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ABSTRACT 

Sodium methyl hex-5-ynoyl phosphate (SMHP) was synthesized as an activity-based 

probe designed to target protein architectures with nucleophiles adjacent to a cationic 

binding site. Activity-based protein profiling revealed that SMHP modified 281 enzymes 

from the cell-lysate of Pseudomonas lemognei, including D-3-hydroxybutyrate 

dehydrogenase and CTP synthase. The sites of modification were investigated using 

fluorescence-based activity studies, LC-MS/MS, and kinetics. The inactivation of L-

fuconate dehydratase by 3-hydroxypyruvate and the effects of Tris buffer were also 

explored. With increasing Tris concentrations, the kinact
app and KI

app values decreased, but 

the kinact
app/KI

app remained unchanged (~0.018 ± 0.002 M–1s–1). Finally, the Cys→Ser 

variants (C76S and C186S) of glutamate racemase from Fusobacterium nucleatum were 

constructed. The C76S variant exhibited greater catalytic efficiency in the D→L reaction 

direction at higher pH values; however, this preferred ‘unidirectional’ behavior was not 

observed for the C186S variant in the L→D reaction direction. 
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CHAPTER 1 INTRODUCTION  

 In this thesis, three major topics will be discussed: (i) investigations of protein 

architectures using an activity-based probe (Chapter 2), (ii) evaluation of the inactivation 

of L-fuconate dehydratase by 3-hydroxypyruvate and the effects of Tris buffer (Chapter 

3), and (iii) the re-engineering of glutamate racemase to address the question of whether 

the enzyme can be made preferentially “unidirectional” (Chapter 4). 

 

Investigating protein architectures using an activity-based probe (Chapter 2)  

Activity-based protein profiling (ABPP) is a chemical proteomic technique used 

to identify proteins and their functional state (Cravatt et al., 2008; Kozarich, 2003; Peng 

& Hulleman, 2019; Willems et al., 2014), identify enzyme inhibitors (Galmozzi et al., 

2014; Niphakis & Cravatt, 2014), and classify enzymes that share conserved structural 

features (Kozarich, 2003; Patricelli et al., 2007). In Chapter 2 of this thesis, I describe the 

synthesis of sodium methyl hex-5-ynoyl phosphate (SMHP), a small-molecule activity-

based probe designed to target proteins architectures with a nucleophile adjacent to a 

cationic binding site. The anionic monomethyl acyl phosphate warhead of this probe 

structurally resembles methyl acetyl phosphate (MAP), a compound previously shown to 

irreversibly inactivate 3-hydroxybutyrate dehydrogenase (3-HBDH) (Kluger & Tsui, 

1980, 1986) and modify hemoglobin (Hb) (Ueno et al., 1986, 1989; Xu et al., 1999). 

Given the structural similarity to MAP, and the hydrolytic stability of the acyl phosphate 

warhead (Di Sabato & Jencks, 1961a, 1961b), I show that SMHP also modifies these 

proteins. Consequently, I set out to use SMHP to identify proteins containing this 

architecture within a cell-lysate proteome from Pseudomonas lemognei, which was 
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employed for the proof-of-principle experiment since it natively expresses expresses 3-

HBDH. Using a copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction 

between the probe-modified proteins from the P. lemognei proteome and a biotin-azide 

tag to obtain proteins that had reacted with SMHP, I used LC-MS/MS to identify 281 

enzymes, including 3-HBDH and CTP synthase (CTPS). I then characterized the 

interaction of SMHP and MAP with purified 3-HBDH from P. lemognei and CTP 

synthase (CTPS) from E. coli using fluorescent tagging, LC-MS/MS, and kinetic studies 

to determine the sites of modification.   

 

Evaluating the inactivation of L-fuconate dehydratase by 3-hydroxypyruvate and the 

effects of Tris buffer (Chapter 3) 

L-Fuconate dehydratase (FucD) is a member of the mandelate racemase (MR) 

subgroup within the enolase superfamily of enzymes (ENS), that catalyzes the conversion 

of L-fuconate to 2-keto-3-deoxy-L-fuconate in a β-elimination reaction. 3-

Hydroxypyruvate (3-HP) was previously discovered to irreversibly inactivate MR, where 

the catalytic residues, Lys 166 and His 297, were identified as binding determinants for 

the inhibitor (Nagar et al., 2015). Given that members of the MR subgroup share 

conserved active-site residues, Chris Fetter, a previous M.Sc. student in the Bearne lab, 

sought to investigate whether 3-HP could also inactivate FucD (Fetter, 2019). 

Interestingly, Chris Fetter determined that the efficiency of inactivation (kinact/KI) of FucD 

by 3-HP was significantly lower (0.023 ± 0.001 M–1s–1) (Fetter, 2019) than that observed 

for the inactivation of MR 83 ± 8 M–1s–1 (Nagar et al., 2015). The inactivation of MR was 

previously shown to occur via a Schiff-base mechanism, yielding an 86-Da 

enol(ate)/aldehyde adduct with Lys 166 (Nagar et al., 2015). While Chris Fetter observed 
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86-Da adducts with Lys 220 (analogous to Lys 166 of MR) using LC-MS/MS analysis, 

surprisingly, 58-Da adducts were also observed with Lys 220 and with other nucleophilic 

residues outside of the active site. The combination of kinetics and LC-MS/MS findings 

suggested the possibility that despite the conserved catalytic machinery among MR 

subgroup members, FucD was being inactivated by 3-HP through a different mechanism 

than that reported for MR. 

Building on the findings of Chris Fetter, my goal was to investigate whether the 

reduced rate of inactivation observed for FucD was potentially a consequence of the 

buffer used, tris(hydroxymethyl)aminomethane (Tris), given the known ability of primary 

amines to form Schiff-base products with carbonyl groups, such as aldehydes and 

ketones. In this work, time-dependent inactivation studies of FucD by 3-HP were 

conducted at varying concentrations of Tris. Interestingly, Tris was found to protect 

against the inactivation of FucD in a concentration-dependent manner, where the kinact
app 

and KI
app values decreased with respect to increasing Tris-Cl concentrations, but the 

kinact
app/KI

app remained unchanged. Protection studies with L-fuconate revealed that 3-HP-

dependent inactivation of FucD does not appear to occur at the active site. Finally, intact 

ESI-MS studies are described that assess size and number of adducts formed when 3-HP-

dependent inactivation of FucD was conducted in 5 mM versus 50 mM Tris-Cl buffer.  

 

Can the bidirectional activity of glutamate racemase be re-engineered to become 

preferentially ‘unidirectional’? (Chapter 4) 

 Glutamate racemase (GR) is an amino acid racemase that catalyzes the 

interconversion of L-glutamate and D-glutamate via a two-base mechanism, specifically, 

by two catalytic Cys residues (Glavas & Tanner, 1999). Glutamate racemase plays a 
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critical role in the biosynthesis of bacterial cell walls, wherein D-glutamate, is an 

essential component of peptidoglycan, which protects bacteria from osmotic rupture 

(Fisher, 2008; Lundqvist et al., 2007; Van Heijenoort, 2001). Glaves and Tanner (1999) 

previously investigated the substitution of the two catalytic Cys residues of GR from 

Lactobacillus fermenti (LfGR) to Ser residues (C73S and C184S) and found that the 

kcat/Km values for the C73S variant increased ~10-fold in the D→L reaction direction 

between pH 7.0 to 9.0, but the kcat/Km values for the C184S variant remained largely 

unchanged over this pH range. However, the authors only investigated the pH-

dependencies of the variants in the D→L reaction direction.  

With GR from oral pathogen Fusobacterium nucleatum (FnGR), which was 

previously purified and characterized in the Bearne Lab (Potrykus et al., 2009), my 

objective was to construct FnGR Cys to Ser variants, C76S and C186S, and determine 

whether these variants were active, and, if so, to explore whether the variants would 

exhibit preferential ‘unidirectional’ behavior at increased pH values, which was 

anticipated based on findings by Glaves and Tanner (1999). Indeed, the variants retained 

some residual enzymatic activity, and, while the C76S FnGR variant exhibited greater 

efficiency in the D→L reaction direction at higher pH values, this preferred 

‘unidirectional’ behavior was not observed for the C186S variant in the L→D reaction 

direction.  

 

 

 



 5 

CHAPTER 2 INVESTIGATING PROTEIN 

ARCHITECTURES USING AN ACTIVITY-BASED PROBE 

2.1 INTRODUCTION 

2.1.1 ACTIVITY-BASED PROTEIN PROFILING  

Activity-based protein profiling (ABPP) is a rapidly emerging chemical 

proteomic technique used to identify proteins and their functional state (Cravatt et al., 

2008; Kozarich, 2003; Peng & Hulleman, 2019; Willems et al., 2014), identify enzyme 

inhibitors (Galmozzi et al., 2014; Niphakis & Cravatt, 2014), and classify enzymes that 

share conserved structural features (Kozarich, 2003; Patricelli et al., 2007). The ABPP 

approach uses small-molecule probes that are designed to covalently modify the active 

site(s) of an individual protein, or family of proteins, based on shared structural motifs 

(Cravatt et al., 2008; Willems et al., 2014). Protein activity can be assessed both in vitro 

and in vivo in various forms of biological systems, such as cell-lysates, tissues, and whole 

organisms (Deng et al., 2020). This technique has therefore become an important 

approach for drug discovery and development, wherein potential inhibitors can be 

screened against a plethora of enzymes in parallel to determine their selectivity and 

potency within complex systems (Wright et al., 2009; Wright & Cravatt, 2007). 

2.1.2 STRUCTURE AND MECHANISM OF ACTIVITY-BASED PROBES  

Activity-based probes (ABPs) typically consist of three functional groups: a 

binding group, a reactive group, and a reporter tag (Niphakis & Cravatt, 2014). The 

binding group is often designed to mimic structural and electronic characteristics of the 

substrate or an inhibitor of a given type of enzyme that directs the probe towards the 

active site of the target proteins based on conserved structural or mechanistic features 
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(Deng et al., 2020; Niphakis & Cravatt, 2014). The reactive group, also termed the 

“warhead”, reacts to form a covalent bond with the protein and is often either an 

electrophilic or a photoreactive functional group (Cravatt et al., 2008; Liu et al., 2015). 

Warheads must be carefully designed to avoid nonspecific, off-target reactions (Shindo & 

Ojida, 2021). Ideally, the warhead should exhibit high stability under physiological 

conditions, yet be highly reactive towards proteins containing the targeted catalytic or 

structural motif (Kozarich, 2003; Shindo & Ojida, 2021). Electrophilic groups, such as 

epoxides, sulfonates, lactones, and fluorophosphates are more commonly employed in 

ABPP, as opposed to photoreactive groups, and typically react to form covalent bonds 

with conserved active-site nucleophiles (Deng et al., 2020; S. Wang et al., 2018). 

However, in the absence of such conserved active-site nucleophiles, photoreactive 

groups, such as benzophenones, diazirines, and aryl azides, are used to generate a highly 

reactive species, such as a nitrene or carbene upon UV irradiation, that then forms a 

covalent bond with the site of interest (McKenna et al., 2021). A caveat to using a 

photoactivated group as the reactive group is the increased likelihood of nonspecific 

labelling as a result of the highly reactive species that is generated upon UV irradiation 

(Shindo & Ojida, 2021). Moreover, in contrast to electrophilic groups that only modify 

catalytically active proteins, photoreactive warheads label both inactive and active 

proteins and are therefore less frequently used in ABPP studies (Shindo & Ojida, 2021). 

Lastly, the reporter tag is often either biotin, a fluorophore, or a group that may be 

modified in an orthogonal reaction (e.g., click chemistry), which permit the analysis of 

probe-labelling events  (Niphakis & Cravatt, 2014). 
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Click chemistry has become an attractive strategy utilized in ABPP because it 

permits probes to be designed that do not suffer the limitations that arise as a 

consequence of the large, bulky structure of reporter tags, such as poor cell permeability 

and inaccessibility to protein active sites (Speers & Cravatt, 2009; S. Wang et al., 2018). 

Typically, proteins are first labelled with a small-molecule ABP that contains a terminal 

azide or alkyne. The alkyne or azide of the probe is then reacted with the azide or alkyne, 

respectively, of a reporter group via a copper (I)-catalyzed azide-alkyne cycloaddition 

(CuAAC) reaction to yield thermally and hydrolytically stable 1,4-disubstituted 1,2,3-

triazole products (Scheme 2.1) (Deng et al., 2020; Kolb & Sharpless, 2003; Li & Zhang, 

2016 Rostovtsev et al., 2002; Speers & Cravatt, 2004; S. Wang et al., 2018).  

 

 

Scheme 2.1 General CuAAC reaction.   

 

The CuAAC reaction (click chemistry) was first described by Sharpless and 

colleagues in 2002 as a Cu(I)-catalyzed, stepwise variant of Huisgen’s 1,3-dipolar 

cycloaddition between azides and alkynes, that showed a 106-107-fold increase in the 

reaction rate relative to the uncatalyzed reaction (Kolb & Sharpless, 2003; Li & Zhang, 

2016; Rostovtsev et al., 2002). Sodium ascorbate is the most commonly used reducing 

agent for copper(II) reduction in the CuAAC reaction, but hydroxylamine and tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) have also been employed (Presolski et al., 

2011; Rodionov et al., 2007; Rostovtsev et al., 2002). Accelerating ligands such as 



 8 

tris(hydroxypropyltriazolyl)methylamine (THPTA) and tris-[(1-benzyl-1H-1,2,3-triazol-

4-yl)methyl]amine (TBTA) contain copper-chelating moieties, which are commonly 

employed to improve the kinetics of the CuAAC reaction (Hong et al., 2010; Presolski et 

al., 2011; Rodionov et al., 2007). Typically, five equivalents of ligand are used for every 

one equivalent of copper (Hong et al., 2010; Presolski et al., 2011). As sacrificial 

reducing agents, these ligands maintain the cuprous oxidation state to not only accelerate 

the reaction, but further to protect against reactive oxygen species-induced toxicity that 

arises from the CuAAC reaction, thus, improving the biocompatibility of the reaction 

when conducted in vivo (Hong et al., 2010; Presolski et al., 2011). While conditions for 

the CuAAC reaction can be optimized, in general, the reaction is described as highly 

robust and flexible, proceeding efficiently over a broad pH range (~ 4 – 12), over a broad 

temperature range, and in a variety of solvents (Presolski et al., 2011; Rodionov et al., 

2007; Rostovtsev et al., 2002).  

 

2.1.3 ANALYSIS OF ABPP EVENTS 

Methods for the identification and quantification of probe-labelled proteins differ 

based on the type of reporter tag used. Proteins tagged with fluorophores, such as 

rhodamine, cyanine, and fluorescein, are typically resolved on an SDS-PAGE gel and 

most commonly visualized using in-gel fluorescence scanning (Wright et al., 2009). In 

contrast, biotinylated proteins are first enriched on streptavidin or avidin beads, since 

their affinity for biotin is extremely high with dissociation constants (Kd) of 4 × 10–14 M 

(Green, 1990) and ~10–15 M (Green, 1963b, 1963a), respectively (Galmozzi et al., 2014). 

The bead-bound biotinylated proteins are subsequently washed thoroughly to remove 
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non-biotinylated proteins and subjected to on-bead trypsin digestion (Galmozzi et al., 

2014; Speers & Cravatt, 2009). The resulting peptides are then analyzed using LC-

MS/MS. Fluorescent tagging is an attractive approach for the rapid analysis of samples 

and can be used for most activity-based applications (Wright et al., 2009). However, due 

to the lack of sensitivity, fluorescent tagging is a more limited approach as low 

abundance proteins in a proteome may not be detected (Deng et al., 2020). To overcome 

this limitation, biotin tagging can be employed to identify proteins from complex 

proteomes and identify enzyme inhibitors due to the high sensitivity and resolution of the 

MS-based approach (Cravatt et al., 2008; Deng et al., 2020; Niphakis & Cravatt, 2014).   

 

2.1.4 TARGET DISCOVERY 

 The identification of proteins in various biological systems remains one of the 

primary applications of ABPP. Probes can be designed as either “broad-spectrum” or 

“tailor-made” (Niphakis & Cravatt, 2014). Broad-spectrum probes are typically used to 

target a large number of enzymes that share common structural or catalytic features, 

which can include entire enzyme families, such as serine hydrolases (Liu et al., 1999), 

oxidoreductases (Wright et al., 2009), phosphatases (Kumar et al., 2004), kinases 

(Patricelli et al., 2007), glycosidases (S. J. Williams et al., 2006), and metalloproteases 

(Saghatelian et al., 2004). The ability to profile families or classes of enzymes in parallel 

within a mechanistically similar enzyme group allows for the identification of individual 

members that are differentially active or expressed in a disease state for example (Cravatt 

et al., 2008; Nomura et al., 2010). Once identified, these enzymes can become 

therapeutic targets for the development of inhibitors (Niphakis & Cravatt, 2014). While 
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broad-spectrum probes are more commonly employed, tailor-made probes, which target a 

distinct set of enzymes, or an individual enzyme of interest, offer unique advantages in 

ABPP (Deng et al., 2020). Tailor-made probes are highly selective, allowing for the low-

abundance proteins to be profiled that may otherwise be obscured by the presence of 

high-abundance proteins using a broad-spectrum probe (Niphakis & Cravatt, 2014). In 

addition, these selectively designed probes are commonly used to localize specific 

proteins(s) within cells, tissues, and organisms (Deng et al., 2020; Niphakis & Cravatt, 

2014).  

ABPP also provides a valuable means of assigning uncharacterized enzymes into 

a class, based on their ability to react with a given probe (Jessani et al., 2005; Niphakis & 

Cravatt, 2014). Further, determining the active-site architectures of these enzymes can 

facilitate the determination of specific substrates for the enzyme and further, the design of 

inhibitors (Jessani et al., 2005; Niphakis & Cravatt, 2014). Jessani and colleagues (2005) 

used ABPP to classify sialic acid 9-O-acetylesterase, a previously uncharacterized 

enzyme due to the lack of amino acid sequence similarity to any enzyme class, into the 

serine hydrolase superfamily. ABPP provides the ability to classify previously cryptic 

enzymes on the basis of probe reactivity and specific labelling sites, rather than by amino 

acid sequence comparisons (Jessani et al., 2005).  

  

2.1.5 INHIBITOR DISCOVERY  

 The discovery and optimization of enzyme inhibitors is another primary 

application of ABPP technology in proteomics. From complex proteomes, potential 

inhibitors can be screened against a plethora of enzymes in parallel to determine their 
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selectivity and potency (Nomura et al., 2010; Patricelli et al., 2007; Wright & Cravatt, 

2007). Thereafter, inhibitors can be refined to improve their potency towards selected 

enzyme(s) (Cravatt et al., 2008). This ABPP approach to inhibitor discovery greatly 

improves the throughput of inhibitor screening by alleviating the requirement for 

recombinant protein expression and purification (Niphakis & Cravatt, 2014).  

In this method, proteins are preincubated with an irreversible or reversible 

competitive inhibitor for a defined period of time, then they are reacted with the ABP, 

followed by analysis using either in-gel fluorescence scanning (fluorescent tag) or LC-

MS/MS (biotin tag) (Figure 2.1) (Galmozzi et al., 2014). A reduction or loss in signal 

intensity using either reporter tag is indictive of competitive inhibition and the reduction 

in the number of free sites that can be labelled by the ABP (Patricelli et al., 2007). While 

competitive irreversible inhibitors are more commonly employed in ABPP, competitive 

reversible inhibitors can also be studied under modified conditions (Adibekian et al., 

2012; Leung et al., 2003). Analysis of competitive irreversible inhibitors is more 

straightforward, as once enzymes are covalently modified by an irreversible inhibitor, 

those sites cannot be later modified by the addition of the ABP probe (Galmozzi et al., 

2014; Niphakis & Cravatt, 2014). In contrast, the inhibition by reversible inhibitors 

requires a kinetically controlled approach to determine how quickly inactivation by the 

ABP occurs relative to the reversible inhibitor (Adibekian et al., 2012; Galmozzi et al., 

2014; Leung et al., 2003; Niphakis & Cravatt, 2014). 
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Figure 2.1 Competitive activity-based protein profiling. Proteins are pre-incubated 

with no inhibitor (control) or with inhibitor (sample) and are subsequently reacted with 

the activity-based probe, followed by analysis using in-gel fluorescence scanning or LC-

MS/MS for fluorescent tagging or biotin tagging, respectively. Competitive inhibition is 

demonstrated by the reduction or complete loss in signal intensity in both methods 

(Galmozzi et al., 2014).  

 

 

2.1.6 IDENTIFICATION OF PROTEINS WITH CONSERVED    

         ARCHETECTURES 

   

 Another ABPP proteomic strategy involves targeting proteins that contain 

conserved architectures, rather than targeting a specific enzyme family with a given 

catalytic mechanism. For example, Patricelli and colleagues (2007) used nucleotide acyl 

phosphate probes with an initial goal of targeting protein kinases from human cancer cell 

lines and further profiling their inhibition using known kinase inhibitors. In their probe 

design, either ATP or ADP was used as the structural scaffold (binding group) to direct 

the probe to the ATP-binding pocket (Patricelli et al., 2007). Once bound, the acyl 

phosphate moiety (reactive group) was attacked by one of two conserved active-site 

lysine residues (Patricelli et al., 2007). Given that numerous enzymes can bind 

ATP/ADP, the resulting proteome coverage targeted by these probes was described as 
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broadly specific, which predominantly targeted not only protein kinases, metabolic 

kinases, and ATPases, but also GTPases, FAD/NAD-utilizing enzymes, adenine 

nucleotide synthetic enzymes, and DNA/RNA binding enzymes (Patricelli et al., 2007). 

Unlike most ABPP approaches reported in the literature that contain a more specific 

binding group and reactive warhead designed to solely target a specific family of 

enzymes, these findings by Patricelli and colleagues (2007) demonstrated a more broad-

spectrum probe design that could modify a diverse array of ADP/ATP-binding proteins 

that share conserved structural motifs. For my research, the objective was to develop an 

activity-based probe that could covalently modify proteins containing a specific protein 

architecture; specifically, those with a nucleophile adjacent to a cationic binding site.  

