tawfik, 2009). 

Interestingly, addition of 4M influenced the activity of H473N in a negative way. 

4M/H473N only showed 1.2-fold improvement in reaction yield compared to 

WT, while the H473N itself revealed 2.4-fold improvement. 

 

Figure 6-7 Yield of enzyme reactions catalysed by purified TK variants for 24 h.  

The yield was calculated based on GC area. 4M is the quadruple mutant 
H192P/A282P/I365L/G506A. HL, H100L; DE, D469E; HN, H473N; HS, H473S; RQ, 
R520Q. The catalytic activity was tested towards 50 mM propionaldehyde and 50 mM 
sodium pyruvate in 50 mM Tris-HCl solution at 30 oC. The enzyme concentration used 
was 0.13 mg/mL.  
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The combination between H100L and D469E generated the variant 4M/HL/DE 

which had a catalytic efficiency with 8.1-fold improvement in the reaction yield 

compared to WT. Addition of the mutation R520Q to this variant improved the 

reaction yield further and generated the best variant 4M/HL/DE/RQ, with a 9.2-

fold improvement in the reaction yield compared to WT (Figure 6-7). The 

combination of H100L and H473N also led to a variant showing 4.2-fold 

improvement in the reaction yield compared to the WT, indicating the important 

role of H100L in accepting pyruvate.  

6.3.5 Library screening towards aromatic substrate and pyruvate  

The library was also screened towards the substrates of 3-FBA 4 and sodium 

pyruvate 2 using HPLC for the activity measurement. Most of variants did not 

show any activity towards these two substrates with the exception of variants 

including 4M/H100L/D469T, 4M/D469T/H473N, 4M/D469T/H473N/R520Q. 

After reaction for 24 h, a new peak at the retention time of 4.1 min was 

identified as the consumption of the 3-FBA in the HPLC chromatogram for 

these three variants, but not for WT and other variants (Figure 6-8 A).  

In order to confirm if this peak was the product expected, the peak was isolated 

using semi-preparative HPLC and characterized by 1H NMR and LC-MS. In 

the LC-MS analysis of the extracts, a product with an m/z of 195.1 was 

observed, corresponding to the expected product 3-(1-hydroxy-2-oxopropyl) 

benzoic acid 5 (Figure 6-8 B). The NMR spectra also confirmed the generation 

of the target product (Figure 6-8 C). These data demonstrated that the E. coli 

TK variants catalysed the reaction between aromatic aldehyde and sodium 

pyruvate, which was unprecedented.  

Three variants including 4M/H100L/D469T, 4M/D469T/H473N, 

4M/D469T/H473N/R520Q were then purified and tested for the activity 

catalysing the reaction between 3-FBA 4 and sodium pyruvate 2. Addition of 

mutation S385Y into the double mutant D469T/R520Q has improved the 

catalytic efficiency towards 3-FBA 4 and HPA by significantly decreased the 
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Km (Payongsri et al., 2015).  We therefore introduced the S385Y mutation into 

the two mutants 4M/D469T/H473N and 4M/D469T/H473N/R520Q to test if 

their activities could be improved. The variant 

4M/H100L/D469T/H473N/R520Q was also purified for the activity 

measurement.  

The variant 4M/H100L/D469T showed the highest activity among all the 

variants with an initial rate around 2-fold higher than those of 

4M/D469T/H473N and 4M/D469T/H473N/R520Q (Figure 6-8 D). Surprisingly, 

the mutation S385Y failed to improve the activity for the variants of 

4M/D469T/H473N and 4M/D469T/H473N/R520Q. The residue Ser385 was 

within 5 Å of the first two carbons of the donor substrate (Figure 6-1 A). The 

mutation S385Y, hence, could have interfered with the binding of pyruvate and 

lead to decreased activity towards 3-FBA 4 and sodium pyruvate 2.  

4M/H100L/D469T/H473N/R520Q also showed limited activity which is 

consistent with the activity measured using lysates.  