 

 

 

2.1.7 TWO PROTEINS WITH KNOWN ARCHITECTURES CONTAINING A  

         NUCLEOPHILIE ADJACENT TO A CATIONIC BINDING  

         SITE 

2.1.7.1  D-3-Hydroxybutyrate dehydrogenase 

2.1.7.1.1 Reaction and metabolic role 

D-3-Hydroxybutyrate dehydrogenase (3-HBDH) (EC 1.1.1.30) is a homo-

tetrameric enzyme that catalyzes the reversible reduction of acetoacetate to D-3-

hydroxybutyrate using the coenzyme NADH (Scheme 2.2) (Hoque et al., 2008, 2009; 

Kanazawa et al., 2016). 3-HBDH belongs to the short-chain dehydrogenase/reductase 

(SDR) superfamily of enzymes, which is found in all three domains of life (Aneja et al., 

2002; Cahill, 2006; Krishnakumar et al., 2008; Machado et al., 2020). The structure and 

active-site architecture will be discussed in full detail in Section 2.3.9. Briefly, SDR 

family members share highly conserved three-dimensional structures and conserved 
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active-site residues, including the catalytic tetrad: Asn-Ser-Tyr-Lys (Filling et al., 2002; 

Kavanagh et al., 2008; Machado et al., 2020; Nakashima et al., 2009). Catalysis by 3-

HBDH from Pseudomonas lemognei occurs via an ordered Bi-Bi kinetic mechanism, 

whereby NADH/NAD+ must bind before acetoacetate/D-3-hydroxybutyrate (Kluger et 

al., 1978).   

 

 

Scheme 2.2 Reversible, stereospecific reaction catalyzed by 3-HBDH 

 

Acetoacetate, D-3-hydroxybutyrate, and acetone are water-soluble ketone bodies 

that serve as vital energy sources when glucose supplies are low (Hoque et al., 2009; 

Kanazawa et al., 2016; Newman & Verdin, 2014). In humans, ketone bodies are 

synthesized in the liver (Kanazawa et al., 2016). Acetoacetate and D-3-hydroxybutyrate 

are transported to organs such as the brain, heart, and kidney where they are converted 

into two molecules of acetyl-CoA during periods of strenuous exercise or prolonged 

starvation (Cahill, 2006; Kanazawa et al., 2016). The accumulation of ketone bodies to 

excess concentrations, however, can lead to ketoacidosis and is most commonly observed 

in cases of type I diabetes (Hoque et al., 2009). Under normal conditions, D-3-

hydroxybutyrate is the most abundant ketone body in the blood, accounting for 

approximately 75% of ketone bodies present at normal levels, where acetoacetate is less 

stable and can undergo nonenzymatic decarboxylation to yield acetone, which is excreted 
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(Custer et al., 1983; Koch & Feldbruegge, 1987; Shimomura et al., 2013). However, 

during ketoacidosis, the level of D-3-hydroxybutyrate is much higher than normal to 

varying degrees and is therefore used as a means of diagnosing ketoacidosis (Koch & 

Feldbruegge, 1987; Kwan et al., 2006; Shimomura et al., 2013). Given the severe and 

life-threatening nature of ketoacidosis, 3-HBDH is of therapeutic interest as a both a 

probe for monitoring D-3-hydroxybutyrate levels in the blood and for inhibitor design to 

alleviate symptoms of ketoacidosis (Kanazawa et al., 2016; Kwan et al., 2006; 

Nakashima et al., 2009; Shimomura et al., 2013; Tan et al., 1975).   

 

2.1.7.1.2 Inactivation of 3-HBDH by methyl acetyl phosphate 

3-HBDH from P. lemognei exhibits high specificity for its substrates, acetoacetate 

and D-3-hydroxybutyrate, as only 3-ketocarboxylic acid homologues and acetone 

sulfonate have been shown to be suitable alternative substrates for the enzyme (Delafield 

et al., 1965; Kluger et al., 1978). Kluger and colleagues suggested that a cationic binding 

site at the active site of 3-HBDH serves as the recognition site for the anionic carboxylate 

group of the substrate (Kluger et al., 1978; Kluger & Tsui, 1981). They further suggested 

that a second group, a conjugate base of hydrogen bond donor, subsequently interacts 

with the carbonyl group of acetoacetate and the corresponding hydroxyl group of D-3-

hydroxybutyrate (Kluger et al., 1978). Given this model, methyl acetyl phosphate (MAP) 

was designed and synthesized as a substrate analogue for acetoacetate with intent of 

irreversibly inactivating 3-HBDH (Kluger & Tsui, 1980). MAP was designed to be 

highly stable in the absence of nonenzymatic nucleophiles, such that the anionic 
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phosphate group of MAP must first interact with the cationic binding site of 3-HBDH 

prior to acetylation of the adjacent nucleophile (Figure 2.2) (Kluger & Tsui, 1980). 

 
Figure 2.2 Covalent modification of proteins with active-site nucleophiles adjacent 

to a cationic binding site by MAP.  

 

 MAP was found to be both a competitive inhibitor and an irreversible inactivator 

of 3-HBDH (Kluger & Tsui, 1986). The observed pseudo first-order rate constant (kobs) 

for the inactivation of 3-HBDH by MAP was found to be highly dependent on pH, where 

the rate of inactivation increased from pH 6.5-8.9 (Kluger & Tsui, 1986). Moreover, the 

pH-dependence of the rate of inactivation suggested to Kluger and co-workers that 

acetylation within the 3-HBDH active site occurs at a base with a pKa of 8.2 (Kluger & 

Tsui, 1986). Due to the high reactivity of acetyl phosphates towards primary amines (Di 

Sabato & Jencks, 1961a, 1961b), these authors postulated that the reactive site was a 

lysine residue that resided adjacent to a cationic site, since such an architecture would be 

expected to perturb the pKa downward, therefore, explaining the reduced pKa of 8.2 and 

increased reactivity of the nucleophile (Kluger & Tsui, 1986). While the pH-dependence 

of the inactivation provided evidence suggesting that the attacking nucleophile is a lysine, 

no further studies were conducted to confirm this hypothesis nor to determine the specific 

active-site lysine residue(s) being modified.  
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Further, protection studies using methyl acetonylphosphonate, a substrate 

analogue and strong competitive inhibitor against acetoacetate, in the presence of 

coenzyme NADH, demonstrated clear protection against the inactivation of 3-HBDH by 

MAP (Kluger & Tsui, 1986). This observation further demonstrated that the acetylation 

by MAP occurs at the cationic active site of 3-HBDH (Kluger & Tsui, 1986).  

2.1.7.2 Modification of Hb by MAP 

Extending the use of MAP to other proteins, MAP was later shown to acetylate 

hemoglobin (Hb) (Ueno et al., 1986, 1989; Xu et al., 1999). The discovery of compounds 

that acetylate Hb is of therapeutic interest for the treatment of sickle cell disease (Xu et 

al., 1999). These compounds are designed to target the 2,3-diphosphoglycerate (2,3-

DPG) binding site, resulting in the reduced binding of 2,3-DPG and thus increasing the 

affinity of Hb for oxygen (Klotz & Tam, 1973). Since 2,3-DPG is a trianionic compound 

that binds at the cationic region at the center of the Hb tetramer, MAP, bearing a single 

negative charge, was suggested to be a potent acetylating agent of nucleophiles within 

this cleft (Ueno et al., 1986, 1989; Xu et al., 1999). Ueno et al. (1986, 1989) first used 

high-performance liquid chromatography (HPLC) peptide mapping to identify three 

residues of human Hb modified by MAP within the 2,3-DPG binding cleft between the β-

chains of the tetramer: βVal 1, βLys 82, and βLys 144 (Figure 2.3). Xu et al. (1999) later 

confirmed these findings using heteronuclear multi-quantum coherence spectroscopy and 

heteronuclear single-quantum coherence spectroscopy NMR studies and determined that 

there was a clear preference towards the MAP-dependent acetylation of βLys 82 relative 

to βVal 1 and βLys 144. 
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Figure 2.3 Acetylation of Hb by MAP. Three residues in the 2,3-DPG binding cleft 

between the β-chains of the tetramer were covalently modified by MAP: Val 1, Lys 82, 

and Lys 144 (PDB: 1DKE) (Ueno et al., 1986). 

  

Similarly, aspirin (acetylsalicylate) is an anionic compound that has been found to 

acetylate Hb (Bridges et al., 1975; Klotz & Tam, 1973; Xu et al., 1999). In agreement 

with the pH-dependent inactivation study of 3-HBDH by MAP (Kluger & Tsui, 1986), 

the acetylation of Hb by aspirin was also found to be pH-dependent, with the rate of 

reaction increasing from pH 6.5-8.5, exhibiting a plateau from pH 8.5-9.0, and decreasing 

above pH 9.5 (Bridges et al., 1975). Bunn and colleagues (1975) therefore suggested that 

the acetylation of Hb is likely to occur primarily at lysine residues, which agrees with 

conclusions made by Kluger and Tsui (1986) with 3-HBDH as previously discussed. Xu 

et al. (1999) later confirmed these early findings by conducting protection studies with 

aspirin and MAP, determining that both compounds modify βLys 82 in the 2,3-DPG 

binding cleft.  
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2.1.8 OVERVIEW OF THIS WORK 

 

 ABPP is becoming an increasingly employed strategy in the field of proteomics 

due to its large diversity of applications and ability to profile proteins in highly complex 

proteomes. For this work, I synthesized sodium methyl hex-5-ynoyl phosphate (SMHP), 

a small-molecule probe, designed to target protein architectures with a nucleophile 

adjacent to a cationic binding site (Scheme 2.3). The monomethyl acyl phosphate 

warhead of the probe was chosen based on its stability in aqueous solutions and reactivity 

with nucleophiles relative to its acyl phosphate and dimethyl acyl phosphate counterparts 

(Di Sabato & Jencks, 1961a, 1961b). Specifically, the acyl phosphate moiety bearing two 

negative charges is hydrolytically stable and very slow to react with nucleophiles (Di 

Sabato & Jencks, 1961a, 1961b). In contrast, the dimethyl acyl phosphate moiety bearing 

a neutral charge is hydrolytically unstable and can react non-specifically, such as through 

nucleophilic attack by water, since the dimethyl phosphate is a very good leaving group 

(Di Sabato & Jencks, 1961a, 1961b). Lastly, the monomethyl acyl phosphate bearing a 

single negative charge remains hydrolytically stable, whereupon reaction with protein 

nucleophiles arises only when the compound is bound to a cationic site due to the partial 

neutralization of the negative charge, thereby mimicking the reactivity of a dimethyl acyl 

phosphate (Di Sabato & Jencks, 1961a, 1961b). Given the structural similarity between 

the anionic monomethyl acyl phosphate warhead of our probe, SMHP, and MAP (Figure 

2.4), I anticipated that SHMP would modify 3-HBDH (Kluger & Tsui, 1980, 1986) and 

hemoglobin (Ueno et al., 1986, 1989; Xu et al., 1999). I further used SMHP to probe the 

proteome of Pseudomonas lemognei to identify proteins that contained sites with 

architectures bearing a nucleophile adjacent to a cationic site. Overall, 281 enzymes were 
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identified, including 3-HBDH. Next, I characterized the interaction of SMHP and MAP 

with purified 3-HBDH from Pseudomonas lemognei and CTP synthase (CTPS) from E. 

coli using fluorescent tagging, LC-MS/MS, and kinetics (UV-based assays).   

 

 

Scheme 2.3 Synthesis of sodium methyl hex-5-ynoyl phosphate (SMHP).  

 

 

 

Figure 2.4 Structures of SMHP and MAP. (A) SMHP and (B) MAP both contain an 

anionic monomethyl acyl phosphate motif that was designed to modify protein 

architectures with a nucleophile adjacent to a cationic binding site.   
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2.2 MATERIALS AND METHODS 

2.2.1 GENERAL 

All reagents were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON, 

Canada) unless otherwise stated. His·Bind resin (Novagen) was purchased from EMD 

Millipore Corp. (Billerica, MA, USA). Pseudomonas (Paucimonas) lemognei (DSM 

7445) was purchased from DSMZ (Braunschweig, Germany). ®Strata C18-E (55 µm, 70 

Å) columns were purchased from Phenomenex (Torrance, CA, USA). Streptavidin 

Agarose (Novagen) was purchased from EMD Chemicals (San Diego, CA, USA).  

Fluorescein picolyl azide (FPA), tris(hydroxypropyltriazolyl)methylamine (THPTA), and 

Biotin Azide Plus were purchased from Click Chemistry Tools (Scottsdale, AZ, USA). 

Pierce™ Trypsin protease (MS-Grade) was purchased from ThermoFischer Scientific 

(Whitby, ON, Canada). Solid Phase Extraction Disks (ENVI-Disk) was purchased from 

Supelco (Bellefonte, PA, Canada). OD600 values were measured and kinetic studies for 3-

HBDH and CTPS were conducted using an HP-8453 UV-visible spectrometer. In-gel 

fluorescence experiments were carried out using a VersaDoc Imaging System (Bio-Rad). 

Nuclear magnetic resonance (1H, 13C, and 31P) spectra were obtained using either a 

Bruker AV 300 or 500 MHz spectrophotometer at the Dalhousie University Nuclear 

Magnetic Resonance Research Resource Centre (NMR-3). Chemical shifts (δ in ppm) for 

1H NMR spectra are reported relative to the residual solvent signal for or HOD (δ 4.79) 

or CDCl3 (δ 7.26), 13C NMR spectra are reported relative to the residual solvent signal for 

CDCl3 (δ 77.16) or a secondary reference, DSS (methyl signal), for D2O, and 13P spectra 

are reported relative to a secondary reference of 85% phosphoric acid (Gottlieb et al., 

1997). High resolution mass spectra (HRMS) were obtained using either a Bruker 
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microTOF mass spectrometer or a Bruker compact QTOF mass spectrophotometer 

operating in the electrospray ionization (ESI) mode (positive or negative). Intact MS 

(LC-MS) and LC-MS/MS experiments were carried out at the Faculty of Medicine 

Biological Mass Spectrometry Core Facility at Dalhousie University. Methods for the 

synthesis of sodium methyl hex-5-ynoyl phosphate (SMHP) were developed by Gemma 

Regan (undergraduate student) and Dr. Stephen Bearne in 2014-2015.  

 

2.2.2 SYNTHESES 

2.2.2.1 Sodium dimethyl phosphate 

 Sodium iodide (29.98 g, 0.2 mol, 1 equiv.) and trimethyl phosphate (23.10 mL, 

0.2 mol, 1 equiv.) were mixed in dry acetone (250 mL) and refluxed under argon 

overnight in a round-bottom flask (1 L) (Kluger et al., 1990). The product was collected 

by suction filtration as a white powder (27.86 g, 95% yield) (Kluger et al., 1990). 1H 

NMR (500 MHz, D2O) δ 3.55 (d, J = 10.7 Hz, 6H) (Figure 2.5).  
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Figure 2.5 1H NMR spectrum of sodium dimethyl phosphate in D2O.  

 

2.2.2.2 Hex-5-ynoyl chloride  

 Freshly distilled thionyl chloride (8.5 mL, 116.5 mmol, 1.2 equiv.) was added to 

5-hexynoic acid (10.78 g, 96.1 mmol, 1 equiv.) in a round-bottom flask (50 mL) 

(Kunzmann et al., 2011; Luxenhofer & Jordan, 2006). The mixture was refluxed under 

argon at 90 °C (oil bath) for ~1 h (Kunzmann et al., 2011; Luxenhofer & Jordan, 2006). 

The resulting dark red/brown solution was subsequently distilled, yielding a colourless 

liquid (b.p. 165 °C) (9.14 g, 72.8% yield) (Kunzmann et al., 2011; Luxenhofer & Jordan, 

2006). The 1H NMR spectrum was in agreement with that previously published for hex-

5-ynoyl chloride (Kunzmann et al., 2011; Luxenhofer & Jordan, 2006).     
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2.2.2.3 Dimethyl hex-5-ynoyl phosphate  

 Hex-5-ynoyl chloride (2.30 g, 17.6 mmol, 1 equiv.) was added to a suspension of 

sodium dimethyl phosphate (2.62 g, 17.6 mmol, 1 equiv.) in dry tetrahydrofuran (THF) 

(dried over sodium) in a round-bottom flask (50 mL) and stirred overnight under argon at 

room temperature (Kluger et al., 1990). The mixture was filtered through a bed of celite 

prepared in dry THF, and the solvent was then removed from the resulting filtrate using 

rotary evaporation (30 °C) to yield the product as a yellow oil (2.65 g, 68.2% yield). 1H 

NMR (300 MHz, CDCl3) δ 3.91 (d, J = 11.7 Hz, 6H), 2.65 (t, J = 7.3 Hz, 2H), 2.32 (td, J 

= 6.9, 2.8 Hz, 2H), 2.01 (t, J = 2.7 Hz, 1H), 1.89 (p, J = 6.8 Hz, 2H) (Figure 2.6). 31P 

NMR (122 MHz, CDCl3) δ –5.8903 (Figure 2.7). Both NMR spectra are in agreement 

with the spectra observed by former Bearne lab member, Gemma Regan. ESI-HRMS 

(positive mode); m/z calculated for C8H13Na1O5P1 [M+Na]+: 243.0393, found: 243.0384 

(Figure 2.8).  
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Figure 2.6 1H NMR spectrum of dimethyl hex-5-ynoyl phosphate in CDCl3.  

 

 
 

Figure 2.7 31P NMR spectrum of dimethyl hex-5-ynoyl phosphate in CDCl3. 
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Figure 2.8 ESI-HRMS (positive mode) of dimethyl hex-5-ynoyl phosphate. 

 

2.2.2.4 Sodium methyl hex-5-ynoyl phosphate  

A solution of sodium iodide (1.57 g, 10.5 mmol, 1.2 equiv.) in dry acetone (~10 

mL) was added to a solution of dimethyl hex-5-ynoyl phosphate (1.97 g, 8.95 mmol, 1 

equiv.) and dry acetone (~6.5 mL) (Kluger et al., 1990). The mixture was stirred 

overnight under argon at room temperature. After rotary evaporation (30 °C), the 

resulting product was dissolved in ddH2O (2.5 mL) and purified using a 60 mL ®Strata 

C18-E (55 µm, 70 Å) (2.66 × 3.45 cm) column that was pre-washed with acetonitrile (60 

mL) and ddH2O (120 mL). Fractions (2.5 mL) were collected and analyzed using thin 

layer chromatography (TLC) on cellulose with a water/isopropanol (30/70) mixture as the 
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eluent. The TLC plates were sprayed with a spray reagent for phosphates, which was 

prepared from 5-sulfosalicylic acid (7.0 g) and FeCl3 (0.1 g) dissolved in water (75 mL), 

which was subsequently added to 95% ethanol (75 mL) as previously described (Clark & 

Switzer, 1977). Fractions showing the presence of phosphates were lyophilized in 

separate round-bottom flasks overnight and analyzed by 1H NMR. The earlier collected 

phosphate fractions appeared as a white power, containing large amounts of starting 

material, sodium dimethyl phosphate. The later collected fractions appeared as a 

sticky/jelly-like substance and contained product, sodium methyl hex-5-ynoyl phosphate, 

with only a very small amount of starting material remaining. These latter fractions were 

then re-dissolved in ddH2O (2.5 mL) and passed through an AG ®50W-X8 cation 

exchange resin (Na+-form, 2.66 × 13.10 cm) (Bio-Rad Laboratories, Hercules, CA). This 

resin was pre-washed with 1 M NaCl (1 L) and ddH2O (1 L). Fractions (2.5 mL) were 

collected, spotted on cellulose TLC strips, and analyzed using the spray reagent for 

phosphates. The resulting fractions containing product were lyophilized overnight to 

yield a colourless sticky/jelly-like product (0.3703 g, 1.6233 mmol, 18% yield). 1H NMR 

(500 MHz, D2O) δ 3.64 (d, J = 11.4 Hz, 3H), 2.59 (t, J = 7.3 Hz, 2H), 2.37 (t, J = 2.6 Hz, 

1H), 2.28 (td, J = 7.0, 2.6 Hz, 2H), 1.83 (p, J = 7.2 Hz, 2H) (Figure 2.9). 13C NMR (126 

MHz, D2O) δ 171.93 (d, J = 9.4 Hz), 84.7431, 70.0191, 53.75 (d, J = 6.4 Hz), 33.69 (d, J 

= 6.0 Hz), 22.8706, 16.9755 (Figure 2.10). 31P NMR (202 MHz, D2O) δ –5.9721 (Figure 

2.11). ESI-HRMS (negative mode); m/z calculated for C7H10O5P [M-H+]–: 205.0271, 

found: 205.0272 (Figure 2.12).  
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Figure 2.9 1H NMR spectrum of sodium methyl hex-5-ynoyl phosphate in D2O.  

 

 

Figure 2.10 31P NMR spectrum of sodium methyl hex-5-ynoyl phosphate 
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Figure 2.11 13C NMR spectrum of sodium methyl hex-5-ynoyl phosphate 

 

Figure 2.12 ESI-HRMS (negative mode) of sodium methyl hex-5-ynoyl phosphate 



 30 

2.2.2.5 Methyl acetyl phosphate 

 MAP was synthesised using methods previously described (Kluger et al., 1990). 

Dimethyl acetyl phosphate was first synthesized from sodium dimethyl phosphate (14.8 

g. 0.1 mol) and freshly distilled acetyl chloride (7.8 g, 0.1 mol) in dry THF, which was 

allowed to stir for 2 days under argon (room temperature) (Kluger et al., 1990). The 

solution was filtered through celite, and the solvent was removed under reduced pressure. 

The remaining oil was distilled (110 °C, 2 Torr) to yield dimethyl acetyl phosphate as a 

colourless liquid (9.37 g, 55.76 mmol, 56% yield) (Kluger et al., 1990). MAP was 

synthesized from dimethyl acetyl phosphate (2.4 g, 16 mmol) and sodium iodide (2 g, 16 

mmol) in dry acetone as previously described (Kluger et al., 1990). The pale-yellow 

solution stirred overnight at room temperature under argon. After rotary evaporation, 

MAP was precipitated/crystallized by the addition of 2-propanol. The crude product was 

filtered, washed with dry acetone, and dried under vacuum to yield sodium methyl acetyl 

phosphate (MAP) as a white, powder compound (2.06 g, 11.70 mmol, 73% yield). The 

observed 1H NMR spectrum was in agreement with the 1H NMR spectrum previously 

reported for MAP (Kluger et al., 1990). 

 

2.2.3. EXPRESSION AND PURIFICATION OF 3-HBDH 

The open reading frame (EDC30_10172, TCS39122.1) encoding wild-type 3-

HBDH from Pseudomonas lemognei (ATCC 17989) was synthesized and inserted into a 

pET-15b(+) vector between restriction sites NdeI and BamHI by BioBasic Inc. 

(Markham, ON). This construct encodes the wild-type 3-HBDH enzyme as a fusion 

protein bearing an N-terminal hexahistidine (His)6-tag. Chemically competent E. coli 
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DH5α and E. coli BL21 (DE3) cells were transformed using the heat shock method 

(Sambrook et al., 1989) and grown on LB-agar plates containing ampicillin (100 μg/mL) 

overnight. 

Transformants were grown overnight in LB media (5 mL) containing ampicillin 

(100 μg/mL) and were stored thereafter in 15% glycerol stocks at –80 °C. Starter cultures 

from the BL21 (DE3) cells from the freshly streaked agar plate or glycerol stocks were 

prepared and grown overnight (37 °C, 200 rpm) in LB media (5 mL) containing 

ampicillin (100 μg/mL). Starter cultures (10 mL) were used to inoculate larger expression 

culture(s) containing 1 L of LB media of the same composition and were grown (37 °C, 

200 rpm) until an OD600 of ~0.5-0.6 was obtained. Recombinant protein expression was 

then induced by addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final 

concentration of 1 mM and the cultures were incubated at 37 °C for an additional 7-8 h 

(200 rpm). The cells were harvested by centrifugation (3795 × g, 10 min, 4 °C) and 

washed with binding buffer (20 mM Tris-Cl, 500 mM NaCl, 5 mM imidazole, pH 7.9). 

The cell pellet was stored at –20 °C for future use.  

The frozen cell pellet was thawed and resuspended in cold binding buffer (~15 

mL). The cell suspension was kept on ice and sonicated (6 × 30 s with 60-s off periods 

between each 30-s interval) using a Branson Sonifier 250 (setting 5.5, 1-s bursts). The 

cell lysate was clarified by ultracentrifugation (146 550 × g, 35 min, 4 °C) and applied to 

a column containing His·Bind resin (2.5 mL), pre-charged with Ni2+ as per the 

manufacturer’s instructions (Novagen). After washing the column with binding buffer 

(25 mL), followed by wash buffer (15 mL) (20 mM Tris-Cl, 500 mM NaCl, 60 mM 

imidazole, pH 7.9), the 3-HBDH was eluted by the addition of strip buffer (10 mL) (20 
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mM Tris-Cl, 500 mM NaCl, 100 mM EDTA, pH 7.9). Eluted enzyme was dialyzed 

(MWCO 12 – 14 kDa) for 3 × 8 h (4 °C) against assay buffer (0.1 M Tris-Cl, pH 8.0 for 

ABPP studies or 0.1 M Tris-Cl, pH 7.8 for kinetic studies). Dialyzed enzyme was 

aliquoted and stored at –20 °C for future use. Protein concentrations were determined by 

conducting Bradford assays (Bio-Rad Laboratories, Mississauga, ON, Canada) with BSA 

standards or by UV absorbance at 280 nm. Using the ExPASy ProtParam web tool 

(Gasteiger et al., 2003), the molecular weight of recombinant wild-type 3-HBDH bearing 

an N-terminal (His)6-tag was calculated to be 30039.15 Da with an extinction coefficient 

of 26470 M–1cm–1 (under the assumption that all cysteine residues were reduced). Protein 

purity was assessed using SDS-PAGE (12%) with Coomassie brilliant blue (R-250) 

staining.  

 

2.2.4 EXPRESSION AND PURIFICATION OF CTPS 

Plasmids containing the open reading frame encoding wild-type CTPS from E. 

coli (pET15b-CTPS1) were used to transform BL21 (DE3) cells for protein expression as 

previously described (Bearne et al., 2001). The expression and purification of CTPS was 

followed exactly as described for 3-HBDH in Section 2.2.3 and as described previously 

(Bearne et al., 2001). Upon elution with strip buffer (10 mL), CTPS was dialyzed 

(MWCO 12 – 14 kDa) for 3 × 8 h (4 °C) against assay buffer (70 mM HEPES, 10 mM 

MgCl2, 0.5 mM EGTA, pH 8.0). Dialyzed enzyme was aliquoted and stored at –20 °C for 

future use. Protein concentrations were determined by conducting Bradford assays (Bio-

Rad Laboratories, Mississauga, ON, Canada) with BSA standards. Protein purity was 

assessed using SDS-PAGE (10%) with Coomassie brilliant blue (R-250) staining. 
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2.2.5 EXPRESSION OF NATIVE PROTEINS FROM P. lemognei  

 
 P. lemognei was rehydrated from a dried culture (pellet) with ATCC medium 179 

(Pseudomonas medium) (Delafield et al., 1965) as per the manufacturer’s instructions 

(DSMZ). Agar plates and 50 mL cultures made with the same medium were prepared. 

Bacteria on agar were grown for ~72 h (30 °C) and those in the 50 mL cultures were 

grown for ~ 50 h (30 °C, 200 rpm). Glycerol stocks (15%) were prepared from both 

growth methods and stored at –80 °C. Starter cultures (5 mL) from the freshly streaked 

agar plate or glycerol stocks were prepared and grown overnight (30 °C, 200 rpm) in the 

ATCC medium 179. Starter cultures were used to inoculate larger expression culture(s) 

(15 mL starter culture per 1 L expression culture; 1 L typically used) of the same media 

composition and were grown (30 °C, 200 rpm) for 24 h until the late exponential growth 

phase was obtained (OD600 of ~1.4-1.6). The cells were harvested by centrifugation (3795 

× g, 10 min, 4 °C) and resuspended in cold 0.1 M potassium phosphate buffer, pH 8.0 (~ 

12 mL). The cell suspension was kept on ice and sonicated (6 × 30 s with 60-s off periods 

between each 30-s interval) using a Branson Sonifier 250 (setting 5.5, 1-s bursts). The 

cell lysate was clarified by ultracentrifugation (146 550 × g, 35 min, 4 °C). The total 

protein concentration was determined by conducting Bradford assays (Bio-Rad 

Laboratories, Mississauga, ON, Canada) with BSA standards.  

  

 

2.2.6 FLUORESCENT TAGGING AND INTACT MS OF SMHP MODIFIED Hb 

 

The click chemistry conditions for identifying proteins modified by SMHP were 

initially developed using human Hb. The click-chemistry protocols followed were similar 

to those described by the manufacturer (Click Chemistry Tools) and reported protocols in 
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the literature (Presolski et al., 2011; Shaw et al., 2021; Speers & Cravatt, 2004). Under 

optimized conditions, Hb (2 mg/mL) in 50 mM Tris-Cl, pH 7.5 buffer was reacted with 

SMHP (0.5 mM) for 2 h (37 °C). The fluorescein picolyl azide (FPA) tag (Click 

Chemistry Tools) (100 μM) was then coupled with the SMHP-labelled Hb using a 

CuAAC reaction, containing tris(hydroxypropyltriazolyl)methylamine (THPTA) (5.0 

mM), copper (II) sulfate pentahydrate (CuSO4 • 5H2O) (1.0 mM) and sodium ascorbate 

(14.7 mM). Stocks of each click reagent were prepared in ddH2O. Following a 1-h 

reaction (room temperature) with gentle rotational mixing, SDS-loading buffer (1× final) 

was added to each reaction and the Hb-containing samples were subsequently resolved on 

a 15% SDS-PAGE gel. As described in previously reported protocols, excess click-

chemistry reagents were not removed prior to electrophoresis (Speers & Cravatt, 2004). 

Samples were analyzed using the Versadoc Imaging System with Alexa 488 as the filter 

setting (FPA λex = 490 nm, λem = 510 nm). Gels were later stained with Coomassie 

brilliant blue (R-250).   

Intact MS (LC-MS) was used to verify the presence of the 94-Da adduct formed 

upon acylation of Hb by SMHP through the reaction of Hb (2 mg/mL) with SMHP (0.5 

mM) (i.e., sample) or no SMHP (i.e., control) for 2 h (37 °C). To demonstrate successful 

labelling of Hb by the probe, CuAAC reactions were conducted in parallel for both the 

sample and control, followed by gel-based analysis. 
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2.2.7 DEVELOPMENT OF A BIOTIN-ABPP PROTOCOL WITH ELUTION  

         OF STREPTAVIDIN ENRICHED BIOTINYLATED PROTEINS  

 

2.2.7.1 Hb 

 
 For two 0.5-mL aliquots of Hb sample (2 mg/mL Hb, 0.5 mM SMHP) and control 

(2 mg/mL Hb, 0 mM SMHP), after reacting for 4 h (37 °C), CuAAC reactions were 

conducted as described in Section 2.2.6, except that Biotin Azide Plus (BAP) tag (Click 

Chemistry Tools) (75 μM) instead of FPA was used. Following the CuAAC reaction, 

three precipitation treatments were explored with Hb, each giving similar recovery yields: 

no solvent, cold acetone, and methanol/chloroform (MeOH: ddH2O: CHCl3) (4: 3: 1). For 

the methanol/chloroform precipitation, which was further used for the precipitation of the 

P. lemognei proteins (Section 2.2.7.2), precipitation was carried out using standard 

methods previously described (14 000 × g, 4 °C)  (Speers & Cravatt, 2009; Staubach et 

al., 2022; Wessel & Flügge, 1984). As previously described by the Cravatt group, pellets 

were washed with cold MeOH (3×) (500 μL) to remove excess click reagents and the 

aliquot pairs were combined thereafter (Weerapana et al., 2008). The pellets were 

resolubilized in phosphate buffered saline (PBS) (pH 7.4) containing 1.2% SDS with 

brief sonication and heating (80 °C, ~5 min) (Weerapana et al., 2008). PBS was added to 

samples to yield a final SDS concentration of 0.2%. (Weerapana et al., 2008). To each 

tube, pre-washed streptavidin-agarose beads (100 μL in a 50% slurry of storage buffer, 

containing sodium phosphate (10 mM) and sodium azide (0.02%)) (Novagen) was added 

and the suspension was incubated for 3 h at room temperature with gentle mixing by 

rotation (Weerapana et al., 2008).  

After centrifugation (1400 × g, 2 min, room temperature) the supernatant was 

discarded and the streptavidin beads were washed with 0.2% SDS/PBS (3 × 1 mL), 
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followed by PBS (3 × 1 mL) to remove non-biotinylated Hb (Galmozzi et al., 2014; 

Weerapana et al., 2008). To develop the biotin-ABPP protocol, the enriched, biotinylated 

SMHP-Hb construct was eluted from the streptavidin agarose beads using harsh 

denaturing conditions. This allowed for the visualization of probe-modified Hb by SDS-

PAGE, whereas on-bead trypsin digestion, which will be employed later for biotin-ABPP 

protocols, does not permit demonstration of labelling of proteins prior to LC-MS/MS 

analysis. The modified Hb was recovered from the streptavidin-agarose beads upon 

incubation with a previously reported elution buffer for streptavidin-enriched biotinylated 

proteins (2% SDS, 6 M urea, 2 M thiourea, 30 mM biotin, in PBS) for 15 min at room 

temperature, followed by 15 min at 90 °C (Rybak et al., 2004). SDS-PAGE gels (15%) 

were employed to confirm the elution of labelled Hb using both Coomassie brilliant blue 

(R-250) staining and silver staining (Shevchenko et al., 1996).  

 

2.2.7.2 P. lemognei proteins 

 

The method described in Section 2.2.7.1 for Hb was also followed for the analysis 

of the cell lysate containing the soluble proteome of P. lemognei. Prior to reacting the 

lysate proteins with the SMHP probe, however, 4 mL of the clarified lysate was 

incubated with the streptavidin-agarose beads (400 μL of a 50% slurry) (30 min, 4 °C) in 

attempt to remove as many non-biotinylated streptavidin-binding proteins as possible. 

After centrifugation to remove the beads, 2 × 0.5 mL aliquots of the SMHP-treated 

sample (3.2 mg/mL lysate proteins, 0.5 mM SMHP) and the untreated control (3.2 

mg/mL lysate proteins, 0 mM SMHP) were reacted for 4 h (room temperature) in 0.1 M 

potassium phosphate buffer, pH 8.0. Once reacted, the protein samples were stored at –80 

°C overnight as described in Section 2.5.   
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The protein samples were thawed and CuAAC reactions were conducted as 

described for Hb. Unlike pure Hb, which could be precipitated and resolubilized 

effectively in 1.2% SDS using all three methods mentioned above, full recovery of the 

lysate proteins could only be achieved when they were precipitated with 

chloroform/methanol (MeOH: ddH2O: CHCl3) (4: 3: 1). Solubilization of the pellet, as 

well as the wash steps, streptavidin enrichment, and protein elution were conducted 

exactly as previously described for Hb. SDS-PAGE with silver staining was used to 

visualize the eluted proteins, but no proteins were observed, indicating that the modified 

proteins were present at such low concentrations in the sample that trypsin digestion and 

LC-MS/MS would be required for the analysis (Section 2.2.8).   

 

2.2.8 BIOTIN-ABPP ANALYSIS OF P. LEMOGNEI PROTEINS BY  

         STREPTAVIDIN ENRICHMENT, ON-BEAD DIGESTION, AND  

         IDENTIFICATION BY LC-MS/MS  

 
 A similar method to that described in Section 2.2.7.2 for proteins in the P. 

lemognei cell lysate was followed with only minor modifications prior to the streptavidin 

enrichment steps. To the streptavidin-agarose-treated proteins, 2 × 0.5 mL aliquots of the 

SMHP-reacted lysate proteins (3.3 mg/mL lysate, 0.5 mM SMHP) and control (3.3 

mg/mL lysate, 0 mM SMHP) were reacted for 4 h (room temperature) in 0.1 M 

potassium phosphate buffer, pH 8.0. CuAAC reactions were conducted as described 

previously in Section 2.2.6, using the BAP tag (100 μM) instead of the FPA tag. The 

proteins were pelleted using chloroform/methanol precipitation (MeOH: ddH2O: CHCl3) 

(4: 3: 1) and subsequently resolubilized in PBS containing 1.2% SDS as described in 

Section 2.2.7. PBS was added to give a final concentration of 0.2% SDS (6 mL final 

volume) to which pre-washed streptavidin-agarose beads (100 μL of a 50% slurry) were 
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added (conical tubes). The mixture was incubated for 3 h (room temperature) with gentle 

rotary mixing, as described in Section 2.2.7.  

 The washing of the streptavidin-agarose beads and on-bead trypsin digestion were 

conducted using protocols described by Galmozzi et al. (2014) and Speers & Cravatt 

(2009). After discarding the supernatant, the beads were washed sequentially with 1% 

SDS in PBS (2 × 8 mL), 6 M urea in PBS (2 × 8 mL), and PBS (3 × 8 mL), with gentle 

rotary mixing for 5 min (room temperature) for each wash prior to pelleting the beads 

(Galmozzi et al., 2014). After removing the supernatant, PBS (1 mL) was added to 

briefly resuspend the pelleted beads to permit their transfer to screw top microcentrifuge 

tubes (Galmozzi et al., 2014). Upon transfer, beads were centrifuged and the PBS 

supernatant was removed (Galmozzi et al., 2014).  

 The beads were resuspended in urea (6 M) in PBS (500 μL), DTT was added to 

give a final concentration of 10 mM, and the mixture was heated at 65 °C for 15 min 

(Speers & Cravatt, 2009). Iodoacetamide (IAA) was added to yield a final concentration 

of 25 mM and the solution was mixed by gentle rotation of the foil-covered tubes at room 

temperature for 30 min (Speers & Cravatt, 2009). Upon centrifugation and removal of 

supernatant, the beads were washed with PBS (1 mL) (Speers & Cravatt, 2009). Urea (2 

M) in PBS (200 μL) was added to beads with a final concentration of 1 mM CaCl2, with 

2 mg total trypsin (4 μL from a 0.5 mg/mL stock) (Speers & Cravatt, 2009). The proteins 

were digested (on-bead) overnight (37 °C) with gentle rotary mixing (Speers & Cravatt, 

2009). The beads were pelleted and supernatant was transferred to a fresh 

microcentrifuge tube, where the reactions were terminated by addition of formic acid to a 
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final concentration of 5% (Speers & Cravatt, 2009). Samples were stored at –80 °C until 

LC-MS/MS analysis.  

 For LC-MS/MS analysis, the samples were thawed and desalted on ‘StageTips’, 

using a protocol similar to one previously described (Rappsilber et al., 2007). ‘StageTips’ 

were prepared using Solid Phase Extraction Disks (ENVI-Disk) (Supelco) consisting of 

C18-modified silica particles embedded in porous glass fiber membranes. The packed 

200-μL tips with ~10 cut disks were conditioned with MeOH (1 × 50 μL), followed by 

50% acetonitrile (ACN) (1 × 100 μL) and then 0.1% trifluoroacetic acid (TFA) (2 × 100 

μL), centrifuging after each conditioning step. The sample was then added to each 

column. Following centrifugation, the ‘StageTips’ were washed with 0.1% TFA (3 × 200 

μL). Samples were eluted first with 50% ACN (1 × 100 μL) and then with 70% ACN (1 × 

50 μL) to elute the remaining peptides. Desalted samples were then analyzed using LC-

MS/MS.  

 

2.2.9 LABELLING OF 3-HBDH AND CTPS BY SHMP USING FLUORESCENT  

         TAGGING 

 In separate experiments, purified 3-HBDH (Section 2.2.3) and purified CTPS 

(Section 2.2.4) at concentrations of 0.75 mg/mL in 3-HBDH assay buffer (0.1 M Tris-Cl, 

pH 8.0) and CTPS assay buffer (70 mM HEPES, 10 mM MgCl2, 0.5 mM EGTA, pH 

8.0), respectively, were reacted with 0.5 mM SMHP for 1 h at 37 °C. CuAAC reactions 

were conducted exactly as described in Section 2.2.6, and the resulting samples were 

analyzed by SDS-PAGE. As described previously, excess CuAAC reagents were not 

removed prior to electrophoresis (Speers & Cravatt, 2004). Samples were visualized 
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using the Versadoc Imaging System with Alexa 488 as the filter setting (FPA λex = 490 

nm, λem = 510 nm). Gels were later stained with Coomassie brilliant blue (R-250). 

 

2.2.10 CTPS PROTECTION BY LIGANDS USING FLUORESCENT TAGGING  

  

In separate reaction tubes, CTPS (0.75 mg/mL) in CTPS assay buffer was pre-

incubated with either ATP (10 mM), CTP (10 mM), UTP (10 mM), L-glutamine (20 

mM), or no ligand (i.e., control) for 1 h (37 °C). SMHP (0.5 mM) was then added and 

allowed to react for 1 h at 37 °C as described in Section 2.2.9. CuAAC reactions and gel-

based analysis were conducted as described in Section 2.2.9.     

 

2.2.11 pH DETERMINATION OF SMHP REACTIVITY USING  

           FLUORESCENT TAGGING  

 

The effect of pH on SMHP-modification of 3-HBDH, CTPS, and Hb was 

evaluated from pH 6.5 to 9.5. Hb (2 mg/mL) was dissolved in each respective 0.1 M Tris-

Cl buffer at pH values of 6.5, 7.0, 7.5, 8.0, 8.5, and 9.5 and reacted with SMHP (0.5 mM) 

for 2 h at 37 °C. Since 3-HBDH and CTPS were dialyzed and stored in their respective 

assay buffers at pH 8.0, each enzyme was concentrated using a 10-kDa MW cutoff filter 

to minimize the volume of enzyme in pH 8.0 buffer, and then diluted into each buffer 

(Section 2.2.9) from pH 6.5-9.5. 3-HBDH and CTPS, each at concentrations of 0.4 

mg/mL, were reacted with SMHP (0.5 mM) for 1 h at 37 °C. CuAAC reactions and gel-

based analysis were conducted as described in Section 2.2.9.     
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2.2.12 PROTECTION BY MAP USING FLUORESCENT TAGGING  

  

The protection against SMHP-labelling by MAP was evaluated using 3-HBDH, 

CTPS, and Hb. Hb (0.75 mg/mL) was pre-incubated with varying concentrations of 

MAP: 0 mM, 0.5, 1.0, 2.5, 5.0, 10.0, and 25.0 mM for 2 h at 37 °C. In separate reactions, 

3-HBDH (0.75 mg/mL) and CTPS (0.75 mg/mL) were reacted for 1 h at 37 °C with the 

same concentrations of MAP, ranging from 0 – 25 mM.  Thereafter, SMHP (0.5 mM) 

was added and allowed to react for 2 h at 37 °C for Hb and 1 h at 37 °C for 3-HBDH and 

CTPS as described in Section 2.2.9. CuAAC reactions and gel-based analysis were 

conducted as described in Section 2.2.9.     

 

2.2.13 PROTECTION AND pH DEPENDENCY OF ASPIRIN LABELLING  

           USING FLUORESCENT TAGGING  

Given the previously described slow rate of acetylation of Hb by aspirin, wherein 

typically 20 mM aspirin was allowed to react for 12 h at 37 °C with Hb (Klotz & Tam, 

1973; Xu et al., 1999), the same parameters were used for the present protection study. 

Hb was pre-incubated with 0 mM (control) and 20 mM aspirin (Alka-Seltzer, 

acetylsalicylic acid effervescent tablets) (sample) for 12 h at 37 °C, followed by the 

addition of SMHP (0.5 mM), which reacted for 2 h at 37 °C. CuAAC reactions and gel-

based analysis were conducted as described in Section 2.2.6. Once protection was 

demonstrated, the effect of pH was evaluated wherein Hb was pre-incubated with 0 mM 

aspirin (control) at pH 6.5, 7.5, and 8.5 or with 20 mM aspirin (sample) at the same pH 

values for 12 h at 37 °C, followed by the addition of SMHP (0.5 mM) and reacted for 2 h 

at 37 °C. Again, CuAAC reactions and gel-based analysis were conducted as described in 

Section 2.2.9.     
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2.2.14 LC-MS/MS DETERMINATION OF THE MODIFICATION SITES ON 3- 

           HBDH AND CTPS  

 

The sites labelled on 3-HBDH by MAP and SMHP were determined using LC-

MS/MS. Three separate reaction tubes were prepared containing 3-HBDH (0.75 mg/mL) 

and reacted with either SMHP (0.5 mM), MAP (25 mM), or no acyl phosphate (i.e., 0 

mM SMHP, 0 mM MAP) for 1 h at 37 °C. Prior to electrophoresis, each reaction solution 

was incubated at 37 °C for 15 min with SDS-PAGE loading buffer as described by the 

Biological Mass Spectrometry Core Facility protocols (Cohen, 2022). After subjecting 

the samples to SDS-PAGE (15 %), staining with Coomassie, followed by de-staining, the 

protein band for each sample was excised and subjected to reduction by DTT, alkylation 

by iodiacetamide, and trypsin-catalyzed digestion. The samples were then analyzed using 

LC-MS/MS. To confirm successful labelling of proteins by SMHP and protection from 

labelling by MAP, parallel reactions were conducted as described in Sections 2.2.9 and 

2.2.12, followed by CuAAC reactions and gel-based analysis. 