The best variant 4M/H100L/D469T was then characterized in higher 

concentrations. When increasing the concentration of enzyme from 0.067 

mg/mL to 1.33 mg/mL, the conversion from 3-FBA 4 to product 3-(1-hydroxy-

2-oxopropyl) benzoic acid 5 within 24 h was increased from 2.5% to 46.8% 

based on the substrate depletion (Table 6-2). The specific activity, Km and kcat 

of 4M/H100L/D469T was 0.048 µmol mg−1min−1, 90.4 mM and 0.22 s-1 

respectively. Interestingly, both the Km and kcat values of this variant are higher 

than the obtained variants of TK from G. stearothermophilus (Saravanan et al., 

2017a).  

It was interesting to find that both 4M/H100L/D469E and 4M/H100L/D469T 

showed improved activity towards sodium pyruvate as donor, the 

propionaldehyde and 3-FBA as the acceptors respectively (Figure 6-7 & 8). In 

the previous studies about evolving TK for accepting novel acceptors including 

aliphatic and aromatic aldehydes, no hits were found in the position of His100 

(Hibbert et al., 2007, Hibbert et al., 2008, Payongsri et al., 2015). Substituting 
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it with alanine has been proven to have little effect on the Km for the acceptor 

substrates but significantly increased that of donor substrate (Wikner et al., 

1995), which implies that H100L could have contributed to the improved 

activity by only improving acceptance of the donor substrate. On the other 

hand, neither D469E nor D469T showed improved activity towards pyruvate 

when glycolaldehyde, a substrate more similar to natural substrates compared 

to propionaldehyde and 3-FBA, was used as acceptor substrate (Figure 6-6 B 

& C).  

Hence, the improved activity of 4M/H100L/D469E and 4M/H100L/D469T could 

be contributed to the additive effect between H100L and either D469E or 

D469T. It was surprising to find this as the side chains of His100 and Asp469 

only maintain a distance of 3.8 Å (Figure 6-1 A). This observation also suggests 

that, for engineering a two-substrate enzyme to have expanded substrate 

scope, evolving it towards one substrate initially, then combining the hits 

towards two substrates could be a useful strategy. 

Table 6-2 Characteristics of the variant 4M/HL/DT 

 Specific activity a 
(µmol mg−1min−1) 

Conversion 
at 24 h b (%) 

Km 
(mM) 

kcat 
(s-1) 

kcat/Km
c
 

(s-1 M-1) 

4M/HL/DT 0.048(0.005) 46.8(2.0) 90.4 (11) 0.22(0.01) 2.4 
 

a Specific activity was tested towards 50 mM 3-FBA and 50 mM sodium pyruvate in 
50 mM Tris-HCl solution at 30 oC with the enzyme concentration of 1.33 mg/mL. 
b Yield was measured based on the consumption of substrates  
c Kinetic parameters were measured towards 50 mM 3-FBA and sodium pyruvate with 
different concentration from 5 mM to 250 mM.  
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Figure 6-8 Catalytic reaction between 3-FBA and sodium pyruvate.  

A, HPLC chromatograms of reaction between 3-FBA and sodium pyruvate. The 
retention time for the substrate 3-FBA and product 3-(1-hydroxy-2-oxopropyl) benzoic 
acid were 5.1 min and 4.1 min, respectively. B, LC-MS analysis of the reaction product. 
C, NMR analysis of reaction product 3-(1-hydroxy-2-oxopropyl) benzoic acid. 1H NMR 
(600 MHz; CDCl3) δ = 8.105-8.087 (2H, m, 2-H and 6-H), 7.598-7.581 (1H, m, 4-H), 
7.535-7.509 (1H, m, 5-H), 5.183 (1H, s, 7-H), 2.118 (3H, s, 9-H). D, Catalytic activity 
of TK variants. 4M is the quadruple mutant H192P/A282P/I365L/G506A. HL, H100L; 
SY, S385Y; HN, H473N; DT, D469T; RQ, R520Q. The enzyme activity was tested 
towards 50 mM 3-FBA and 50 mM sodium pyruvate in 50 mM Tris-HCl solution at 30 
oC. And the enzyme concentration used was 0.067 mg/mL.  
 