The sites labelled by SMHP on CTPS were evaluated as follows. In two separate 

reaction tubes, CTPS (0.75 mg/mL) was treated with SMHP (0.5 mM) or no acyl 

phosphate (i.e., 0 mM SMHP) for 1 h at 37 °C. As described for 3-HBDH, each reaction 

solution was incubated at 37 °C for 15 min with SDS-PAGE loading buffer. After 

subjecting the samples to SDS-PAGE (10 %), staining with Coomassie, followed by de-

staining, the protein band for each sample was excised and subjected to reduction, 

alkylation, trypsin-catalyzed digestion, and analysis using LC-MS/MS. To confirm 

successful labelling of CTPS by SMHP, parallel reactions were conducted as described in 

Sections 2.2.9, followed by CuAAC reactions and gel-based analysis. 
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2.2.15 3-HBDH KINETIC ASSAYS 

Assays were conducted using an approach similar to that previously described (Ito 

et al., 2006; Kluger & Bearne, 1994), but conducted under modified conditions of pH and 

temperature to stabilize the diluted recombinant enzyme. Using a continuous 

spectrophotometric assay, the conversion of NAD+ to NADH (Δε = 6220 M–1cm–1) from 

the D-3-hydroxybutyrate reaction direction was measured by following the change in 

absorbance at 340 nm for 120 s at 20 °C. A saturating concentration of NAD+ (2 mM) 

was used in all assays with 100 mM potassium phosphate, pH 7.0 as the assay buffer.  In 

all assays, a 1.0-cm quartz cuvette and the total assay volume was of 1.0 mL.  

 

2.2.15.1 Determination of kinetic parameters  

The kinetic parameters, kcat, Km, and kcat/Km were determined using D-3-

hydroxybutyrate concentrations ranging from 0.2 – 18.0 mM, with a final [3-HBDH] of 

0.175 μg/mL (5.82 nM). The kcat values were calculated by dividing the Vmax values by 

the total enzyme concentration ([E]T) using the molecular weight of 3-HBDH (30 039.15 

Da). The Michaelis-Menten equation (eqn 2.1) was used to fit the initial velocities using 

KaleidaGraph software (v. 4.02) (Synergy Software, Reading, PA) for non-linear 

regression analysis. The assay was conducted in triplicate and average values were 

reported with the errors corresponding to the standard deviation values.  

 

 

vi  =
Vmax[S]

Km+[S]
 

 

(2.1) 
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2.2.15.2 Time-dependent inactivation by MAP 

The rate of inactivation of 3-HBDH activity by MAP was assessed by incubating 

3-HBDH (3.5 μg/mL) with varying concentrations of MAP (0.0, 2.5, 5.0, 10.0, 25.0, and 

65.0 mM) in 3-HBDH assay buffer. Aliquots (50 μL) were diluted twenty-fold to the total 

assay volume of 1.0 mL, yielding final [3-HBDH] of 0.175 μg/mL (5.82 nM), with NAD+ 

(2 mM) and D-3-hydroxybutyrate (7.5 mM). The reaction was followed at each 

concentration of MAP over varying periods of time. Using eqn 2.2, the observed initial 

velocities were plotted as ln(% activity) vs. time for each inhibitor concentration and the 

resulting slopes yielded the observed pseudo-first-order rate constants for inactivation 

(kobs). Minor enzyme activity losses that occurred over the inactivation assay were 

corrected for by subtracting the kobs values of the untreated enzyme from those of the 

MAP-treated enzyme over the same incubation period. Since saturation was observed 

from the replot of the kobs versus MAP, eqn 2.3 (non-linear regression) was used to fit the 

data to determine the values of KI, kinact, and kinact/KI. The inactivation assay was 

conducted in triplicate and average values were reported with the errors corresponding to 

the standard deviation values.  

 

 

                                                                             
𝑣i

𝑣o
 

 

kobs =
kinact [I]

KI + [I]
 

 

 

= e−kobst 

 

(2.2) 

(2.3) 
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2.2.16 CTPS KINETIC ASSAYS 

Using a continuous spectrophotometric assay, the conversion of UTP to CTP (Δε 

= 1338 M–1cm–1) was measured by following the change in absorbance at 291 nm for 60 s 

at 37 °C, as described previously (Bearne et al., 2001). Reactions were conducted in 

CTPS assay buffer (70 mM HEPES, 10 mM MgCl2, 0.5 mM EGTA, pH 8.0) at saturating 

concentrations (1 mM) of the nucleotides ATP and UTP. The nucleotides and enzyme 

were pre-incubated at 37 °C for 2 min to induce tetramerization, followed by the addition 

of substrate (NH4Cl) to initiate the reaction. KCl was used to maintain the ionic strength 

at 0.15 M. At pH 8.0, the final [NH3] was calculated using a pKa value of 9.24 for NH4
+ 

9.24 (Iyengar & Bearne, 2003). In all assays, a 0.2-cm quartz cuvette was used with total 

volume of 0.30 mL.  

 

2.2.16.1 Determination of kinetic parameters  

The kinetic parameters, kcat, Km, and kcat/Km were determined using free NH3 

ranging from 0.2875 - 8.625 mM (5 - 150 mM NH4Cl), with the final [CTPS] = 66.67 

μg/mL (1.06 μM). The kcat values were calculated by dividing the Vmax values by the total 

enzyme concentration ([E]T) using the molecular weight of CTPS (62 911 Da). The 

Michaelis-Menten equation (eqn 1.1) was used to fit the initial velocity data using 

KaleidaGraph software (v. 4.02) (Synergy Software, Reading, PA) for non-linear 

regression analysis. The assay was conducted in triplicate and average values were 

reported with the errors corresponding to the standard deviation values.  
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2.2.16.2 Time-dependent inactivation by MAP and SMHP 

The rate of inactivation of CTPS activity by each MAP and SMHP were assessed 

individually by incubating CTPS (1.0 mg/mL) with varying concentrations of MAP (0.0, 

0.5, 1.0, 2.5, 6.0, and 10.0 mM) and SMHP (0.0, 2.5, 6.0, 10.0, 25.0, 50.0) in CTPS assay 

buffer. Aliquots (20 μL) were diluted fifteen-fold to the total assay volume of 0.30 mL, 

yielding final [CTPS] of 66.67 μg/mL (1.06 μM). Saturating concentrations of ATP and 

UTP (1 mM) were used in the assay tube, wherein the assay reaction was initiated by the 

addition of NH4Cl (100 mM) after incubation of the enzyme, MAP or SMHP, and 

nucleotides for 2 min at 37 °C. The reaction was followed at each concentration of MAP 

or SMHP over varying periods of time. Using eqn 2.2, the observed initial velocities were 

plotted as ln(% activity) vs. time for each inhibitor concentration and the resulting slopes 

yielded the observed pseudo-first-order rate constants for inactivation (kobs). In the MAP-

dependent inactivation assays, a replot of the kobs values against the concentration of 

MAP was used to estimate the apparent second-order rate constant for the efficiency of 

inactivation (kinact/KI) in accord with eqn 2.4 since saturation was not observed. In the 

SMHP-dependent inactivation assays, non-linear regression was used to fit eqn 2.3 to the 

data from the replot of the kobs values versus [SMHP] since saturation was observed, 

allowing for the determination of the KI, kinact, and kinact/KI values. The inactivation assays 

were conducted in triplicate and average values were reported with the errors 

corresponding to the standard deviation values.  

 

 

kobs ≈
kinact [MAP]

KI 
 

 

(2.4) 
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2.2.16.3 Protection against MAP-dependent inactivation by ligands 

 

 Protection studies against the time-dependent inactivation of CTPS activity by 

MAP were conducted as described in Section 2.2.16.2, with a [MAP] of 2.5 mM, and 

varying concentrations of ligands: ATP (0.0, 0.5, 1.0, 1.5, and 2.0 mM), CTP (0.00, 0.05, 

0.10, 0.15, 0.15, and 0.20 mM), UTP (0, 1, 2, 3, and 4 mM), and L-Gln (0.0, 0.1, 0.2, 1.0, 

and 5.0 mM). These ligands were incubated individually with CTPS (1.0 mg/mL) and 

MAP (2.5 mM) over various times to assess the rate of inactivation in the presence of 

each ligand. The observed initial velocities were plotted as ln(% activity) vs. time at each 

protecting ligand concentration and kobs values were determined in accord with eqn 2.2. 

The values of the inverse of the observed pseudo-first-order rate constants for 

inactivation (1/kobs) were then plotted against the concentration of protecting ligand in 

accord with eqn 2.5 and 2.6. The apparent dissociation constant for the ligand-mediated 

protection against inactivation values (KL) were determined using eqn 2.7. For protection 

studies with ATP and UTP, where positive co-operativity was observed, the Hill numbers 

(n) were determined in accord with eqn 2.8 as 2.872 ± 0.116 and 2.870 ± 0.050, 

respectively. These coefficients were applied to the replot of 1/kobs versus [ligand]n, 

wherein the KL
n value was determined in accord with eqn 2.9 to permit the determination 

of the KL. As these assays were not completed in triplicate, the errors correspond to the 

uncertainties arising from measurements within the single inactivation experiment.   
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kobs =
kinact[I]

[I] + [KI](1+
[L]
KL

)

 

1/kobs = [L]
KI

kinact [I] KL

  + 1

[kinact] 
(

KI

[I] 

+ 1) 

KL =
kinact

 [KI] [I] (slope)
 

where, slope =
KI

 kinact [I] KL
 

1/kobs = [L]n
KI

kinact [I] KL
n
  + 1

[kinact] 
(

KI

[I] 

+ 1) 

KL
n

 =
kinact

 [KI] [I] (slope)
 

 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 SMHP AS AN ACTIVITY-BASED PROBE: STABILITY AND  

         REACTIVITY  

  

The identity of SMHP was confirmed by 1H NMR, 13C NMR, 31P NMR, and ESI-

HRMS (negative mode) as shown in Figures 2.9-2.12. To study the reactivity of SMHP 

towards protein architectures with a nucleophile adjacent to a cationic site, initial studies 

were conducted using SMHP and human Hb given the previously reported modification 

of Hb by MAP (Ueno et al., 1986, 1989; Xu et al., 1999). Furthermore, given the 

simplicity of the fluorescent tagging approach relative to the biotin-ABPP method, the 

fluorescein picolyl azide (FPA) tag was used to study the reactivity of SMHP with Hb. 

Preliminary studies revealed that the probe did indeed modify Hb. The Hb sample (0.5 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 
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mM SMHP) and control (0 mM SMHP) were treated in parallel and reacted via click 

chemistry to verify that the fluorescent labelling of Hb arises solely as a result of the 

CuAAC reaction between the FPA-tag with the terminal alkyne of SMHP. Consistent 

among all SMHP-reacted Hb samples, fluorescent bands corresponding to the monomer 

(~16 kDa) and dimer (~32 kDa) of Hb were observed (Figure 2.13). As expected, the 

control showed no fluorescent bands.  

 

 

Figure 2.13 Representative SDS-PAGE electrophoretogram of SMHP-modified Hb. 

Shown in the 15% gel are SMHP-treated Hb (S = sample) and untreated Hb (C= control). 

Fluorescent bands of SMHP-treated Hb of ~16 kDa (monomer) and ~32 kDa (dimer) are 

absent in the untreated Hb. Samples were analyzed using the Versadoc Imaging System 

with Alexa 488 as the filter setting (FPA λex = 490 nm, λem = 510 nm).  

 

 

  

Similarly to the design of MAP (Kluger & Tsui, 1980), SMHP was expected to be 

stable in aqueous solutions and in the absence of non-enzymatic nucleophiles. The high 

stability of SMHP (stored in H2O at 4 ºC) was demonstrated over the course of ~8 

months since no loss in reactivity with Hb was observed over that period. As previously 
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described, warheads should exhibit high stability under physiological conditions and yet 

be highly reactive towards proteins containing the targeted structural motif (Kozarich, 

2003; Shindo & Ojida, 2021). Given the stability of SMHP under aqueous conditions and 

demonstrated high reactivity towards Hb, which contains several cationic residues within 

the 2,3-DPG binding cleft, this probe afforded the desired characteristics for our 

investigations of protein architectures. 

 Intact MS (LC-MS) was then employed to assess the expected 94-Da adducts 

resulting from the acylation of Hb by SMHP and, as expected, 94-Da adducts were 

observed in the SMHP-treated Hb sample but not in the untreated Hb control (Figure 

2.14, 2.15). These adducts were observed with both the α-chains and the β-chains of the 

Hb tetramer. Interestingly, Ueno et al. (1986, 1989) observed acetylation of Hb by MAP 

only at β-chain residues, specifically βVal 1, βLys 82, and βLys 144. In both studies 

using HPLC peptide mapping, there were no detectible modified residues within the α-

chains (Ueno et al., 1986, 1989). Later, Xu et al. (1999) confirmed these specific residue 

modifications using NMR spectroscopy, but also observed acetylation of two residues 

outside of the 2,3-DPG cleft, including one residue on the α-chain, αLys 90, as well as 

βLys 59. Given the highly cationic nature of the 2,3-DPG cleft, it is to no surprise that Xu 

et al. (1999) observed a clear preference towards the acetylation of one of the lysine 

residues within that centre, βLys 82, relative to those found outside of the binding site.  
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Figure 2.14 Raw m/z spectra of SMHP-modified Hb. Shown are the SMHP-treated Hb (sample) spectrum and the untreated 

Hb (control) spectrum.      

 

 

5
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Figure 2.15 Deconvoluted mass spectra of SMHP-modified Hb. Shown are the SMHP-treated Hb (sample) spectrum and 

the untreated Hb (control) spectrum. Adducts of size 94 Da are observed in both α- and β-chains of the Hb sample, which are 

absent in the control. Deconvoluted mass spectra for the sample and control Hb are represented as control/sample (A) and (B) 

reversed representation, sample/control.

α-chain β-chain 

α-chain β-chain 

A 

B 

 

5
2
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2.3.2. ANALYSIS OF SMHP-MODIFIED PROTEINS FROM THE P. lemognei  

          PROTEOME  

           

 Biotinylated proteins within the proteome of P. lemognei were subjected to 

streptavidin-agarose enrichment, extensive wash steps to remove non-biotinylated 

proteins, on-bead trypsin digestion, and LC-MS/MS analysis. Upon analysis, 281 SMHP-

modified enzymes were identified, from 483 selectively filtered, SMHP-modified 

proteins, from the P. lemognei proteome of 3805 proteins. Identified proteins from the 

sample that were also observed in the control were only kept if the abundance ratio was ≥ 

2.0 (Ting et al., 2009; J. Wang et al., 2014). 

   SMHP showed broad-spectrum labelling with evident selectivity towards certain 

enzyme families, such as kinases, dehydrogenases, and tRNA ligases. The 281 enzymes 

were grouped by class, subclass, and subsubclass to observe trends in probe specificity 

towards certain groups (Figure 2.16). Proteins modified by the probe were distributed 

over the seven classes, with transferases (EC 2), oxidoreductases (EC 1), and ligases (EC 

6) containing the greatest quantity of enzymes labelled by SMHP. Probe specificity 

towards certain subclasses was apparent, where the top subclasses with a frequency ≥ 5 

were plotted. The most frequent subclass modified by SMHP was the transferase subclass 

EC 2.7 (transferring phosphorous containing groups) (Bairoch, 2000), which included 

various kinases, such as histidine kinase, uridylate kinase, and pyruvate kinase. 

Following EC 2.7, the ligase subclass EC 6.3 (catalyzing C-N bond formation) and EC 

6.1 (catalyzing C-O bond formation), the lyase subclass EC 4.2 (C-O lyases), and the 

oxidoreductase subclass EC 1.1 (acting on the CH-OH group of donors) were the five 

most frequently labelled subgroups (Bairoch, 2000). Further, examination of the 

subsubclasses occurring with a frequency of ≥ 5 revealed that four of the subsubclasses 
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showed frequencies of ≥ 10: EC 6.1.1, EC 1.1.1, EC 2.5.1, and EC 4.2.1. The most 

frequently modified subsubclass, EC 6.1.1, included ligases catalyzing the formation of 

aminoacyl-tRNA (Bairoch, 2000), such as glutamate-tRNA ligase, threonine-tRNA 

ligase, and proline-tRNA ligase. The second most frequently labelled subsubclass, EC 

1.1.1, included C-O lyases with NAD(+) or NADP(+) as acceptors (Bairoch, 2000), such 

as 3-HBDH, isocitrate dehydrogenase, 3-isopropylmalate dehydrogenase, and glutamate 

dehydrogenase. Next, the third most frequently labelled subsubclass, EC 2.5.1, included 

transferases; transferring alkyl or aryl groups, other than methyl groups (Bairoch, 2000), 

such as glutathione S-transferase, cysteine synthase, and 3-phosphoshikimate 1-

carboxyvinyltransferase. Lastly, the fourth most frequent subsubclass, EC 4.2.1, included 

hydro-lyases (Bairoch, 2000), such as phosphogluconate dehydratase, carbonic 

anhydrase, and ATP phosphoribosyltransferase.    
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Figure 2.16 Classes of enzymes from the P. lemognei proteome modified by SMHP. 

Enzymes were categorized by their Enzyme Commission (A) class, (B) subclass, and (C) 

subsubclass based on their frequency (number of times enzymes were observed in each 

category). All 281 enzymes are grouped by class, where only subclasses and 

subsubclasses with a frequency of ≥ 5 are represented. 

 

 

 

2.3.3 3-HBDH AND CTP SYNTHASE   

 

Within the 281 SMHP-modified enzymes, 3-HBDH and CTP synthase (CTPS) 

were of particular interest because their X-ray crystal structures are known, they share 

active-site homology among other organisms, they are therapeutic targets for inhibition, 

and they are readily available in the Bearne Lab. Thus, these enzymes were subsequently 

studied in their purified forms to assess their modification by SMHP in greater detail. 
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2.3.3.1 3-HBDH 

3-HBDH served as positive control (proof-of-principle) within the complex P. 

lemognei proteome of 3805 proteins, and thus, its identification confirmed the viability of 

the biotin-ABPP method. 3-HBDH (EC 1.1.1.30) fell within the second largest 

subsubclass (EC 1.1.1) by frequency, which primarily consisted of dehydrogenases. 

Following its identification from the P. lemognei proteome, the open reading frame 

encoding wild-type 3-HBDH from Pseudomonas lemognei was synthesized 

commercially and inserted into a pET-15b(+) vector, wherein this construct encodes the 

wild-type 3-HBDH enzyme as a fusion protein bearing an N-terminal (His)6-tag. The 

purity of 3-HBDH was assessed using SDS-PAGE, wherein the monomer (30 kDa), 

dimer (60 kDa), and tetramer (120 kDa) of the enzyme could be identified (Figure 2.17). 

 

 

Figure 2.17 Representative SDS-PAGE electrophoretogram showing the 

purification of wild-type 3-HBDH. The lanes of the 12% gel correspond to: (L) the 

molecular weight ladder, (1) cell pellet, (2) flow-through of the clarified lysate, (3) wash 

with binding buffer (i.e., 5 mM imidazole), (4) wash with wash buffer (i.e., 60 mM 

imidazole), and (5) elution with strip buffer (i.e., 100 mM EDTA). The expected 

molecular weight of the WT 3-HBDH monomer is 30039 Da. 
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2.3.3.2 CTPS 

While CTPS (EC 6.3.4.2) did not appear in the top few most frequently labeled 

subsubclasses, it fell within the second largest subclass (6.3) by frequency. CTPS is a 

universally conserved enzyme that catalyzes the de novo biosynthesis of CTP from UTP 

using either L-glutamine or free ammonia as the nitrogen source (Scheme 2.4) (Endrizzi 

et al., 2004; Koshland & Levitzki, 1974; Long & Pardee, 1967). CTPS exists as a 

homodimer in solution but must undergo tetramerization for catalytic activity (Levitzki & 

Koshland, 1972b). Specifically, ATP and UTP are required substrates for CTPS that 

induce tetramerization of the inactive dimer to the active tetramer (Levitzki & Koshland, 

1972b). More detailed structural information on ligand binding sites for the multi-domain 

enzyme will be described in Section 2.3.11 for the analysis of the SMHP-modified sites 

using LC-MS/MS.  
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Scheme 2.4 Reaction catalyzed by CTPS to produce CTP from UTP. (A) L-glutamine 

(Gln) or (B) free (exogenous) ammonia can be used as the nitrogen source.  

 

 

CTPS plays a critical role in the biosynthesis of DNA, RNA, and phospholipids 

(P. Y. Wang et al., 2015). CTPS catalyzes the final and rate-limiting step in CTP 

biosynthesis, whereby activity is regulated by product inhibition with CTP acting as a 

negative feedback inhibitor (Endrizzi et al., 2004; Higgins et al., 2007; Levitzki & 

Koshland, 1969). Upregulated CTPS expression and activity have been observed in 

cancer cells. Hence the enzyme is of therapeutic interest as a target for chemotherapeutic 

agents (J. C. Williams et al., 1978). In addition, CTPS is also recognised as a target for 
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the development of antiviral (De Clercq, 2009; De Clercq et al., 1991), antibacterial 

(Emami et al., 2020; Mori et al., 2015), and antiparasitic (Hendriks et al., 1998; Narvaez-

Ortiz et al., 2018) drugs.  

 

2.3.4 IDENTIFICATION OF SMHP-MODIFIED ENZYMES USING  

         FLUORESENT TAGGING  

 

 Purified, recombinant wild-type 3-HBDH from P. lemognei was modified by 

SMHP and subsequently reacted with the FPA-tag using the CuAAC reaction. Upon 

analysis using SDS-PAGE, fluorescent bands corresponding to molecular weights of 30 

kDa (monomer) and 60 kDa (dimer) of 3-HBDH were observed in the SMHP-reacted 

sample but not in the control (Figure 2.18A). Similarly, a fluorescent band corresponding 

to the molecular weight of 63 kDa (monomer) of CTPS was observed in the SMHP-

reacted sample but not in the control (Figure 2.18B). Thus, fluorescent labelling of the 

enzyme arises solely as a result of the CuAAC reaction between the FPA-tag with the 

terminal alkyne of SMHP. Further, as click-chemistry reagents are not removed prior to 

in-gel analysis, there is a clear reduction in the amount of low molecular weight free tag 

± probe that can be observed in the sample relative to the control. Since the ability of 

SMHP to modify both 3-HBDH and CTPS was clearly demonstrated through both biotin-

ABPP in the P. lemognei proteome and as purified proteins by fluorescent tagging, the 

next objective was to investigate the specific sites of modification by SMHP.  
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Figure 2.18 Representative SDS-PAGE electrophoretograms of SMHP-modified 3-

HBDH and CTPS. (A) SMHP-treated 3-HBDH (S = sample) and untreated 3-HBDH (C 

= control) (15% gel), and (B) SMHP-treated CTPS (S = sample) and untreated CTPS (C 

= control) CTPS (10% gel) are shown. SMHP-reacted 3-HBDH showed fluorescent 

bands corresponding to 30 kDa (monomer) and 60 kDa (dimer). SMHP-reacted CTPS 

showed a fluorescent band corresponding to 63 kDa (monomer). Samples were analyzed 

using the Versadoc Imaging System with Alexa 488 as the filter setting (FPA λex = 490 

nm, λem = 510 nm).  