6.4 Conclusion 

The transketolase from E. coli was engineered to accept both the unnatural 

acceptor substrates and novel donor substrate, sodium pyruvate. Twenty 

single variants were firstly designed based on structure alignment and previous 

knowledge. Catalytic efficiency was then measured for these single variants 

experimentally towards propionaldehyde and sodium pyruvate. The hits were 

recombined with a stable variant obtained previously as the template for 

constructing a small but smart library. Library screening was carried out 

towards two reactions separately: 1) sodium pyruvate and propionaldehyde; 2) 

sodium pyruvate and 3-FBA. The best variant 4M/H100L/D469E/R520Q 

showed 9.2-fold improvement in the catalytic yield towards sodium pyruvate 

and propionaldehyde compared to WT. Also, three variants were identified to 

be active for the reaction between sodium pyruvate and 3-FBA. The best 

variant 4M/H100L/D469T was able to convert 46.8% of substrates to products 

within 24 h, whereas no conversion was observed for WT. The hits obtained in 

this Chapter have the potential to be used for developing catalytic pathways to 

a diverse range of products such as the phenylacetylcarbinols (PAC), an 

important pharmaceutical intermediate, and the drugs including spisulosine 

and phenylpropanolamine.  
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7 Conclusions and future work  

7.1 Conclusions  

In this thesis, the thermostability of wild-type transketolase has been 

significantly improved. Its half-life at 60 oC was increased from 4 min to 82.5 

min, with 20.6-fold improvement. The mutations stabilizing WT also 

successfully restored the stability loss of a variant S385Y/D469T/R520Q by 

improving its half-life at 55 oC from 6.1 min to 103 min. Computer-based 

strategies were used for engineering thermostability of TK and all the variants 

were constructed using site-directed mutagenesis. Two strategies including 

“back to consensus mutations” approach and computational design based on 

∆∆G calculations in Rosetta were validated to be useful for guiding mutations 

in flexible regions, which would make the strategy of RFS (rigidifying flexible 

sites) more powerful for engineering thermostability of proteins. 

Recombination of positive mutations located in different regions of a protein 

has also been shown to be an effective approach to stabilize a large protein.  

Molecular dynamics (MD) simulation was widely used in this thesis. With the 

aid of MD simulation analysis, several problems of protein engineering and 

unfolding were explored during the process of engineering TK stability. It was 

found that not all pairwise effects between distant mutations were additive. An 

interplay between the protein dynamics in the two domains could readily 

mediate these long-range epistatic interactions. This effect could be used to 

stabilize the proteins with flexible active site. For the active site formed by 

highly flexible regions, modifying them risks losing activity due to the activity-

stability trade off. This thesis proved that regions outside the active site whose 

dynamics were highly correlated to flexible active site residues, could provide 

good targets for stabilising mutations. These findings provide new insights into 

the impact of rigidifying mutations within highly-correlated dynamic networks, 

that could also be useful for developing improved computational protein 

engineering strategies.  
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A stable template could potentially promote the evolvability. The most stable 

variant H192P/A282P/I365L/G506A obtained was used as the template for 

engineering TK to have expanded substrate scopes including both the 

unnatural acceptor substrates and novel donor substrates, sodium pyruvate. 

The best variant showed 9.2-fold improvement in the catalytic yield towards 

sodium pyruvate and propionaldehye compared to WT. Several variants were 

identified to be active for the reaction between sodium pyruvate and 3-

formylbenzoic acid, and the best one could convert 46.8% of substrates to 

products within 24 h. 

7.2  Future work  

In this thesis, the thermostability of E. coli TK has been significantly improved. 

However, the stability of the best variant was still lower than that of the TK from 

Geobacillus stearothermophilus, which can maintain 100% activity for three 

days at 65 oC. This indicates that there is still the space for further improvement 

in the stability of E. coli TK. Comparing its structure with the thermophilic TK 

could be a possible strategy.  