  

  

2.3.5 EVALUATING THE pH-DEPENDENT REACTIVITY OF SMHP  

 

 The pH-dependence of the labelling of Hb, 3-HBDH, and CTPS by SMHP was 

evaluated from pH 6.5-9.5 to determine trends in SMHP-reactivity and to provide some 

indication as to which nucleophiles(s) could be reacting with SMHP. Consistent among 

all three proteins, the reactivity between SMHP and the protein nucleophile(s) increased 

with increasing pH from pH 6.5 to 9.0 as demonstrated by the increasing level of 

fluorescence with pH (Figure 2.19). With 3-HBDH and Hb, the level of fluorescence 

decreased slightly from pH 9.0-9.5, but continued to increase slightly with CTPS from 

pH 9.0-9.5. Overall, these findings agree with the pH-dependence reported for the 

inactivation of 3-HBDH by MAP (Kluger & Tsui, 1986), where the observed first-order 
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rate constant (kobs) for the inactivation of 3-HBDH by MAP was found to depend on pH, 

showing a steep increase from pH 6.5 to 8.9 with an estimated pKa value of 8.2 (Kluger 

& Tsui, 1986). Consequently, the authors suggested that the reaction might be occurring 

at a lysine residue, which could be adjacent to a cationic site (Kluger & Tsui, 1986). This 

proximity to a cationic site would result in the pKa of the Lys being perturbed downward 

to the observed value of 8.2 (Kluger & Tsui, 1986), relative to the expected value of 

~10.5. Considering the high reactivity of acetyl phosphates towards primary amines (Di 

Sabato & Jencks, 1961a, 1961b), this conclusion by Kluger and colleagues seemed 

reasonable. While no further studies were conducted to support this hypothesis, nor to 

determine the exact lysines being modified, our fluorescence-based pH study using a 

structurally similar probe (SMHP) follows a similar trend. 
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Figure 2.19 SDS-PAGE electrophoretograms of the pH-dependent reactivity of 

SMHP. Shown are (A) Hb (15% gel), (B) 3-HBDH (15% gel), and (C) CTPS (10% gel).  

Reactions were conducted from pH 6.5 to 9.5. Samples were analyzed using the Versadoc 

Imaging System with Alexa 488 as the filter setting (FPA λex = 490 nm, λem = 510 nm).  

For all proteins, SMHP reactivity was found to be pH-dependent, increasing at higher pH 

values. The pH values are indicated on each lane.  
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2.3.6 ASPIRIN-DEPENDENT PROTECTION AGAINST SMHP LABELLING OF  

         Hb  

 

 While the structure of aspirin (acetylsalicylate) differs from MAP and SMHP, 

specifically with respect to the lack of a phosphate group, acetylsalicylate, bearing a 

single negative charge, was found to acetylate Hb in previous studies (Figure 2.20A) 

(Bridges et al., 1975; Klotz & Tam, 1973; Xu et al., 1999). The rate of acetylation of Hb 

by aspirin was found to increase from pH 6.5-8.5, reach a plateau between pH 8.5-9.0, 

and then decrease at pH 9.5 (Bridges et al., 1975). Bridges and colleagues (1975) 

therefore suggested that the acetylation of Hb is likely to primarily occur at lysine 

residues, similar to the conclusions made by Kluger & Tsui (1986) for MAP. Xu et al. 

(1999) later confirmed these early findings by conducting protection studies with MAP 

and aspirin and determined that both compounds modify βLys 82 at the cationic 2,3-DPG 

binding cleft of Hb.  

Given these findings, we first conducted a protection study by pre-incubating Hb 

in the absence of aspirin (0 mM; 12 h) or with aspirin treatment (20 mM; 12 h), followed 

by the addition of SMHP (0.5 mM; 2 h). Upon gel-based analysis, there was a clear 

reduction in the level of fluorescence in the aspirin treated sample relative to the control 

in the absence of aspirin (Figure 2.20B), indicating a reduction in the number of 

available sites to which SMHP could react and, thus, that the two compounds likely react 

at the same site(s). The effect of pH on the aspirin-dependent protection was then 

examined at three pH values: 6.5, 7.5, and 8.5. Hb was pre-incubated in the absence of 

aspirin (0 mM; 12 h) or with aspirin treatment (20 mM; 12 h), followed by the addition of 

SMHP (0.5 mM; 2 h). As shown in Figure 2.20C, the reduction in the level of 



 64 

fluorescence from pH 6.5 to 8.5 indicates that both SMHP and aspirin likely react at the 

same site(s) within the 2,3-DPG binding cleft in a pH-dependent fashion.  

 

Figure 2.20 Acylation of Hb by aspirin and SMHP. (A) Acylation of Hb by aspirin. 

(B) Hb was pre-incubated with aspirin (S = sample) or without aspirin (C = control), 

followed by the addition of SMHP. The reduction in the level of fluorescence with 

aspirin treatment is likely a result of both SMHP and aspirin modifying the same site(s). 

(C) Hb was pre-incubated with aspirin (S = sample) or without aspirin (C = control) at 

pH 6.5, 7.5, and 8.5, yielding modification by both aspirin and SMHP in a pH-dependent 

manner. Samples were analyzed using the Versadoc Imaging System with Alexa 488 as 

the filter setting (FPA λex = 490 nm, λem = 510 nm).  
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2.3.7 MAP-DEPENDENT PROTECTION AGAINST SMHP LABELLING  

 

 To evaluate whether SMHP and MAP modify the same sites on Hb, 3-HBDH, 

and CTPS, a protection study was conducted by pre-incubating each protein with 

increasing concentrations of MAP (0 – 25 mM) prior to the addition of SMHP. For all 

three proteins, the level of fluorescence decreased with increasing concentrations of MAP 

(Figure 2.21), consistent with there being a reduction in the number of sites available to 

react with SMHP. Since the acylation by MAP is irreversible, once the sites are modified, 

they cannot be later modified by SMHP. This demonstrates that the acyl phosphates 

likely targeted the same site(s) of each protein, which was anticipated based on SMHP 

and MAP both containing the reactive monomethyl acyl phosphate moiety. The sites 

modified by these compounds can be more easily predicted for 3-HBDH and Hb based on 

literature precedents; however, such a prediction for CTPS is much more difficult due to 

it possessing multiple ligand binding sites (i.e., for CTP, UTP, ATP/ADP, GTP and L-

Gln) (Endrizzi et al., 2004, 2005). To further investigate the sites modified by SMHP and 

MAP on CTPS, fluorescence-based (Section 2.3.8) and kinetic-based (Section 2.3.12.2) 

protection studies were conducted. 
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Figure 2.21 SDS-PAGE electrophoretograms of the protection against SMHP-

labelling by MAP. Shown are (A) Hb (15% gel), (B) 3-HBDH (15% gel), and (C) CTPS 

(10% gel). Samples were analyzed using the Versadoc Imaging System with Alexa 488 

as the filter setting (FPA λex = 490 nm, λem = 510 nm). The decrease in fluorescence with 

increasing concentrations of MAP is likely a result of both SMHP and MAP modifying 

the same sites(s) on each protein.  
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2.3.8 LIGAND-DEPENDENT PROTECTION AGAINST SMHP LABELLING OF  

         CTPS 

In a fluorescence-based protection study to assess the sites on CTPS modified by 

SMHP, CTPS was pre-incubated with each ligand individually; ATP, CTP, UTP, L-Gln, 

or with no ligand (control), followed by the addition of SMHP and analyzed using 

fluorescent tagging. As shown in Figure 2.22, pre-incubation of the enzyme with CTP 

showed the greatest level of protection against labelling by SMHP as illustrated by the 

faintness of the band relative to the control. ATP and L-Gln showed a modest level of 

protection and UTP showed either a very minor level or no protection against labelling by 

SMHP. From this study, SMHP appears to react at multiple ligand binding sites, but 

predominately at the CTP site. Kinetic-based protection experiments were later 

conducted to quantitatively assess the protection against MAP-dependent inactivation of 

CTPS using these same ligands (Section 2.3.12.2).   
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Figure 2.22 SDS-PAGE electrophoretogram of the protection against SMHP-

labelling of CTPS by ligands. CTPS was pre-incubated without ligands (C = control) or 

at saturating concentrations of ATP, CTP, UTP, or L-Gln, followed by the addition of 

SMHP. Samples were analyzed using the Versadoc Imaging System with Alexa 488 as 

the filter setting (FPA λex = 490 nm, λem = 510 nm). As shown in the gel (10%), pre-

incubation with CTP showed the greatest level of protection against SMHP labelling, but 

modest protection can be observed when pre-incubated with ATP and L-Gln. 
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2.3.9 IDENTIFICATION OF 3-HBDH RESIDUES MODIFIED BY SMHP AND   

         MAP 

 

To further assess whether SMHP and MAP targeted the same site(s) within 3-

HBDH from P. lemognei, each compound was reacted with the enzyme for 1 h, subjected 

to in-gel trypsin digestion and analyzed by LC-MS/MS. The sequence coverages and LC-

MS/MS spectra for the untreated (i.e., control), SMHP-treated, and MAP-treated samples 

can be found in Appendix A. In the SMHP-treated and MAP-treated samples, 94-Da and 

42-Da adducts, respectively, were both observed on Ser 142, Lys 156, and Lys 163, 

which were absent in the untreated samples. As expected, these residues are all located 

within the conserved active site of 3-HBDH. 

While there are no reported crystal structures for 3-HBDH from P. lemognei, the 

amino acid sequences are conserved, especially active-site residues, among 3-HBDHs 

from other organisms and moreover, among members of the SDR superfamily (Filling et 

al., 2002; Ito et al., 2006; Kavanagh et al., 2008). 3-HBDH from P. lemognei showed the 

highest amino acid sequence identity (94%) with that of Oxalobacteraceae bacterium 

(accession no. HCY62869.1). Crystal structures for 3-HBDH from: Alcaligenes faecalis 

(PDB: 2YZ7) (Hoque et al., 2008), Pseudomonas fragi (PDB: 2ZTL) (Nakashima et al., 

2009), and Pseudomonas putida (PDB: 2Q2Q) (Paithankar et al., 2007) have been solved 

and their amino acid sequences share 59, 61, and 67% identity with that of P. lemognei, 

respectfully. A multiple sequence alignment of 3-HBDH from P. lemognei with that of O. 

bacterium, A. faecalis, P. fragi, and P. putida is shown in Figure 2.23 to illustrate the 

conserved residues among 3-HBDH organisms that are modified by SMHP. A crystal 

structure from P. fragi (PDB: 2ZTL) (Nakashima et al., 2009) was selected to illustrate 

those residues of P. lemognei modified (Figure 2.24, 2.25) because both the coenzyme 
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NAD+ and L-3-hydroxybutyrate were bound. The reaction catalyzed by 3-HBDH is 

highly stereospecific for D-3-hydroxybutyrate (Scheme 2.2), with L-3-hydroxybutyrate 

acting only as a competitive inhibitor with a Ki (1.6 mM) (Ito et al., 2006) comparable to 

the Km value of D-3-hydroxybutyrate (0.8 mM) (Nakashima et al., 2009).     

 

Figure 2.23 Multiple sequence alignment of 3-HBDH. Shown are the aligned amino 

acid sequences from P. lemognei and selected 3-HBDH organisms: O. bacterium, A. 

faecalis, P. fragi, and P. putida. Multiple sequence alignments were constructed using 

Clustal Omega (EMBL-EBI) (Madeira et al., 2022). The following residues are indicated: 

fully conserved (*), conserved between groups of strongly similar properties (:), and 

conserved between groups of weakly similar properties (.). Residues modified by both 

SMHP and MAP from P. lemognei (Ser 146, Lys 156, and Lys 163) and corresponding 

residues from the selected 3-HBDH organisms are coloured in green. Additional residues 

modified by only MAP from P. lemognei are coloured in yellow. Conserved catalytic 

tetrad residues are indicated by a red arrow.  
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Figure 2.24 Crystal structure of 3-HBDH from Pseudomonas fragi. Shown are the (A) 

homotetramer and (B) monomer enzyme structures. NAD+ (green), L-3-hydroxybutyrate 

(L-3-HB) (cyan), and corresponding modified residues (magenta) from the SMHP-

modification of 3-HBDH from Pseudomonas lemognei are shown. Active site residues: 

Ser 142, Lys 152, and Lys 159 from P. fragi correspond with SMHP-modified residues: 

Ser 146, Lys 156, and Lys 163 from P. lemognei identified by LC-MS/MS. PDB entry: 

27TL. 
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Figure 2.25 Active-site residues of 3-HBDH from P. fragi. NAD+ (green), L-3-

hydroxybutyrate (L-3-HB) (cyan), SMHP-modified residues (magenta), and additional 

active-site residues (yellow) are shown. The conserved residues of the catalytic tetrad are 

identified in red font. Conserved active site residues: Gln 94, Asn 114, Ser 142, His 144, 

Lys 152, Tyr 155, and Lys 159 from P. fragi are correspond with active-site residues: Gln 

98, Asn 118, Ser 146, His 148, Lys 156, Tyr 159, and Lys 163 from P. lemognei. PDB 

entry: 27TL. 
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These LC-MS/MS findings are consistent with those from the MAP-dependent 

protection study in which the pre-incubation with MAP, followed by the reaction with 

SMHP, yielded a reduction in the level of fluorescence in a concentration dependent 

manner, consistent with MAP and SMHP likely reacting at the same site(s) (Kluger & 

Tsui, 1986). Given that Ser 146, Lys 156, and Lys 163 were the only residues modified 

by SMHP, SMHP targeting towards the active site is specific with no off-target 

modifications.  

In addition to targeting the same three residues within the active site as SMHP, 

(Ser 146, Lys 156, and Lys 163), an additional 10 nucleophiles, mostly lysines, were also 

modified by MAP (Lys 4, Lys 9, Lys 44, Ser 52, Lys 55, Lys 70, Lys 79, His 99, Lys 

134, and Lys 216) as shown in Figure 2.23. This was likely a consequence of reacting a 

high concentration of MAP (25 mM) for a duration of 1 h, thus resulting in off-target 

labelling.  

Within this highly conserved active site are four residues involved in substrate 

recognition and catalysis, including Gln 196/200, Gln 94/98, His 144/148, and Lys 

152/156 (modified by SMHP) in P. fragi/P. lemognei 3-HBDH, which form hydrogen 

bonding interactions with the two oxygen atoms of the carboxylate group of the substrate 

(Ito et al., 2006; Nakashima et al., 2009). The residues of the conserved catalytic tetrad in 

the SDR superfamily include: Tyr 155/159, Ser 142/146, Lys 159/163, and Asn 114/118 

in P. fragi/P. lemognei 3-HBDH (Ito et al., 2006). Thus, two of the three SMHP-

modified residues are members of the conserved catalytic tetrad: Ser 142/146, Lys 

159/163 in P. fragi/P. lemognei 3-HBDH.   
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 Tyr 155/159 in P. fragi/P. lemognei 3-HBDH acts as an acid/base catalyst to 

donate or accept a proton to/from acetoacetate and D-3-hydroxybutyrate, respectively 

(Hoque et al., 2008; Kavanagh et al., 2008). Ser 142/146 stabilizes and positions the 

hydroxyl or carbonyl group of the substrate through hydrogen bonding interactions 

(Benach et al., 1999; Filling et al., 2002; Oppermann et al., 1997). The two major roles 

of Lys 159/163 include orientation of the nicotinamide-ribose moiety of the coenzyme 

through hydrogen bonding and also reduction of the pKa of Tyr 155/159 through 

electrostatic interactions to promote proton transfer (Benach et al., 1999; Filling et al., 

2002; Hoque et al., 2008). The presence of NAD+ specifically as the oxidized, positively 

charged coenzyme further facilitates the reduction in pKa of the catalytic tyrosine 

(Benach et al., 1999). Lastly, Asn 114/118 establishes a proton relay network, originally 

proposed by Oppermann and colleagues (2002). As represented in Figure 2.26, hydrogen 

bonding between the catalytic Lys residue (side chain) and the catalytic Asn residue 

(main chain carbonyl) to a water molecule forms a proton relay network involving the 

coenzyme ribose (2′-OH), whereby protons are relayed to and from the catalytic Tyr base 

(Filling et al., 2002). This proton relay network provides some indication as to the 

location of the cationic binding site that may partially neutralize the negative charge of 

the reactive methyl acyl phosphate species. The relay of protons creates a shift in charge 

between a positively charged Lys residue and a neutral Lys residue, which could act as 

both the cationic binding site and the attacking nucleophile throughout the course of the 1 

h reaction (Filling et al., 2002). While the cationic site cannot be determined with 

absolute certainty, it is expected that either Lys 159/163 in P. fragi/P. lemognei 3-HBDH, 
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which undergoes a shift in charge to achieve a proton relay network as described above, 

Lys 152/156 or His 144/148 act as the active-site cation.  

Kluger and colleagues (1986) assessed the rate of MAP-dependent inactivation of 

3-HBDH from P. lemognei in the presence and absence of coenzymes NADH and NAD+. 

The rate of inactivation was found to decrease in a concentration-dependent manner in 

the presence of either NADH or NAD+, demonstrating protection by the coenzymes 

(Kluger & Tsui, 1986). Within the active site of 3-HBDH, the hydroxyl groups of the 

NAD+/NADH nicotinamide-ribose are known to form hydrogen bonding interactions 

with Lys 159/163 (modified by SMHP) in P. fragi/P. lemognei 3-HBDH, Tyr 155/159, 

and the main chain carbonyl of Asn 90/94 (Hoque et al., 2008; Ito et al., 2006). The 

amide group of the NAD+/NADH is also anchored by hydrogen bonding interactions with 

both the main chain amino and carbonyl group of Val 188/192 and the main chain 

carbonyl of Thr 190/194 (Hoque et al., 2008; Ito et al., 2006). Thus, given that 

NAD+/NADH interacts with several active-site residues, including with Lys 159/163 in 

P. fragi/P. lemognei 3-HBDH, which was modified by both SMHP and MAP in our 

work, it is not surprising that Kluger and Tsui (1986) observed protection against MAP-

dependent inactivation in the presence of these co-enzymes.  

Similarly, ADP and the competitive inhibitor methyl acetonylphosphonate have 

shown protection against MAP-dependent inactivation of 3-HBDH (Kluger & Tsui, 

1986). Because of the protection observed by these coenzymes, coenzyme analogues, and 

substrate analogues, all containing phosphate groups, it is not surprising that kinases were 

among the most frequently labelled enzyme subclass (EC 2.7) from P. lemognei modified 

by SMHP due to their ATP binding sites (Figure 2.16). As kinases typically contain two 
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active site Lys residues, modification by SMHP and MAP is likely to occur at one of the 

two active-site lysine residues (Patricelli et al., 2007).  

 

 

Figure 2.26 Proton relay network in proteins of the SDR superfamily. The proton 

relay network is established through hydrogen bonding interactions between Asn111, 

Lys155 and a water molecule. This network is conserved among the SDR superfamily 

members, whereby conserved active site residues in this figure: Asn 111, Ser 138, Tyr 

151, and Lys 155 in 3β/17 β-hydroxysteroid dehydrogenase from Comamonas 

testosteroni are homologous with Asn 114, Ser 142, Tyr 155, and Lys 159 in 3-HBDH 

from P. fragi and, Asn 118, Ser 146, Tyr 159, and Lys 163 from P. lemognei. In this 

representation, NADH is the coenzyme with a steroid substrate (5α-androstane, 3-one, 

17ol). Adapted from Filling et al., (2002). 
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2.3.10 3-HBDH KINETIC ASSAYS 

2.3.10.1 Determination of kinetic parameters  

 The kinetic parameters of 3-HBDH were assessed through non-linear regression 

analysis for the conversion of NAD+ to NADH with D-3-hydroxybutyrate as the substrate 

(Figure 2.27). At pH 7.0 and 20 °C, the kinetic values were determined to be Km = 2.61 ± 

0.36 mM, kcat = 75.09 ± 10.35 s–1, and kcat/Km = 28.97 ± 4.11 M–1s–1.  

The optimal pH from the D-3-hydroxybutyrate reaction direction is 8.5 with an 

optimum temperature of 37 °C (Ito et al., 2006; Nasser et al., 2002). However, the assay 

conditions with respect to pH and temperature were adjusted accordingly to 7.0 and 20 

°C (with enzyme storage on ice), respectively, to maintain enzyme stability throughout 

the duration of the assay when the enzyme was diluted (i.e., 0.0035 mg/mL). Instability 

of 3-HBDH at low concentrations is well-documented across various organisms, such as 

3-HBDH from Myobacterium phlei (Dhariwal & Venkitasubramanian, 1978), which 

remained stable at 2.4 mg/mL after 15 min at 37 °C, but when diluted to 0.24 mg/mL, 

70% activity was lost over this duration.  
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Figure 2.27 Representative Michaelis-Menten plot for the determination of the 

kinetic parameters for 3-HBDH. The kinetic parameters, kcat, Km, and kcat/Km were 

determined using a saturating concentration of NAD+ (2 mM), with D-3-hydroxybutyrate 

(3-HB) concentrations ranging from 0.2-18.0 mM, with a final [3-HBDH] of 0.175 

μg/mL (5.82 nM). The kinetic values (determined in triplicate) for 3-HBDH were Km = 

2.61 ± 0.36 mM, kcat = 75.09 ± 10.35 s–1, and kcat/Km = 28.97 ± 4.11 M–1s–1.  

 

2.3.10.2 Inactivation by MAP   

The time-dependent inactivation of 3-HBDH (3.5 μg/mL) by MAP was assessed 

with varying concentrations of MAP (0 – 65.0 mM) under the same pH and temperature 

conditions described in Section 2.3.10.1. The inactivation of 3-HBDH by MAP was 

found to occur in a time-dependent manner wherein saturation was observed in the replot 

of the pseudo-first order rate constants (kobs) as a function of the concentration of MAP 

(Figure 2.28). As shown in Figure 2.28, and as described previously in Section 2.2.15.2, 

minor activity losses that occurred throughout the assay were corrected for by subtracting 

the pseudo-first-order rate constants (kobs values) obtained from the slopes of the 

untreated enzyme (i.e., control) from those of the MAP-treated enzyme over the specific 

reaction period. The kinetic values for the inactivation were determined from the replot of 
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the kobs values as a function of [MAP] to be KI = 27.949 ± 0.179 mM, kinact = 0.299 ± 

0.012 min–1, and kinact/KI = 0.178 ± 0.007 M–1s–1.         

 

 

 

Figure 2.28 Representative plots for the time dependent inactivation of 3-HBDH by 

MAP. (A) 3-HBDH (3.5 μg/mL) was incubated with varying concentrations of MAP: 2.5 

(), 5.0 (), 10.0 (), 25.0 (), and 65.0 (◇) mM. Minor enzyme activity losses that 

occurred over the inactivation assay were corrected for by subtracting the pseudo-first-

order rate constants (kobs values) obtained from the slopes of the untreated enzyme (i.e., 

control) from those of the MAP-treated enzyme over the specific reaction period. The kobs 

from control 1 () was used to correct the kobs values from [MAP] = 2.5 mM () and 5.0 

mM (), control 2 () was used to correct the kobs value from [MAP] = 10.0 mM (), 

control 3 () was used to correct the kobs value from [MAP] = 25.0 mM (), and control 

4 () was used to correct the kobs value from [MAP] = 65.0 mM (◇). (B) The corrected 

kobs values from A) were plotted as a function of [MAP] to determine (in triplicate) the 

KI, kinact, and kinact/KI values using non-linear regression analysis since saturation was 

observed, where KI = 27.949 ± 0.179 mM, kinact = 0.299 ± 0.012 min–1, and kinact/KI = 

0.178 ± 0.007 M–1s–1.         

 

 The determined KI of 27.95 ± 0.18 mM (100 mM potassium phosphate, pH 7.0; 

20 °C) for the MAP-dependent inactivation of 3-HBDH with D-3-hydroxybutyrate as the 

substrate in this work is comparable to the Ki of 10 mM (100 mM potassium phosphate, 

A B 
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pH 6.5; 37 °C) for the inhibition of 3-HBDH by MAP with acetoacetate as the substrate 

determined by Kluger and Tsui (1986).  

SMHP was also found to inactivate 3-HBDH; however, due to the slow rate of 

inactivation, combined with the spontaneous inactivation of 3-HBDH in the absence of 

inhibitor, obtaining inactivation kinetics was difficult. Consequently, only the kobs value 

at a concentration of 5 mM SMHP could be accurately determined. While the inactivation 

of 3-HBDH by MAP (5 mM) gave a kobs value of 0.0406 ± 0.0033 min–1, the inactivation 

by SMHP (5 mM) gave a kobs value of 0.0066 ± 0.0005 min–1. Thus, the pseudo-first 

order rate constant for the inactivation of 3-HBDH by MAP is ~6-fold greater than that of 

SMHP at a concentration of 5 mM, which is not surprising given that MAP is a smaller 

compound relative to SMHP. Overall, the inactivation of 3-HBDH by MAP and SMHP 

provided additional evidence towards the efficiency of reactivity at the active site by the 

acyl phosphates. 

   

2.3.11 IDENTIFICATION OF CTPS RESIDUES MODIFIED BY SMHP 

To assess the specific sites of modification of CTPS from E. coli, LC-MS/MS was 

employed using an approach similar to that used for 3-HBDH. The sequence coverages 

and LC-MS/MS analysis for the untreated and SMHP-treated samples can be found in 

Appendix B. In the SMHP-treated samples, 94-Da adducts were observed on Lys 223, 

Lys 233, Lys 239, Lys 246, Lys 252, Lys 342, Lys 479, and Lys 534 (Figure 2.29). 

Unlike with 3-HBDH, however, where each of the three modified residues resided at the 

active-site, only two of the eight SMHP-modified Lys residues from CTPS were clearly 

located at the ligand binding sites: Lys 223 at the CTP binding site and Lys 239 the 
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ATP/ADP binding site. Lys 233, Lys 242, and Lys 252 were located adjacent to the the 

ATP/ADP binding site, and Lys 342, Lys 479, and Lys 534 were not located near any of 

the ligand binding sites, including those for the nucleotides and L-Gln.    

In the previously conducted fluorescence-based protection study, protection was 

observed when pre-incubated with each of the ligands, CTP, ATP, L-Gln, and possibly 

UTP as shown by the reduction in the degree of fluorescence (Section 2.3.8), and thus, 

these sites were expected to be modified by SMHP using LC-MS/MS. In agreement with 

the fluorescence-based protection study for CTP and ATP, identification of 94-Da 

adducts with Lys 223 at the CTP binding site and of Lys 239 at the ATP/ADP by LC-

MS/MS provides more conclusive evidence for the site-specific protection. However, the 

absence of SMHP-modified residues at the L-Gln ligand binding site was surprising given 

the modest level of protection observed in the fluorescence-based protection study. Since 

the LC-MS/MS study was conducted in the absence of ligands, it is possible that all 

potentially reactive residues were accessible; however, upon ligand binding in the 

fluorescence-based protection study, conformational changes, induced by CTPS ligands, 

such as L-Gln, could mask the reactivity of some residues. Structural and mechanistic 

details of CTPS and ligand binding sites are discussed in detail in this Section (2.3.11). 

To explore the extent of protection in a more quantitative manner, kinetics-based 

protection studies with MAP were conducted as discussed in Section 2.3.12.2. 
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Figure 2.29 Crystal structure of CTPS from E. coli. (A, B, C) Shown is the tetramer 

with the monomers represented in cyan, violet, pink, and orange ribbon representation, 

with the SMHP-modified residues represented in the same colour as that of their 

monomer. SMHP-modified Lys residues from the cyan monomer (A- Lys 233, Lys 239, 

Lys 246, Lys 252, Lys 342, Lys 479, Lys 534) and violet monomer (B- Lys 223) are 

distinguished beside each labelled residue in parenthesis. Shown in the structures are 

CTP (forest green), ADP (light green), and the magnesium ion (yellow). PDB entry: 

2AD5. 

 

CTPS contains two catalytic domains: a C-terminal glutaminase domain, which 

catalyzes the hydrolysis of L-Gln and an N-terminal synthase domain, which catalyzes 

the amination of ATP-activated UTP (4-phospho UTP) to yield CTP (Endrizzi et al., 

2004; Willemoës, 2004). The NH3 derived from Gln hydrolysis or from exogenous NH3 

introduced as the substrate is transported from the glutaminase domain to the synthase 

domain through a 25-Å tunnel that connects the active sites of the two domains 

(McCluskey & Bearne, 2018).  

ATP and UTP act synergistically to induce tetramerization of the inactive 

homodimer to its catalytically active form, whereby the enzyme displays positive co-

operativity for each substrate (Levitzki & Koshland, 1972b; Long & Pardee, 1967). The 

binding sites for the nucleotide substrates are located in the synthase domain at the 
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tetramer interfaces (Endrizzi et al., 2004, 2005; Weng et al., 1986; Weng & Zalkin, 

1987). Liu and colleagues (2021) suggested that binding of either substrate, UTP and/or 

ATP, induces an open-to-closed conformational change. The X-ray crystal structure of 

CTPS from E. coli with bound ADP and CTP was solved by Baldwin and colleagues 

(2005), as shown in Figure 2.29 (PDB: 2AD5). The ATP/ADP-binding site with ADP 

bound showed several hydrogen bonding interactions between the α- and β-phosphates of 

the ligand and the amide groups of residues Ser 15, Gly 17, Lys 18, Gly 19, and Ile 20 

(Endrizzi et al., 2005). Furthermore, water-mediated hydrogen bonds facilitated the 

binding of the ribose O4′ with Arg 211 (guanidinium) and Ser 15 (carbonyl) (Endrizzi et 

al., 2005). Lastly, specificity for the adenine is facilitated by hydrogen bonds between N1 

and N6 of the adenine ring with the main chain of Val 241 (amide) and Lys 239 

(carbonyl) (modified by SMHP), respectively (Endrizzi et al., 2005).  

CTP is a feedback inhibitor that is competitive with UTP (Endrizzi et al., 2004). 

Specifically, the triphosphate moiety of CTP and the triphosphate moiety of UTP bind at 

the same site, leading to the observed competitive feedback inhibition (Endrizzi et al., 

2004). CTPS from E. coli with UTP bound has not been crystallized, but the binding 

interactions can be easily predicted based on solved structures of CTPS from various 

species with bound UTP, such as human (PDB: 7MGZ) (Lynch et al., 2021) and 

Drosophila melanogaster (PDB: 7DPW) (Zhou et al., 2021). Recognition of UTP is 

highly specific with E. coli CTPS with respect to the uracil moiety, ribose and 5′-

triphosphate (Scheit & Linke, 1982). Thus very few alternative substrates have been 

identified to date for UTP, with 2′,2′-difluoro-2′-deoxy-UTP being one of them 

(McCluskey et al., 2016). As described by Baldwin and colleagues (2005), binding of the 



 85 

cytosine moiety and the ribose of CTP occur through an “induced fit” rearrangement 

where the Asp 147, Glu 149, Gln 114, and Ile 148 side chains rotate to facilitate binding 

of the base. Glu 149 (side chain) forms hydrogen bonding interactions with the ribose 2′- 

and 3′- hydroxyl groups with Val 115 (backbone amide) and Ile 116 (backbone amide) 

residues providing additional hydrogen bonding interactions with the 2′-hydroxyl 

(Endrizzi et al., 2005). Lastly, the common binding site for the triphosphate moieties of 

CTP and UTP utilizes extensive hydrogen bonding interactions between the γ-phosphate 

and Lys 187 (side chain), Thr 188 (side chain and main chain amide) and Lys 189 (main 

chain amide) in addition to hydrogen bonding interactions between the β-phosphate and 

the side chains of Lys 189, Gln 192, and Lys 223 (modified by SMHP) (Endrizzi et al., 

2005).  

While it serves a minimal role when exogenous ammonia is used as the substrate, 

GTP is a positive allosteric activator for the L-Gln-dependent synthesis of CTP (Bearne et 

al., 2001; Levitzki & Koshland, 1972a; Zhou et al., 2021). The first crystal structure of 

CTPS from D. melanogaster with GTP bound was recently solved by Liu and colleagues 

(2021) (PDB: 7DPT) (Figure 2.30). The GTP binding site was localized at the cleft 

between the glutaminase domain and the synthase domain, and more specifically, 

between the glutaminase active site and the ammonia tunnel (Zhou et al., 2021). 

Tetramerization of the enzyme into its closed state where the glutaminase and synthase 

domains contract, induced by ATP and UTP binding, is required to form the GTP binding 

site, thus, the open conformation in the absence of these substrates does not permit 

binding of GTP (Zhou et al., 2021). In addition, this crystal structure of CTPS from D. 

melanogaster also had 6-diazo-5-oxo-L-norleucine (DON) bound, an analogue of L-Gln 
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and irreversible inactivator of CTPS. In addition to the requirement of both UTP and 

ATP being bound to facilitate formation of the GTP binding site, it was concluded that 

binding of DON (L-glutamine) in the GATase domain active-site is also required to 

stabilize the binding of GTP by facilitating the rotation of Phe 373, which forms a π–π 

stacking interaction with the guanine ring of GTP  (Zhou et al., 2021).  

 

Figure 2.30 Crystal structure of the CTPS tetramer from D. melanogaster. Shown in 

structure are the allosteric activator GTP (green), L-glutamine analogue, 6-diazo-5-oxo-L-

norleucine (DON) (magenta), and ADP (yellow). PDB entry: 2DPT. 
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2.3.12 CTPS KINETIC ASSAYS 

2.3.12.1 Inactivation by MAP and SMHP 

The time-dependent inactivation of CTPS (1.0 mg/mL) with varying 

concentrations of MAP (0 – 10 mM) and SMHP (0 – 50 mM) were each found to occur 

in a time-dependent manner, as shown in Figures 2.31A, and 2.32A. Since saturation was 

not observed from the replot of the pseudo-first-order rate constant (kobs) values as a 

function of [MAP] (Figure 2.31B) for the MAP-dependent inactivation of CTPS, only 

the apparent second-order rate constant for the efficiency of inactivation (kinact/KI) could 

be determined from the slope of the replot, yielding a kinact/KI value of 0.613 ± 0.015 M–

1s–1. As saturation was in fact observed from the replot of the kobs values as a function of 

[SMHP] (Figure 2.32B) for the SMHP-dependent inactivation of CTPS, the kinetic 

values for the inactivation were determined using non-linear regression analysis as KI = 

10.341 ± 1.347 mM, kinact = 0.110 ± 0.003 min–1, and kinact/KI = 0.179 ± 0.019 M–1s–1.         
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Figure 2.31 Representative plots for the time-dependent inactivation of CTPS by 

MAP. (A) CTPS (1.0 mg/mL) was incubated with varying concentrations of MAP: 0.0 

(), 0.5 (), 1.0 (), 2.5(), 6.0 (◇), and 10.0 () mM. (B) The observed pseudo-first-

order rate constants (kobs values) obtained as the slopes from (A) were re-plotted as a 

function of [MAP] to determine (in triplicate) the apparent second-order rate constant for 

the efficiency of inactivation (kinact/KI), with a value of 0.613 ± 0.015 M–1s–1. 

 

 
 

Figure 2.32 Representative plots for the time-dependent inactivation of CTPS by 

SMHP. (A) CTPS (1.0 mg/mL) was incubated with various concentrations of SMHP: 0.0 

(), 2.5 (), 6.0 (), 10.0 (), 25.0 (◇), and 50.0 () mM. (B) The observed pseudo-

first-order rate constants (kobs values) obtained as the slopes from (A) were re-plotted as a 

function of [SMHP]. Since saturation was observed, non-linear regression was used to fit 

the data so that the kinetic constants for KI, kinact, and kinact/KI could be determined (in 

triplicate), where KI = 10.341 ± 1.347 mM, kinact = 0.110 ± 0.003 min–1, and kinact/KI = 

0.179 ± 0.019 M–1s–1. 
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The efficiency of inactivation (kinact/KI) for the MAP-dependent inactivation of 

CTPS was ~ 3-fold greater than that observed for SMHP. Since saturation was observed 

for the inactivation of CTPS by SMHP, it was interesting that saturation was not also 

observed for the inactivation of CTPS by MAP. However, as described in Section 2.3.11, 

while two of the SMHP-modified residues were located at the ATP/ADP and CTP 

binding sites, the others were surface Lys residues and, thus, such residues could be 

participating in a bimolecular reaction with MAP. Since SMHP is a larger compound 

with more binding determinants, it can interact so that a detectible complex formation is 

observed kinetically. Overall, the inactivation of CTPS by MAP and SMHP provided 

additional evidence towards the efficiency of reactivity by the acyl phosphates. 

 

 

2.3.12.2 Protection against MAP-dependent inactivation by ligands 

 

 The protection against MAP-dependent inactivation of CTPS was quantitatively 

assessed by incubating CTPS (1.0 mg/mL) with a fixed concentration of MAP (2.5 mM), 

with varying concentrations of each ligand (ATP: 0 – 2 mM, CTP: 0 – 0.2 mM, UTP: 0 – 

4 mM, and L-glutamine: 0 – 5 mM) (Figures 2.33 to 2.36). The calculated KL values (the 

apparent dissociation constant for the ligand-mediated protection against inactivation) are 

given in Table 2.1 for ATP, CTP, and UTP. All ligands showed protection against 

inactivation by MAP, with CTP being the most potent protectant as demonstrated by 

having the highest apparent binding affinity, with a KL value of 0.075 ± 0.004 mM.  
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Figure 2.33 Protection against MAP-dependent inactivation of CTPS by ATP. (A) 

CTPS (1 mg/mL) was incubated with MAP (2.5 mM) with varying concentrations of 

ATP: 0.0 () 0.5 (◇), 1.0 (), 1.5 (), and 2.0 () mM in addition to a control in the 

absence of MAP and ATP (). (B) The inverse of the observed pseudo-first-order rate 

constants (1/kobs values) obtained as the inverse of the slope values from A) were plotted 

as a function of [ATP]n, where the Hill number (n) = 2.872 ± 0.116, to determine the 

apparent ligand-mediated dissociation constant for the protection against inactivation 

(KL). The slope and y-intercept (determined in singlicate) from the replot were: 8.438 ± 

0.171 min mM–1 and 11.969 ± 0.622 min, respectively, yielding a KL value of 1.092 ± 

0.100. 

 

Figure 2.34 Protection against MAP-dependent inactivation of CTPS by CTP. (A) 

CTPS (1 mg/mL) was incubated with MAP (2.5 mg/mL) with varying concentrations of 

CTP: 0.00 () 0.05 (◇), 0.10 (), 0.15 (), and 0.20 () mM in addition to a control in 

the absence of MAP and CTP (). (B) The inverse of the observed pseudo-first-order 

rate constants (1/kobs values) obtained as the inverse of the slope values from A) were 

plotted as a function of [CTP] to determine the apparent ligand-mediated dissociation 

constant for the protection against inactivation (KL). The slope and y-intercept 

(determined in singlicate) from the replot were: 144.28 ± 5.75 min mM–1 and 8.305 ± 

0.704 min, respectively, yielding a KL value of 0.075 ± 0.004. 
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Figure 2.35 Protection against MAP-dependent inactivation of CTPS by UTP. (A) 

CTPS (1 mg/mL) was incubated with MAP (2.5 mg/mL) with varying concentrations of 

UTP: 0.0 () 1 (◇), 2 (), 3 (), and 4 () mM in addition to a control in the absence 

of MAP and UTP (). (B) The inverse of the observed pseudo-first-order rate constants 

(1/kobs values) obtained as the inverse of the slope values from A) were plotted as a 

function of [UTP]n, where the Hill number (n) = 2.870 ± 0.050, to determine the apparent 

ligand-mediated dissociation constant for the protection against inactivation (KL). The 

slope and y-intercept (determined in singlicate) from the replot were: 1.728 ± 0.010 min 

mM–1 and 11.505 ± 0.256 min, respectively, yielding a KL value of 1.897 ± 0.139. 

 

 

Figure 2.36 Protection against MAP-dependent inactivation of CTPS by Gln. (A) 

CTPS (1 mg/mL) was incubated with MAP (2.5 mg/mL) with varying concentrations of 

Gln: 0.0 () 0.1 (◇), 0.2 (), 1.0 (), and 5.0 () mM in addition to a control in the 

absence of MAP and Gln (). (B) The inverse of the observed pseudo-first-order rate 

constants (1/kobs) obtained as the inverse of the slope values from A) were plotted as a 

function of [Gln], where the dotted line corresponds to eqn 2.10, which has the general 

form of eqn 2.11. The KL value could not be determined due to the observed plateau, 

which requires a more detailed kinetic analysis.  
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Table 2.1 KL values for the protection against MAP-dependent inactivation by 

CTPS ligands. As these assays were not completed in triplicate, the errors correspond to 

the uncertainties arising from measurements within the single inactivation experiment.  

Ligand KL (mM) 

ATP 1.092 ± 0.100 

CTP 0.075 ± 0.004 

UTP 1.897 ± 0.139 

Gln - 

 

  These data from the kinetic-based protection assays agree with those observed in 

the fluorescence-based protection study, where CTP provided the greatest level of 

protection against both SMHP-modification and MAP-dependent inactivation. 

Furthermore, the observations are consistent with the identification of Lys 223 as a 

residue modified by SMHP at the CTP binding site. ATP showed a modest level of 

protection in both protection studies, which is also consistent with the identification of 

Lys 239 being modified by SMHP at the ATP/ADP binding site. UTP provided a much 

weaker level of protection relative to the other ligands, consistent with both protection 

studies. Although the triphosphate moieties of UTP and CTP overlap with one another, 

binding of UTP specifically has shown to be highly specific, as mentioned in Section 

2.3.11 (Scheit & Linke, 1982). Thus, reaction at the UTP site by SMHP and MAP is 

likely more challenging than at the CTP site, and hence, a greater degree of protection 

would be expected in the presence of CTP than UTP as observed experimentally.  

Interestingly, protection against MAP-dependent inactivation of CTPS and 

protection against SMHP-labelling of CTPS was observed in the presence of L-Gln. 

However, LC-MS/MS analysis revealed that none of the 8 SMHP-modified Lys residues 

were located near the L-Gln binding site. Given that these two protection studies are in 
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close agreement with one another, the most plausible explanation for the protection 

observed in the presence of L-Gln is due to the well-documented ligand-induced 

conformational changes (Levitzki & Koshland, 1972a, 1972b; Lynch et al., 2017; 

McCluskey & Bearne, 2018; Zhou et al., 2021) that in some way reduce the accessibility 

and thus reactivity of the Lys residues with SMHP and MAP. A few examples of these 

conformational changes include tetramerization of CTPS by ATP, UTP, and CTP, 

formation of the ammonia tunnel to facilitate the transfer of nascent ammonia from the 

glutaminase domain to the synthase domain, open-to-closed structural transition upon 

UTP and ATP binding to yield the resulting GTP binding site, and closed-to-open 

transition upon CTP binding (Levitzki & Koshland, 1972b; McCluskey & Bearne, 2018; 

Zhou et al., 2021).  

However, in contrast to the ligands CTP, ATP and UTP for which linear replots of 

1/kobs versus [L] (or [L]n) were obtained, the replot of 1/kobs versus [L-Gln] exhibited 

pronounced curvature, suggesting that the kinetic model giving rise to eqn 2.5 and 2.6 

does not adequately describe Gln-dependent protection. While L-Gln does induce 

conformational changes that likely yield reduced accessibility to the Lys residues as 

previously described, unlike the other ligands, L-Gln does not induce tetramerization 

upon binding, and therefore, the MAP-dependent inactivation studies occurred in the 

presence of the CTPS dimer. Consequently, an alternative mechanism was proposed to 

describe the protection by L-Gln (Scheme 2.5). In this proposed kinetic mechanism and 

resulting derived equation (eqn 2.10), which has the general form (eqn 2.11) when [I] is 

constant, a non-linear replot is predicted (certainly, more complex inactivation 

mechanisms could be proposed). In agreement with Figure 2.36 wherein pronounced 
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curvature was observed, the proposed kinetic mechanism describes that full protection 

against inactivation will not be observed since MAP binding site(s) remain accessible 

(i.e., open) for inactivation by the acyl phosphate when CTPS is in its dimeric form. 

Thus, while L-Gln appears to show a modest level of protection as observed through both 

the fluorescence-based and kinetic-based protection experiments, full protection from 

SMHP and MAP modification may require tetramerization of the enzyme induced by the 

binding of nucleotide(s) to limit the accessibility and reactivity of the acyl phosphates 

with the Lys residues.      

 

Scheme 2.5 Proposed kinetic scheme for the protection against CTPS inactivation by 

Gln. In this scheme, (O) represents an empty binding site, (E) is CTPS, (L) is L-Gln, (I) is 

MAP, and KL and KI are dissociation constants for Gln and MAP, respectively. This 

scheme gives rise to eqn 2.10, which has a general form of eqn 2.11. 
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2.4 CONCLUSIONS AND FUTURE DIRECTIONS 

A combination of biotin-ABPP and fluorescent tagging were used to investigate 

proteins that contain a specific architecture: specifically, those containing a nucleophile 

adjacent to a cationic binding site. Given the structural similarity between the anionic 

monomethyl acyl phosphate warhead of SMHP and MAP,  and the fact that MAP was 

previously shown to target this type of protein architecture via the irreversible 

inactivation of 3-HBDH (Kluger & Tsui, 1980, 1986) and modification of Hb, (Ueno et 

al., 1986, 1989; Xu et al., 1999), I anticipated that SMHP would modify enzymes with 

this same architecture.  