A limitation for the industrial applications of transketolase is the low solubility 

of aliphatic or aromatic substrates and products in water. The enzymes with 

high thermostability generally had high tolerance to organic co-solvents. It 

might be useful to test whether the stable variants obtained in this thesis also 

showed improved tolerance to organic solvents. With the addition of co-

solvents, the concentration of substrates could be improved. The activities of 

TKs towards insoluble substrates like 3-hydroxybenzaldehyde and 4-

nitrobenzaldehyde might be improved in this way.   

Two strategies were proposed in this thesis to guide mutations in the flexible 

regions for engineering thermostability of proteins. Both of these two methods 

worked in the TK and had the potential to be used for other proteins. Their 

generality can be tested using other proteins like antibodies or other enzymes.  
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MD simulations have been widely used to explore dynamical changes caused 

by the mutations. It was found that protein dynamics could readily mediate the 

short or long-range epistatic interactions. This effect has been exploited for 

stabilizing a TK variant with highly flexible active sites. It would be interesting 

to explore the application of this finding on other enzymes, and also be 

incorporated in the development of better protein engineering strategies, and 

computational design algorithms.  

TK variants showing improved activity towards propionaldehyde and sodium 

pyruvate have been obtained in this thesis. However, due to a lack of a 

chemical standard sample, and the challenges associated with its synthesis, 

the absolute amount of the product generated by the reaction was not 

quantified. A method for quantifying the yield of this reaction might need to be 

developed. As for the aromatic aldehydes, only 3-formylbenzoic acid was 

tested for the reaction with sodium pyruvate in this thesis. The TK variants 

obtained have the potential to catalyse the reaction with other substrates like 

benzaldehyde and its derivatives. These reactions could open up access to a 

diverse range of products such as phenylacetylcarbinol, an important 

pharmaceutical intermediate. 
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Appendix 

Table A-1 Primers used for site-directed mutagenesis 

Name Sequence (5’-3’) 
R139C+ GCG GCG CAG TTT AAC TGT CCG GGC CAC 
R139C- GTG GCC CGG ACA GTT AAA CTG CGC CGC 
R139P+ GGC GCA GTT TAA CCC TCC GGG CCA CG 
R139P- CGT GGC CCG GAG GGT TAA ACT GCG CC  
H142C+ GTT TAA CCG TCC GGG CTG CGA CAT TGT CGA CCA C 
H142C- GTG GTC GAC AAT GTC GCA GCC CGG ACG GTT AAA C 
H142D+ TTA ACC GTC CGG GCG ACG ACA TTG TCG AC 
H142D- GTC GAC AAT GTC GTC GCC CGG ACG GTT AA 
H142K+ GTT TAA CCG TCC GGG CAA GGA CAT TGT CGA CCA CTA 
H142K- TAG TGG TCG ACA ATG TCC TTG CCC GGA CGG TTA AAC 
H142Q+ ACC GTC CGG GCC AGG ACA TTG TCG AC 
H142Q- GTC GAC AAT GTC CTG GCC CGG ACG GT 
H142S+ GTT TAA CCG TCC GGG CAG CGA CAT TGT CGA CCA C 
H142S- GTG GTC GAC AAT GTC GCT GCC CGG ACG GTT AAA C 
H142T+ GTT TAA CCG TCC GGG CAC CGA CAT TGT CGA CCA C 
H142T- GTG GTC GAC AAT GTC GGT GCC CGG ACG GTT AAA C 
H192P+ GGT ATT TCT ATC GAT GGT CCG GTT GAA GGC TGG TTC ACC 
H192P- GGT GAA CCA GCC TTC AAC CGG ACC ATC GAT AGA AAT ACC  
I246C+ CTG CTG ATG TGC AAA ACC TGC ATC GGT TTC GGT TCC CC 
I246C- GGG GAA CCG AAA CCG ATG CAG GTT TTG CAC ATC AGC AG 
I246P+ CTG CTG ATG TGC AAA ACC CCC ATC GGT TTC GGT TCC CC 
I246P- GGG GAA CCG AAA CCG ATG GGG GTT TTG CAC ATC AGC AG 
I247A+ CTG ATG TGC AAA ACC ATC GCC GGT TTC GGT TCC CCG AA 
I247A- TTC GGG GAA CCG AAA CCG GCG ATG GTT TTG CAC ATC AG 
I247E+ GCT GAT GTG CAA AAC CAT CGA GGG TTT CGG TTC CCC GAA CA 
I247E- TGT TCG GGG AAC CGA AAC CCT CGA TGG TTT TGC ACA TCA GC 
I247K+ CCC TGC TGA TGT GCA AAA CCA TCA AGG GTT TCG GTT CCC 
I247K- CCC TGC TGA TGT GCA AAA CCA TCA AGG GTT TCG GTT CCC 
I247P+ CTG ATG TGC AAA ACC ATC CCC GGT TTC GGT TCC CCG AA 
I247P- CTG ATG TGC AAA ACC ATC CCC GGT TTC GGT TCC CCG AA 
F249C+ TGT GCA AAA CCA TCA TCG GTT GCG GTT CCC CGA A 
F249C- TTC GGG GAA CCG CAA CCG ATG ATG GTT TTG CAC A 
F249D+ GCT GAT GTG CAA AAC CAT CAT CGG TGA CGG TTC CCC GAA C 
F249D- GTT CGG GGA ACC GTC ACC GAT GAT GGT TTT GCA CAT CAG C 
F249K+ TGC TGA TGT GCA AAA CCA TCA TCG GTA AGG GTT CCC CGA ACA A 
F249K- TTG TTC GGG GAA CCC TTA CCG ATG ATG GTT TTG CAC ATC AGC A 
F249Q+ TGC TGA TGT GCA AAA CCA TCA TCG GTC AGG GTT CCC CGA ACA A 
F249Q- TTG TTC GGG GAA CCC TGA CCG ATG ATG GTT TTG CAC ATC AGC A 
F249S+ TGT GCA AAA CCA TCA TCG GTT CCG GTT CCC CGA A 
F249S- TTC GGG GAA CCG GAA CCG ATG ATG GTT TTG CAC A 
F249T+ GCT GAT GTG CAA AAC CAT CAT CGG TAC CGG TTC CCC GAA C 
F249T- GTT CGG GGA ACC GGT ACC GAT GAT GGT TTT GCA CAT CAG C 
K254C+ GTT TCG GTT CCC CGA ACA CCG CCG GTA CCC ACG ACT C 
K254C- GAG TCG TGG GTA CCG GCG CAG TTC GGG GAA CCG AAA C 
K254D+ CGG TTC CCC GAA CGA TGC CGG TAC CCA CG 
K254D- CGT GGG TAC CGG CAT CGT TCG GGG AAC CG 
K254G+ TCG GTT CCC CGA ACG GAG CCG GTA CCC ACG 
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K254G- CGT GGG TAC CGG CTC CGT TCG GGG AAC CGA 
K254N+ GTT TCG GTT CCC CGA ACA ATG CCG GTA CCC AC 
K254N- GTG GGT ACC GGC ATT GTT CGG GGA ACC GAA AC 
K254P+ TCG GTT CCC CGA ACC CAG CCG GTA CCC ACG 
K254P- TCG GTT CCC CGA ACC CAG CCG GTA CCC ACG 