SMHP was found to modify 281 enzymes from the P. lemognei proteome, 

including 3-HBDH and CTPS, which were then investigated in greater detail to learn 

more about the sites that were modified by SMHP and MAP. MAP-dependent protection 

against SMHP labelling was observed using fluorescent tagging, where SMHP and MAP 

appeared to target the same site(s) within Hb, 3-HBDH, and CTPS. As identified by LC-

MS/MS, SMHP and MAP modified the same three catalytic residues within the 

conserved active site of 3-HBDH: Ser 146, Lys 156, and Lys 163; thus, demonstrating 

the targeted reactivity of the acyl phosphate warheads with 3-HBDH. For CTPS, LC-

MS/MS revealed that 8 Lys residues were modified by SMHP, with Lys 223 and Lys 239 

located at the CTP and ATP/ADP sites, respectively. The efficiency of reactivity of the 

acyl phosphates was explored using kinetics, where SMHP and MAP were both found to 

inactivate 3-HBDH and CTPS. Lastly, protection against modification of CTPS by the 

acyl phosphates was explored using fluorescence-based and kinetics-based protection 
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studies, revealing that the ligands, ATP, UTP, CTP, and L-Gln, protected against the 

labelling by SMHP and inactivation by MAP, respectively. 

In future work, since the conditions for the MAP-dependent inactivation of both 

3-HBDH and CTPS have been developed using kinetics, it would be interesting to use 

these kinetically-controlled conditions to further assess the modification sites in greater 

detail. By monitoring the inactivation of CTPS and 3-HBDH by MAP and/or SMHP 

using kinetics, followed by LC-MS/MS after a specified period of time (i.e., percent 

inactivation), we could determine the primary nucleophile responsible for the inactivation 

of each enzyme. This investigation would be especially beneficial for CTPS given the 

increased complexity of SMHP reactivity with there being multiple ligand binding sites. 

In addition, since kinetics-based studies for the protection of 3-HBDH against 

inactivation by MAP have been explored with the competitive inhibitor, methyl 

acetonylphosphonate, in addition to coenzymes NAD+ and NADH, and ADP (Kluger & 

Tsui, 1986), it would be valuable to employ such protection studies to assess the 

protection against the modification of 3-HBDH by SMHP using these same ligands. 

Furthermore, it would be beneficial to assess the modification site(s) of a third enzyme 

identified from the P. lemognei proteome in its purified form, such as a kinase, wherein 

various kinases were identified among the most frequent subclass (EC 2.7) modified by 

SMHP.  Lastly, since SMHP exhibited broad-spectrum labelling with proteins from the 

P. lemognei proteome, this ABPP approach could be extended to other cell types to 

identify additional enzymes that are modified by SMHP.   
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CHAPTER 3 THE INACTIVATION OF L-FUCONATE 

DEHYDRATASE BY 3-HYDROXYPYRUVATE AND THE 

EFFECTS OF TRIS BUFFER  

3.1 INTRODUCTION 

3.1.1 THE ENOLASE SUPERFAMILY AND THE MANDELATE RACEMASE           

         SUBGROUP  

            

The enolase superfamily (ENS) of enzymes is a structurally similar yet 

mechanistically diverse superfamily, consisting of ~49 000 members (Akiva et al., 2014; 

Gerlt et al., 2005, 2012). There are 12 different reactions catalyzed among the 

superfamily, including: β-elimination of either a hydroxyl or ammonia group 

(dehydration/elimination), 1,1-proton transfers (racemization/epimerization), and 

cycloisomerization (intramolecular addition/elimination) (Babbitt et al., 1996; Gerlt et 

al., 2005, 2012; Gerlt & Babbitt, 2001). The superfamily is divided into seven subgroups, 

including the mandelate racemase (MR) subgroup, where the majority of the members 

within this subgroup catalyze a β-elimination reaction from acid sugar substrates (Akiva 

et al., 2014; Gerlt et al., 2012). While highly diverse in the reactions they catalyze and 

with their preferred substrates, all members of the ENS superfamily, including those in 

the MR subgroup, share the same initial reaction wherein an active site base abstracts the 

α-proton from the carboxylic acid substrate to yield an aci-carboxylate intermediate, 

which is stabilized by an essential Mg2+ ion (Scheme 3.1) (Babbitt et al., 1995, 1996; 

Gerlt et al., 2005). Upon formation of the aci-carboxylate intermediate, the vast majority 

of MR subgroup members, such as L-fuconate dehydratase, D-glucarate dehydratase, D-

galactonate dehydratase, and L-rhamnonate dehydratase, catalyze the dehydration of an 

acid sugar (Gerlt & Babbitt, 2001; Yew et al., 2006).  
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Scheme 3.1 Shared half reaction among the ENS superfamily. This shared reaction 

involves the abstraction of the α-proton of the carboxylic acid substrate by a catalytic 

base (B1) to yield an aci-carboxylate intermediate.  

 

Members are assigned to the MR subgroup based on conserved structural features 

and sequence similarity, yet remain mechanistically diverse (Bearne & St. Maurice, 

2017). Two major structural features conserved among the ENS superfamily and thus the 

MR subgroup are the N-terminal α + β capping domain, which provides side chain 

determinants for substrate recognition, and the C-terminal (β/α)7β-barrel domain, which 

contains residues that coordinate the essential Mg2+ ion and catalytic residues that 

participate in the acid/base chemistry (Gerlt et al., 2012; Gerlt & Raushel, 2003; Neidhart 

et al., 1990, 1991). The conserved residues in the MR subgroup that coordinate the Mg2+ 

ion include an Asp residue from β-strand 3, a Glu residue from β-strand 4, and a Glu 

residue from β-strand 5 (Gerlt et al., 2012; Neidhart et al., 1990). The carboxylate 

oxygens of these conserved residues in the C-terminal (β/α)7β-barrel domain, in addition 

to the carboxylate oxygen or hydroxyl group of the given substrate, are required for Mg2+ 

coordination (Gerlt et al., 2012). Furthermore, Lys and His residues from β-strands 2 and 

7, respectively, serve as the conserved Brønsted acid–base catalysts within the MR 

subgroup (Gerlt et al., 2012; Neidhart et al., 1991).  
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3.1.2 STRUCTURE OF L-FUCONATE DEHYDRATASE (FucD) 

 L-Fuconate dehydratase (FucD) from Xantomonas campestris was first assigned 

to the MR subgroup in 2006 by Gerlt and co-workers. FucD catalyzes the conversion of 

its primary substrate, L-fuconate, to 2-keto-3-deoxy-L-fuconate via a β-elimination 

(dehydration) reaction following the initial α-proton abstraction from the acid sugar, 

which will be discussed in greater detail in Section 3.1.3. Consistent among other MR 

subgroup members, FucD is comprised of two major domains, including the N-terminal α 

+ β capping domain and the C-terminal (β/α)7β-barrel domain (Yew et al., 2006). 

Residues Asp 248, Glu 274, and Glu 301 from β-strands 3, 4 and 5, respectively, were 

identified as the conserved carboxylate ligands that coordinate the essential Mg2+ ion 

(Yew et al., 2006). Furthermore, the catalytic residues from β-strands 2 and 7 were 

identified as Lys 220  and His 351, respectively (Yew et al., 2006). Trp 101 from the 

capping domain serves as a binding determinant for the methyl group of L-fuconate 

within a hydrophobic pocket, which is analogous to Leu 93 of MR (Bearne & St. 

Maurice, 2017; Yew et al., 2006). While most members of the MR subgroup exist in 

solution as homooctamers, which is more specifically described as a tetramer of dimers 

(Neidhart et al., 1991), FucD was found to exist as a dimer in solution (Figure 3.1) using 

gel-filtration high-performance liquid chromatography (GF-HPLC) and dynamic light 

scattering (DLS) by a previous member of the Bearne Lab, Chris Fetter (Fetter, 2019). 
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Figure 3.1 Dimeric structure of FucD from Xantomonas campestris. Individual 

monomers are shown in blue and wheat ribbon representation with the essential Mg2+ ion 

represented as a yellow sphere. (PDB entry: 2HXT) 

 

3.1.3 MECHANISM AND SUBSTRATE SPECIFICITY OF FucD 

 With L-fuconate as the preferred substrate, the mechanism was determined by 

Gerlt and co-workers (2006) to occur by the abstraction of the α-proton by Lys 220 

(Brønsted base) to form the aci-carboxylate intermediate (Scheme 3.2). Subsequently, 

the β-elimination is catalyzed, wherein the β-hydroxyl leaving group is protonated by His 

351 (conjugate acid) and the resulting dehydrated enol product undergoes stereospecific 

ketonization catalyzed by Lys 220 (conjugate acid) to yield 2-keto-3-deoxy-L-fuconate as 

the product. 
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Scheme 3.2 Mechanism for the conversion of L-fuconate to 2-keto-3-deoxy-L-

fuconate catalyzed by FucD 

 

Although L-fuconate was determined to be the preferred substrate for FucD based 

on its kinetic parameters (kcat = 15 ± 0.2 s–1, Km = 0.33 ± 0.06 mM), FucD also catalyzed 

the dehydration of other acid sugars: L-galactonate (kcat = 0.9 ± 0.03 s–1, Km = 6.2 ± 0.4 

mM), D-arabinonate (kcat = 2.4 ± 0.07 s–1, Km = 2.1 ± 0.09 mM), D-altronate (kcat = 0.0064 

s–1), L-talonate (kcat = 0.035 s–1), and D-ribonate (kcat = 0.086 s–1) (Yew et al., 2006). 

Interestingly, while the initial α-proton abstraction involves Lys 220 acting as the 

Brønsted base for substrates L-fuconate, L-galactonate, D-arabinonate, and D-altronate, 

His 351 acts as the Brønsted base to deprotonate the substrates L-talonate and D-ribonate. 

Crystal structures of FucD, both in the absence and presence of the ligand D-

erythronohydroxamate, an intermediate analogue and competitive inhibitor of the 

enzyme, were used to further assess the enzyme’s preference for L-fuconate. The 

stereochemistry of the hydroxyl groups from carbons 3-5 were found to be optimal for 

hydrogen bonding interactions since the 3-OH form an H-bond with His 351, the 4-OH 

forms an H-bond with Asp 24, and the 5-OH forms an H-bond with Gly 22 (backbone). 

Lastly, L-fuconate differs from L-galactonate and D-arabinonate only in the presence of a 
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methyl group on carbon-6, which is recognized by Trp 101 as the binding determinant 

within a hydrophobic binding pocket at the active site (Yew et al., 2006). 

 

3.1.4 INACTIVATION OF MR AND FucD BY 3-HYDROXYPYRUVATE 

 3-Hydroxypyruvate (3-HP) was previously discovered to irreversibly inactivate 

MR from Pseudomonas putida, where the catalytic residues, Lys 166 and His 297, were 

identified as binding determinants for the inhibitor (Nagar et al., 2015). MR is a minority 

member within the MR subgroup in that the enzyme catalyzes a racemization reaction 

upon formation of the aci-carboxylate intermediate rather than a dehydration reaction 

(Bearne & St. Maurice, 2017). The inactivation of MR was shown to occur via a Schiff-

base mechanism (Scheme 3.3) (Nagar et al., 2015). Through this mechanism, the α-

carbonyl of 3-HP and the ε-NH2 group of Lys 166 form a Schiff base, followed by 

deprotonation of the imine by a Brønsted base, which was presumed to be His 297. The 

resulting Lys 166-enol(ate) adduct (86 Da) could then tautomerize to yield an aldehyde 

adduct (86 Da). In addition to observing this 86-Da adduct using LC-MS/MS analysis, 

the resulting enol(ate)/aldehyde adduct was also observed using X-ray crystallography 

(PDB 4X2P) (Nagar et al., 2015).       
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Scheme 3.3 Mechanism for the inactivation of MR by 3-HP. Adapted from Bearne & 

St. Maurice (2017).  

 

The kinetics of the inactivation of MR by 3-HP were previously assessed through 

time-dependent inactivation studies, where the second-order rate constant for the 

efficiency of inactivation (kinact/KI) was determined to be 83 ± 8 M–1s–1 (Nagar et al., 

2015). Given that members of the MR subgroup share conserved active-site residues and 

that the catalytic Lys and His residues act as binding determinants for 3-HP, Chris Fetter, 

a previous M.Sc. student in the Bearne lab, sought to investigate whether 3-HP could also 

inactivate FucD. Interestingly, Chris Fetter determined that the efficiency of inactivation 

of FucD by 3-HP was significantly lower (0.023 ± 0.001 M–1s–1) than that observed for 

the inactivation of MR. While Chris Fetter observed 86-Da adducts with Lys 220 using 

LC-MS/MS analysis, surprisingly, 58-Da adducts were also observed with Lys 220 and 
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with other nucleophilic residues outside of the active site. The combination of kinetics 

and LC-MS/MS findings suggested the possibility that FucD was being inactivated by 3-

HP through a different mechanism than that found for MR. A pathway was proposed to 

explain the formation of the observed 58-Da adducts, where 3-HP, either enzymatically 

or non-enzymatically, is converted to glycolaldehyde (GLH), which had been shown in 

previous studies to form 58-Da adducts with proteins upon reacting with nucleophilic 

residues, predominantly Lys and Arg (Glomb & Monnier, 1995; Thorpe & Baynes, 

2003). Given the conserved catalytic machinery among MR subgroup members, the 

vastly different behaviors with respect to the 3-HP-dependent inactivation of MR and 

FucD was surprising. 

 

3.1.5 OVERVIEW OF THIS WORK 

 Building on the findings of Chris Fetter, my goal was to investigate whether the 

reduced rate of inactivation observed for FucD was potentially a consequence of the 

buffer used, tris(hydroxymethyl)aminomethane (Tris), given the known ability of primary 

amines to form Schiff-base products with carbonyl groups, such as aldehydes and 

ketones. In this chapter, time-dependent inactivation studies of FucD by 3-HP were 

conducted at varying concentrations of Tris. Interestingly, Tris was found to protect 

against the inactivation of FucD in a concentration-dependent manner, where the kinact
app 

and KI
app values decreased with respect to increasing Tris-Cl concentrations, but the 

overall kinact
app/KI

app remained unchanged. Given these observations, in addition to 

evaluating the inactivation of FucD by 3-HP, I sought to investigate the effect of Tris 

specifically on the 3-HP-dependent inactivation of FucD.   
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 Furthermore, protection studies with L-fuconate were conducted to assess whether 

the 3-HP-dependent inactivation of FucD occurs at the active site. Next, intact ESI-MS 

studies are described that assess the size and number of adducts formed when 3-HP-

dependent inactivation of FucD was conducted in 5 mM versus 50 mM Tris-Cl buffer.  

 

3.2 MATERIALS AND METHODS 

3.2.1 GENERAL 

 All reagents were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON, 

Canada) unless otherwise stated. Nuclear magnetic resonance (1H and 13C) spectra were 

obtained using either a Bruker AV 300 or 500 MHz spectrophotometer at the Dalhousie 

University Nuclear Magnetic Resonance Research Resource Centre (NMR-3). Chemical 

shifts (δ in ppm) for the 1H NMR spectrum are reported relative to the residual solvent 

signal for HOD (δ 4.79) (Gottlieb et al., 1997) and for the 13C NMR spectrum they are 

reported relative to the secondary reference, DSS (methyl signal). Kinetic studies were 

conducted using a circular dichroism (CD)-based assay with a JASCO J-810 

spectropolarimeter. High resolution mass spectra (HRMS) were obtained using a Bruker 

compact QTOF mass spectrophotometer operating in the electrospray ionization (ESI) 

mode (negative). Intact MS (LC-MS) experiments were carried out at the Faculty of 

Medicine Biological Mass Spectrometry Core Facility at Dalhousie University.  

3.2.2 SYNTHESIS OF L-FUCONATE 

 The first half of the synthesis to prepare barium L-fuconate from L-fucose was 

conducted by Dr. Stephen Bearne. L-Fucose (1.5 g, 9.14 mmol) was dissolved in water 

(7.5 mL) in a round-bottom flask (25 mL). Br2 (0.5 mL, 9.4 mmol) was added, and the 
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solution was covered in aluminum foil, sealed with a stopper, and stirred for two days 

(room temperature). Thereafter, air was blown into the solution to remove excess Br2 

until the solution became colourless. NaOH (6 M) was added dropwise until the pH of the 

solution was 7 (pH paper). In a minimum volume of water, BaCl2 (1.2 g, 5.76 mmol) was 

added to the reaction mixture to precipitate barium L-fuconate, which was collected by 

suction filtration.   

The barium L-fuconate was subsequently converted to its sodium salt by addition 

of dilute H2SO4 (1 mL, 2.675 mmol) to the barium L-fuconate (1.325 g, 2.675 mmol) in 

H2O (~20 mL) followed by stirring for ~2 h. The precipitated BaSO4 was then removed 

by filtration through a bed of celite. The pH of the filtrate was adjusted to 12 (pH paper) 

by dropwise addition of NaOH (6 M), which was mixed for ~2 h at 70 °C in excess water 

to hydrolyze the lactone. The solution was then passed through a AG ®50W-X8 cation 

exchange resin (H+ form, 2.66 × 13.10 cm) (Bio-Rad Laboratories, Hercules, CA). The L-

fuconic acid was subsequently converted to sodium L-fuconate by dropwise addition of 

NaOH (6 M), which was brought to pH 8.5-9 (pH paper). The product was subjected to 

rotary evaporation for ~2 h at 40 °C to reduce the volume to ~100 mL, and the remaining 

solvent was removed by lyophilization (~40 h) to yield sodium L-fuconate as a white 

powder (1.23 g, 66.6% yield); 1H NMR (500 MHz, D2O) δ 4.24-4.21 (m, 1H), 4.06 (qd, J 

= 6.6, 1.9 Hz, 1H), 3.93-3.86 (m, 1H), 3.42 (ddd, J = 9.4, 1.9, 1.0 Hz, 1H), 1.22 (d, J = 

6.6 Hz, 3H) (Figure 3.2); 13C NMR (126 MHz, D2O) δ 179.52, 73.32, 71.87, 71.75, 

66.04, 18.76 (Figure 3.3). ESI-HRMS (negative mode); m/z calculated for C6H11O6 [M-

H+]–: 179.0561, found: 179.0564 (Figure 3.4).  
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Figure 3.2 1H NMR spectrum of sodium L-fuconate in D2O. 

 

 

 

Figure 3.3 13C NMR spectrum of sodium L-fuconate in D2O. 
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Figure 3.4 ESI-HRMS (negative mode) of sodium L-fuconate. 

3.2.3 EXPRESSION AND PURIFICATION OF FucD 

The open reading frame (GI:21233491) encoding wild-type FucD from 

Xanthomonas campestris was synthesized and inserted into a pET-52b(+) vector by 

BioBasic Inc. (Markham, ON). This construct encodes the wild-type FucD enzyme as a 

fusion protein bearing an N-terminal StrepII-tag (Markham, ON). Chemically competent 

E. coli BL21 (DE3) cells were transformed using the heat shock method (Sambrook et 

al., 1989) and plated on LB-agar plates containing ampicillin (100 μg/mL) overnight.  

Transformants were grown overnight in LB media (5 mL) containing ampicillin 

(100 μg/mL) (37 °C, 200 rpm) and were stored thereafter in 15% glycerol stocks at –80 

°C. Starter cultures of the E. coli BL21 (DE3) cells from freshly streaked LB-agar plates 
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were grown overnight in LB media containing ampicillin (100 μg/mL) (37 °C, 200 rpm). 

Starter cultures (10 mL) were used to inoculate larger expression culture(s) containing 1 

L of the same media composition and were grown (37 °C, 200 rpm) until an OD600 of 

~0.5-0.6 was obtained. Recombinant protein expression was then induced by addition of 

IPTG to a final concentration of 0.1 mM and the cultures were incubated at 16 °C for 24 

h (175 rpm). The cells were harvested by centrifugation (3795 × g, 10 min, 4 °C) and the 

cell pellets were stored at –20 °C for future use.  

Frozen cell pellets were thawed and resuspended in ice-cold sonication buffer (~ 

35 mL) (100 mM Tris-Cl, 5 mM MgCl2, pH 7.5). The cell suspension was kept on ice 

and sonicated (6 × 30 s with 60-s off periods between each 30-s interval) with a Branson 

Sonifier 250 (setting 5.5, 1-s bursts). The cell lysate was clarified by ultracentrifugation 

(146 550 × g, 35 min, 4 °C) and applied to a column containing StrepTactin XT 

Superflow affinity resin (IBA GmbH, Göttingen, Germany), and purified using an ÄKTA 

fast protein liquid chromatography (FPLC) system (GE Healthcare, Baie d’Urfé, QC) as 

per the manufacturer’s instructions (IBA). After washing the column with wash buffer 

(100 mM Tris-Cl, 150 mM NaCl, 1 mM EDTA, pH 7.5), FucD was eluted by the 

addition of elution buffer (100 mM Tris-Cl, 150 mM NaCl, 1 mM EDTA, 50 mM biotin, 

pH 7.5). Eluted enzyme was dialyzed (MWCO 12 – 14 kDa) for 3 × 8 h (4 °C) against 

storage buffer (5 mM Tris-Cl, 10 mM MgCl2, 10% glycerol, pH 7.5). However, for 

studies on the effects of Tris buffer, described in Sections 3.2.4 and 3.2.5, FucD was 

dialyzed into the desired Tris-Cl buffer concentration (5 – 50 mM), containing 10 mM 

MgCl2 and 10% glycerol at pH 7.5. Dialyzed enzyme was aliquoted and stored at –20 °C 

for future use.  
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Protein concentrations were determined by conducting Bradford assays (Bio-Rad 

Laboratories, Mississauga, ON, Canada) with BSA standards or by UV absorbance at 280 

nm. Using the ExPASy ProtParam web tool (Gasteiger et al., 2003), the molecular weight 

of wild-type FucD fusion protein bearing the N-terminal StrepII-tag was calculated to be 

50 813.83 Da with an extinction coefficient of 64400 M–1cm–1 (under the assumption that 

all cysteine residues were reduced). Protein purity was assessed using SDS-PAGE (10%) 

with Coomassie brilliant blue (R-250) staining.  

 

3.2.4 FucD KINETIC ASSAYS 

3.2.4.1 Determination of kinetic parameters 

The kinetic parameters for FucD were determined using CD spectroscopy by 

monitoring the conversion L-fuconate to 2-keto-3-deoxy- L-fuconate. Initial velocity 

values were obtained from the linear slopes by following the change in ellipticity at 216 

nm over a period of 300 s at 25 °C using a molar ellipticity of 8985 deg cm2 mol–1 

(Fetter, 2019). In a 0.5-cm pathlength quartz cuvette with a total volume of 1.0 mL, 

reactions were initiated by the addition of FucD to a final concentration of 9.5 μg/mL 

(0.19 μM) with 0.005 % BSA and L-fuconate (0.2–6.0 mM) in 5 mM Tris-Cl and and 50 

mM Tris-Cl, pH 7.5 assay buffers containing 10 mM MgCl2. The Michaelis-Menten 

equation (eqn 2.1) was fit to the initial velocity data using KaleidaGraph software (v. 