K254S+ GGT TTC GGT TCC CCG AAC AGC GCC GGT ACC CAC G 
K254S- CGT GGG TAC CGG CGC TGT TCG GGG AAC CGA AAC C 
K254T+ GGT TTC GGT TCC CCG AAC ACA GCC GGT ACC CAC 
K254T- GTG GGT ACC GGC TGT GTT CGG GGA ACC GAA ACC 
A282C+ GCG AAC AAC TGG GCT GGA AAT ATT CGC CGT TCG AAA 
A282C- TTT CGA ACG GCG AAT ATT TCC AGC CCA GTT GTT CGC 
A282P+ GAA CAA CTG GGC TGG AAA TAT CCG CCG TTC GAA ATC 
A282P- GAT TTC GAA CGG CGG ATA TTT CCA GCC CAG TTG TTC 
F284G+ GGC TGG AAA TAT GCG CCG GGC GAA ATC CCG TCT GAA AT 
F284G- ATT TCA GAC GGG ATT TCG CCC GGC GCA TAT TTC CAG CC 
F284N+ GGC TGG AAA TAT GCG CCG AAC GAA ATC CCG TCT GAA AT 
F284N- ATT TCA GAC GGG ATT TCG TTC GGC GCA TAT TTC CAG CC 
E285D+ GAA ATA TGC GCC GTT CGA TAT CCC GTC TGA AAT CTA T 
E285D- ATA GAT TTC AGA CGG GAT ATC GAA CGG CGC ATA TTT C 
E285K+ GGA AAT ATG CGC CGT TCA AAA TCC CGT CTG AAA TC 
E285K- GAT TTC AGA CGG GAT TTT GAA CGG CGC ATA TTT CC 
E285Q+ GGA AAT ATG CGC CGT TCC AAA TCC CGT CTG AAA TC 
E285Q- GAT TTC AGA CGG GAT TTG GAA CGG CGC ATA TTT CC 
E285S+ GCT GGA AAT ATG CGC CGT TCT CAA TCC CGT CTG AAA TCT ATG 
E285S- CAT AGA TTT CAG ACG GGA TTG AGA ACG GCG CAT ATT TCC AGC 
E285T+ GCT GGA AAT ATG CGC CGT TCA CAA TCC CGT CTG AAA TCT ATG 
E285T- CAT AGA TTT CAG ACG GGA TTG TGA ACG GCG CAT ATT TCC AGC 
F337C+ GCG AAA TGC CGT CTG ACT GCG ACG CTA AAG CGA A 
F337C- TTC GCT TTA GCG TCG CAG TCA GAC GGC ATT TCG C 
F337G+ GCG AAA TGC CGT CTG ACG GCG ACG CTA AAG CGA AAG 
F337G- CTT TCG CTT TAG CGT CGC CGT CAG ACG GCA TTT CGC 
F337N+ GCG AAA TGC CGT CTG ACA ACG ACG CTA AAG CGA AAG 
F337N- CTT TCG CTT TAG CGT CGT TGT CAG ACG GCA TTT CGC   
I365L+ TAA AGC GTC TCA GAA TGC TCT CGA AGC GTT CGG TC  
I365L- GAC CGA ACG CTT CGA GAG CAT TCT GAG ACG CTT TA  
G506A+ CGC GTG GAA ATA CGC TGT TGA GCG TCA GG  
G506A- CCT GAC GCT CAA CAG CGT ATT TCC ACG CG  
H26I+ GTA CAG AAA GCC AAA TCC GGT ATC CCG GGT GCC C  
H26I- GGG CAC CCG GGA TAC CGG ATT TGG CTT TCT GTA C 
H26Q+ AAA GCC AAA TCC GGT CAG CCG GGT GCC 
H26Q- GGC ACC CGG CTG ACC GGA TTT GGC TTT  
H66I+ GTG CTG TCC AAC GGC ATC GGC TCC ATG CTG AT 
H66I- ATC AGC ATG GAG CCG ATG CCG TTG GAC AGC AC 
H66T+ GTG CTG TCC AAC GGC ACC GGC TCC ATG CTG AT 
H66T- ATC AGC ATG GAG CCG GTG CCG TTG GAC AGC AC 
M69F+ CGG CCA CGG CTC CTT CCT GAT CTA CAG CC 
M69F- GGC TGT AGA TCA GGA AGG AGC CGT GGC CG 
H100F+ GCT GCA CTC TAA AAC TCC GGG TTT CCC GGA AGT GGG 
H100F- CCC ACT TCC GGG AAA CCC GGA GTT TTA GAG TGC AGC 
H100L+ CTA AAA CTC CGG GTC TCC CGG AAG TGG GTT A 
H100L- TAA CCC ACT TCC GGG AGA CCC GGA GTT TTA G 
H100T+ GCT GCA CTC TAA AAC TCC GGG TAC CCC GGA AGT GGG 
H100T- CCC ACT TCC GGG GTA CCC GGA GTT TTA GAG TGC AGC  
H100Y+ GCT GCA CTC TAA AAC TCC GGG TTA CCC GGA AGT GGG TT 
H100Y- AAC CCA CTT CCG GGT AAC CCG GAG TTT TAG AGT GCA GC 
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L116I+ CCA CCA CCG GTC CGA TAG GTC AGG GTA TTG C 
L116I- GCA ATA CCC TGA CCT ATC GGA CCG GTG GTG G 
I189E+ TAC GAT GAC AAC GGT ATT TCT GAG GAT GGT CAC GTT GAA GGC 

TGG 
I189E- CCA GCC TTC AAC GTG ACC ATC CTC AGA AAT ACC GTT GTC ATC 

GTA 
I189N+ CTA CGA TGA CAA CGG TAT TTC TAA CGA TGG TCA CGT T 
I189N- AAC GTG ACC ATC GTT AGA AAT ACC GTT GTC ATC GTA G 
I189Q+ TAC GAT GAC AAC GGT ATT TCT CAG GAT GGT CAC GTT GAA GGC 

TGG  
I189Q- CCA GCC TTC AAC GTG ACC ATC CTG AGA AAT ACC GTT GTC ATC 

GTA 
H261E+ ACC CAC GAC TCC GAG GGT GCG CCG CTG  
H261E- CAG CGG CGC ACC CTC GGA GTC GTG GGT 
H161I+ TAC CCA CGA CTC CAT CGG TGC GCC GCT G 
H261I- CAG CGG CGC ACC GAT GGA GTC GTG GGT A 
S385D+ GCT GAC CTG GCG CCG GAT AAC CTG ACC CTG TG  
S385D- CAC AGG GTC AGG TTA TCC GGC GCC AGG TCA GC 
D469E+ CGG TCT GGG CGA AGA GGG CCC GAC TC 
D469E- GAG TCG GGC CCT CTT CGC CCA GAC CG 
D469H+ ATC GGT CTG GGC GAA CAC GGC CCG ACT C 
D469H- GAG TCG GGC CGT GTT CGC CCA GAC CGA T  
D469T+ TCC ATC GGT CTG GGC GAA ACC GGC CCG ACTCAC 
D469T- GTG AGT CGG GCC GGT TTC GCC CAG ACC GATGGA 
H473N+ GCG AAG ACG GCC CGA CTA ACC AGC CGG TT 
H473N- AAC CGG CTG GTT AGT CGG GCC GTC TTC GC 
H473S+ GCG AAG ACG GCC CGA CTA GCC AGC CGG TTG A  
H473S- TCA ACC GGC TGG CTA GTC GGG CCG TCT TCG C 
D469E/ 
H473N+ 

GTC TGG GCG AAG AGG GCC CGA CTA ACC AGCCGG 
 

D469E/ 
H473N- 

CCG GCT GGT TAG TCG GGC CCT CTT CGC CCAGAC 
 

D469E/ 
H473S+ 

GTC TGG GCG AAG AGG GCC CGA CTA GCC AGCCGG TT 

D469E/ 
H473S+ 

AAC CGG CTG GCT AGT CGG GCC CTC TTC GCCCAG AC 
 

D469T/ 
H473N+ 

GGT CTG GGC GAA ACC GGC CCG ACT AAC CAGCCG G 

D469T/ 
H473N- 

CCG GCT GGT TAG TCG GGC CGG TTT CGC CCAGAC C 
 

D469T/ 
H473S+ 

CGG TCT GGG CGA AAC CGG CCC GAC TAG CCAGCC GGT TG 
 

D469T/ 
H473S- 

CAA CCG GCT GGC TAG TCG GGC CGG TTT CGCCCA GAC CG 
 

R520Q+ CAC TGA TCC TCT CCC AGC AGA ACC TGG CGCAG 
R520Q- CTG CGC CAG GTT CTG CTG GGA GAG GAT CAGTG 
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