4.02) (Synergy Software, Reading, PA) for non-linear regression analysis. The kcat values 

were calculated by dividing the Vmax values by the total enzyme concentration ([E]T) 

using the molecular weight of FucD (50 813.83 Da). The kinetic assays in both the 5 mM 



 111 

Tris-Cl and 50 mM Tris-Cl buffers were performed in triplicate and the average values 

were reported with the errors corresponding to the standard deviation values.  

3.2.4.2 Time-dependent inactivation by 3-HP 

The rate of inactivation of FucD by 3-HP at 25 °C was assessed by incubating 

FucD (475 μg/mL) with BSA (0.05%) at varying concentrations of 3-HP (0.00, 1.60, 

3.19, 6.38, and 12.76 mM) in FucD assay buffer at varying concentrations of Tris-Cl (5.0, 

7.5, 10.0, 20.0, and 50.0 mM) buffer containing 10 mM MgCl2 at pH 7.5. At various time 

points, aliquots (20 μL) were diluted fifty-fold to the total assay volume of 1.0 mL, 

yielding final [FucD] of 9.5 μg/mL (0.19 μM) with L-fuconate (2.5 mM). The reaction 

was followed at 216 nm using a 0.2-cm pathlength quartz cuvette for each concentration 

of 3-HP. For the triplicate determinations conducted in 5 mM Tris-Cl buffer, the 

observed initial velocities were plotted as ln(% activity) vs. time for each inhibitor 

concentration using eqn 2.2, and the resulting slopes yielded the observed pseudo-first-

order rate constants for inactivation (kobs). A replot of the kobs values against the 

concentration of 3-HP was used to estimate the apparent second-order rate constant for 

the efficiency of inactivation (kinact/KI) in accord with eqn. 3.1 since saturation was not 

observed. For the single inactivation assays conducted at the higher concentrations of 

Tris-Cl buffer (7.5, 10, 20, and 50 mM), non-linear regression was used to fit eqn 3.2 to 

the data from the ln(% activity) vs. time plot (using eqn 2.2) since saturation was 

observed, allowing for the determination of the apparent values of KI, kinact, and kinact/KI at 

various concentrations of Tris-Cl. 
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kobs ≈
kinact [3-HP]

KI 
 

 

kobs=
kinact [3-HP]

KI + [3-HP](1+
[T]
KT

)

 

                                                         where T = Tris-Cl buffer  

 

3.2.4.3 Protection assays with L-fuconate 

 Given that the competitive inhibitor of FucD, D-erythronohydroxamate, was not 

readily available, protection against 3-HP-dependent inactivation by the substrate L-

fuconate was used to assess whether the inactivation by 3-HP occurs at the active site. 

Protection studies against the time-dependent inactivation of FucD were conducted as 

described in Section 3.2.4.2, where assays were conducted in both 5 mM and 50 mM 

Tris-Cl assay buffers. FucD (475 μg/mL) with BSA (0.05%) was incubated with 3-HP 

(12.76 mM) and varying concentrations of L-fuconate (0, 1, and 5 mM). Aliquots (20 μL) 

were diluted fifty-fold to a total volume of 1.0 mL, with a final FucD concentration of 9.5 

μg/mL (0.19 μM), and assayed for activity with L-fuconate (2.5 mM). The observed 

initial velocities were plotted as ln(% activity) vs. time for each L-fuconate concentration 

using eqn 2.2 as previously described. 

 

3.2.5 INTACT MS SAMPLE PREPARATION 

Intact MS (LC-MS) was used to compare the adducts formed from the 

inactivation of FucD by 3-HP conducted in 5 mM versus 50 mM Tris-Cl assay buffer 

(3.2) 

(3.1) 
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containing 10 mM MgCl2, pH 7.5. FucD (475 μg/mL) was incubated with 0 mM 3-HP 

(control) or with 12.76 mM 3-HP (sample) for 1 h at 25 °C. No BSA was used for 

stabilization. To confirm the expected loss in activity after 1 h, aliquots (20 μL) were 

diluted fifty-fold to a total volume of 1.0 mL, yielding a final FucD concentration of 9.5 

μg/mL (0.19 μM). Upon initiation of the reaction by addition of FucD to the assay tube, 

which contained L-fuconate (2.5 mM) in the respective Tris-Cl buffer, the reaction 

velocity was determined. A total of four FucD samples were prepared for LC-MS, 

including: (1) 3-HP (0 mM) in 5 mM Tris-Cl buffer, (2) 3-HP (12.76 mM) in 5 mM Tris-

Cl buffer, (3) 3-HP (0 mM) in 50 mM Tris-Cl buffer, and (4) 3-HP (12.76 mM) in 50 

mM Tris-Cl buffer.  

 

3.2.6 1H NMR SPECTROSCOPY OF 3-HP IN TRIS BUFFER 

Assay buffer containing 50 mM Tris-Cl, 10 mM MgCl2, pH 7.5 was lyophilized, 

followed by 3 rounds of lyophilization from D2O. 3-HP was lyophilized from D2O three 

times and added to the deuterated assay buffer, with a 3-HP concentration of 79.75 mM. 

The pD was adjusted to 7.5 using DCl and allowed to incubate at room temperature for 0 

h and 12 h prior to conducting 1H NMR spectroscopy to determine whether 

glycolaldehyde (GLH) was formed non-enzymatically from Mg2+ over this period. In 

addition, GLH (100 mM) was dissolved in D2O and the chemical shifts were assessed 

using 1H NMR spectroscopy to be used as a standard for the determination of the 

expected chemical shifts of the un-hydrated and hydrated species of GLH.   
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3.3. RESULTS AND DISCUSSION 

3.3.1 FucD KINETIC ASSAYS 

3.3.1.1 Determination of kinetic parameters 

 The kinetic parameters of FucD were first assessed in 5 mM Tris-Cl assay buffer 

(5 mM Tris-Cl, 10 mM MgCl2, pH 7.5). While the resulting kcat and Km values were 

greater than those previously found by Gerlt and co-workers (2006) by ~2.5-fold and 

~2.9-fold, respectively, the overall catalytic efficiency (kcat/Km) was in good agreement 

with their value as shown in Table 3.1. Since the kinetics for inactivation of FucD by 3-

HP differed greatly with respect to the concentration of Tris-Cl used, which is described 

in Section 3.3.1.2, the kinetic parameters were also assessed in 50 mM Tris-Cl assay 

buffer (50 mM Tris-Cl, 10 mM MgCl2, pH 7.5) to determine if the Tris concentration 

could affect the kinetic parameters in the absence of 3-HP. However, the kinetic 

parameters obtained in 50 mM Tris-Cl were experimentally equal to those obtained using 

5 mM Tris-Cl as shown in Table 3.1 and Figure 3.4. Thus, these data suggested that the 

reduced rate of inactivation of FucD by 3-HP with increasing concentrations of Tris-Cl 

(Section 3.3.1.2) does not result from the buffer altering the kinetic parameters of FucD 

in the absence of 3-HP.  
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Table 3.1 Kinetic parameters for the conversion of L-fuconate to 2-keto-3-deoxy-L-

fuconate by FucD. The kinetic parameters were determined in triplicate, with errors 

corresponding to the standard deviation values.  

 

 This work 

5 mM Tris-Cl, 10 mM 

MgCl2, pH 7.5 

This work 

50 mM Tris-Cl, 10 mM 

MgCl2, pH 7.5 

Yew et al. (2006) 

50 mM HEPES, 10 mM 

MgCl2, pH 7.5 

Km (mM) 0.970 ± 0.032 0.949 ± 0.117 0.33 ± 0.06 

kcat (s
–1) 37.618 ± 0.535 38.404 ± 0.504 15 ± 0.2 

kcat/Km (M–1s–1) 38823 ± 1527 40928 ± 5821 45000 

 

 

 

Figure 3.4 Representative Michaelis-Menten plots for the determination of the 

kinetic parameters for FucD. The kinetic parameters were determined (in triplicate) in 

each (A) 5 mM and (B) 50 mM Tris-Cl assay buffer. The kinetic parameters, kcat, Km, and 

kcat/Km, were determined using L-fuconate concentrations ranging from 0.2 to 6.0 mM 

and a FucD concentration of 9.5 μg/mL (0.19 μM). 

 

  

Although the kinetic parameters remained unchanged when the assay was 

conducted in 5 mM versus 50 mM Tris-Cl, Tris buffer has been shown to affect enzyme 

activity through interactions with divalent cations in numerous studies (Amsler & Sigel, 

1976; Babel et al., 2020; Crow & Pritchard, 1976; Desmarais et al., 2002; Fischer et al., 

A B 
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1979; Neumann et al., 1975; Wever et al., 1977) and, thus, caution should be observed 

when studying enzymes that require divalent cations for catalysis, such as FucD. Sigel 

and co-workers (1979), using spectrophotometry and potentiometry, found that Tris 

formed complexes with many divalent cations in solution, especially Cu2+, with evident 

involvement of both the amine group of Tris and at least one hydroxyl group of Tris in 

the complex. Lai and co-workers (2020) used isothermal titration calorimetry (ITC) to 

compare the interactions between common buffers and several divalent metals in solution 

in the absence of protein. While 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), 2-(N-morpholino)ethane sulfonic acid (MES), and 3-(N-morpholino)propane 

sulfonic acid (MOPS) either formed no complexes, or extremely weak complexes, with 

the various metals under study, Tris showed strong interactions, predominately with Cu2+ 

and Pb2+ (Xiao et al., 2020). Contrarily, the interactions between Tris and Cd2+, Ca2+, 

Co2+, Mn2+, Ni+, Zn2+, and Mg2+ (used in this study) were much less prominent, as 

evidenced by their exhibiting lower calorimetric outputs (Xiao et al., 2020). In addition, a 

study by Desmarais et al. (2002) using X-ray crystallography revealed that Tris formed 

strong complexes with two active site Zn2+ ions of the bimetallic enzyme, 

aminopeptidase. Specifically, electron density maps showed this chelation occurring with 

the amine and two of the oxygen atoms of Tris (Desmarais et al., 2002). Similarly, the 

amine of Tris chelated one of the three active site zinc ions of phospholipase C as 

determined by X-ray crystallography, which consequently resulted in the inhibition of the 

enzymatic activity (Hansen et al., 1993). 

Since the Mg2+ ion is essential for catalysis by FucD, any changes in the kinetic 

parameters between the varying Tris concentrations would have indicated this possible 
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phenomenon; however, given that the kinetic parameters remained unchanged, and that 

Mg2+ does not appear to be a primary divalent metal involved in Tris complex formation 

based on a literature survey, Tris-Cl buffer was used for all FucD experiments conducted. 

Unfortunately, Tris-Cl is one of the few buffers compatible with the CD-based assay 

because it exhibits little absorbance at 216 nm, unlike HEPES for which the high 

absorbance at this wavelength makes it unsuitable for use in the assay.  

 

3.3.1.2 Inactivation by 3-HP 

The time-dependent inactivation of FucD by 3-HP was assessed with varying 

concentrations of 3-HP (0.00, 1.60, 3.19, 6.38, and 12.76 mM) and with varying 

concentrations of Tris-Cl buffer (5.0, 7.5, 10.0, 20.0, and 50.0 mM). The inactivation of 

FucD by 3-HP was found to occur in a time-dependent manner, however, the rates of 

inactivation of FucD were found to decrease with increasing concentrations of Tris as 

shown in Figure 3.5. The replot of the kobs values against the concentration of 3-HP 

(Figure 3.6) did not show saturation in the presence of 5 mM Tris-Cl buffer, and thus, 

only the apparent second-order rate constant for the efficiency of inactivation 

(kinact
app/KI

app) could be determined (eqn 3.1) (Table 3.2). In contrast, saturation was 

observed at the higher concentrations of Tris-Cl buffer (7.5, 10, 20, and 50 mM), and 

therefore, non-linear regression was used to fit eqn 3.2 to the data so that the KI
app, 

kinact
app, and kinact

app/KI
app values could be determined (Table 3.2).  
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Figure 3.5 Time-dependent inactivation of FucD by 3-HP at varying concentrations 

of Tris-Cl. FucD (0.475 mg/mL) was incubated with various concentrations of 3-HP: 

0.00 (), 1.60 (), 3.19 (), 6.38 (), and 12.76 mM (◇), wherein the inactivation 

assays were conducted with various concentrations of Tris-Cl buffer: (A) 5.0 mM, (B) 7.5 

mM, (C) 10 mM, (D) 20 mM, and (E) 50 mM. Assays were conducted in triplicate for the 

5.0 mM Tris-Cl concentration and conducted in singlicate for each the 7.5, 10, 20, and 50 

mM Tris-Cl concentrations.   
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Figure 3.6 Replot of the observed pseudo-first order rate constants (kobs) for the 

inactivation of FucD as a function of [3-HP]. Assays were conducted with varying 

concentrations of Tris-Cl: 5.0 mM (), 7.5 mM (), 10.0 mM (), 20.0 mM (), and 

50 mM (◇). 

 

 

Table 3.2 Kinetic parameters for the 3-HP-dependent inactivation of FucD at 

varying concentrations of Tris-Cl.  

 

[Tris] (mM) KI
app (mM) kinact

app (min–1) kinact
app/KI

app
 (M

–1s–1) 

5.0a - - 0.0167 ± 0.0021 

7.5b 20.640 ± 3.912 0.0245 ± 0.0032 0.0198 ± 0.0046 

10.0b 16.849 ± 4.752 0.0175 ± 0.0032 0.0173 ± 0.0058 

20.0b 10.666 ± 3.300 0.0117 ± 0.0020 0.0182 ± 0.0064 

50.0b 7.431 ± 1.682 0.00688 ± 0.00077 0.0154 ± 0.0039  
aAssay conducted in triplicate 
bAssay conducted in singlicate 

 

As indicated in Table 3.2, both the KI
app and kinact

app values decreased with 

increasing concentrations of Tris, whereas the overall kinact
app/KI

app values remained 

largely unchanged (~0.018 ± 0.002 M–1s–1), which is in good agreement with the value 

determined by Chris Fetter conducted in 50 mM Tris-HCl buffer (0.023 ± 0.001 M–1s–1) 

(Fetter, 2019). Overall, in agreement with previous findings by Chris Fetter, 3-HP 

irreversibly inactivates FucD, but with a significantly reduced efficiency of inactivation 
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relative to that of MR (83 ± M–1s–1) (Nagar et al., 2015). These data suggested that Tris 

protects against the inactivation of FucD by 3-HP in an uncompetitive manner (Scheme 

3.4) since higher concentrations of Tris reduced the KI
app and kinact

app values to the same 

degree in accord with eqns 3.3 and 3.4 (derived from eqn 3.2). In agreement with the 

uncompetitive kinetic mechanism, the replots of 1/KI
app versus [Tris] and 1/kinact

app versus 

[Tris] appeared to exhibit linearity within the errors of the experiment (Figure 3.7). It is 

certainly possible that alternative mechanisms that account for this protection against 3-

HP-dependent inactivation could exist.  

 

 

Scheme 3.4 Proposed uncompetitive kinetic mechanism for the protection against 3-

HP-dependent inactivation of FucD by Tris (T).  
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KI

(1+
[T]
KT

)

 

kinact 

(1+
[T]
KT

)

 

 

 

 

Figure 3.7 Replot of the inverse values of kinact
app and KI

app as a function of [Tris]. 

(A) 1/kinact
app versus [Tris] and (B) 1/KI

app versus [Tris] replots include the assays 

conducted in 7.5, 10, 20, and 50 mM Tris-Cl. A dotted line through 7.5, 10, and 20 mM 

Tris-Cl was included to show the failure of the predicted linear relationship in accord 

with eqns 3.3 and 3.4.  

 

 

Numerous studies have reported the inhibition of enzymes by Tris and the vast 

majority of these studies found the mode of inhibition to be competitive. A few examples 

of such enzymes, including several glycosidases, that were inhibited by Tris in a 

competitive manner, include isomaltase (Larner & Gillespie, 1956), oligo-1,6-glucosidase 

kinact
app = 

KI
app = (3.3) 

(3.4) 
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(Larner & Gillespie, 1956), α-galactosidase (Grossmann & Terra, 2001), dextransucrase 

(Miller & Robyt, 1986), sucrase (Vasseur et al., 1990), α-amylase (Ghalanbor et al., 

2008), aminopeptidase (Desmarais et al., 2002), and ornithine carbamyl transferase 

(Carunchio et al., 1999).  

Most of the inhibitory effects caused by Tris are either a consequence of 

interactions between the buffer and carbonyl-containing substrates or cofactors, or, due to 

the chelation of divalent metal ions that are essential for catalysis.  However, Tris is a 

known competitive inhibitor of glycosidases. Indeed, Tris protected against the 

inactivation of β-glucosidase and β-fucosidase from Dalbergia cochinchinenis by 

conduritol B epoxide (CBE), with a concentration of 300 mM Tris affording complete 

protection against the inactivation of both enzymes by CBE (6.0 mM) (Surarit et al., 

1996). Similarly, protection from CBE-dependent inactivation of β-glucosidase from 

Aspergillus niger by Tris was found to occur in a concentration-dependent manner, where 

the rate of inactivation decreased with respect to increasing concentrations of Tris, from 

50 to 200 mM Tris ([CBE] = 3.0 mM), with almost complete protection observed in the 

presence of 200 mM Tris (Kimura et al., 1997).  

Interestingly, Tris was found to protect against heat-inactivation of alkaline 

phosphatase from Neurospora crassa in a concentration-dependent manner (Morales et 

al., 2000). Tris (0.3 M) protected against the heat inactivation when alkaline phosphatase 

was incubated at 70 ºC, yielding a half-life of 19 min. In contrast, when alkaline 

phosphatase was incubated at 70 ºC with 2-(cyclohexylamino)ethanesulfonic acid 

(CHES) buffer (0.3 M), the resulting half-life of 2.3 min was significantly shorter than 

that in the presence of Tris.  
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3.3.1.3 Absence of protection against inactivation by L-fuconate 

 Given that D-erythronohydroxamate, a known competitive inhibitor of FucD, 

(Yew et al., 2006), was not readily available, protection by the substrate L-fuconate was 

employed to assess whether the inactivation by 3-HP occurs at the active site. 

Surprisingly, at Tris-Cl concentrations of 5 and 50 mM, L-fuconate provided no 

protection against the rate of inactivation by 3-HP (Figure 3.8). 

 

           

Figure 3.8 Plots for the 3-HP-dependent inactivation of FucD in the presence of L-

fuconate. In (A) 5 mM and (B) 50 mM Tris-Cl assay buffer, FucD (0.475 mg/mL) was 

incubated in the absence of 3-HP and L-fuconate (), and in the presence of a fixed 3-HP 

concentration of 12.76 mM, with L-fuconate concentrations of: 0.0 (), 1.0 (), and 5.0 

mM (). Assays were conducted in singlicate.  

 

The absence of protection against 3-HP-dependent inactivation of FucD in the 

presence of L-fuconate was surprising given that benzohydroxymate, a competitive 

inhibitor of MR, protected against the 3-HP-dependent inactivation of MR in a 

concentration-dependent manner (Nagar et al., 2015). The benzohydroxymate-dependent 

protection study provided further evidence, along with X-ray crystallography and MS/MS 

studies, that inactivation of MR by 3-HP occurs via reaction at the active site (Nagar et 

al., 2015). Considering that Lys 166 and His 297 of MR act to form a Schiff base with 3-

A B 
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HP and catalyze its deprotonation, respectively (Nagar et al., 2015), that these conserved 

catalytic residues at the active site of FucD (Lys 220 and His 351) do not appear to 

behave in a similar fashion despite their similar positioning at the active site of FucD 

suggests that differences must arise, in part, due to subtle differences in the active site 

architectures. This is especially true since the catalytic mechanisms of these enzymes 

differ, β-elimination (FucD) versus racemization (MR), and thus, the mechanism for 

inactivation of FucD may occur differently than that of MR. Consequently, the reaction 

of 3-HP at allosteric sites may account for why the efficiency of inactivation of FucD by 

3-HP is significantly lower (0.0167 ± 0.0021 M–1s–1 in 5 mM Tris-Cl, 10 mM MgCl2, pH 

7.5) than that observed for MR (83 ± 8 M–1s–1 in 100 mM HEPES, 3.3 mM MgCl2, pH 

7.5) (Nagar et al., 2015). Furthermore, while Chris Fetter (Fetter, 2019) and I observed 

both 86-Da and 58-Da adducts at Lys 220 using LC-MS/MS analysis, we also identified 

58-Da adducts on multiple additional polar residues that were not within the active site. 

These findings could suggest that although 3-HP, and possibly GLH (see Section 3.3.2) 

modify the active site FucD, the inactivation of the enzyme itself may occur at a non-

active site location. 

Alternatively, the lack of protection against inactivation by L-fuconate could arise 

from dimer asymmetry. Dimer asymmetry was described by Pai and colleagues (2017) 

for fluoroacetate dehalogenase using freeze-trapping X-ray crystallography, NMR, and 

computational techniques (rigidity-based transition models and molecular dynamics 

simulations). They showed that only one protomer of the enzyme dimer could bind 

substrate at any given time. In this model, one protomer exists in the open state that could 

bind and therefore catalyze the turnover of substrate, whereas the other protomer exists in 
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a closed state that is unable to bind substrate (Kim et al., 2017). The conformational 

exchanges between the two protomers to afford such asymmetry was found to occur on 

the millisecond timescale, where the rate of conformational exchange is enhanced once 

substrate is bound (Kim et al., 2017). Given this phenomenon of dimer asymmetry, the 

possibility exists that if this were true for FucD, protection against 3-HP-dependent 

inactivation by L-fuconate may not provide full protection if the binding of L-fuconate at 

the active site of one protomer of the dimer results in the active site of the other protomer 

being available to undergo reaction with 3-HP, and, consequently, lead to inactivation in 

the presence of substrate binding. Thus, even with high concentrations of L-fuconate 

present, the substrate could only ever occupy one protomer at any given time, leaving the 

other protomer free for inactivation by 3-HP. However, if this were the case, L-fuconate 

would still be anticipated to provide half the level of protection, wherein the rate of 

inactivation would be half of that observed in the absence of substrate, which was not 

observed in our protection studies.    

Overall, these protection studies conducted with L-fuconate provide further 

evidence, along with the low efficiency of inactivation, and MS/MS findings (Fetter, 

2019) that the mechanisms of inactivation for both MR subgroup members, FucD and 

MR, appear to be different despite their similar catalytic machinery.   

 

  

3.3.2 LC-MS ANALYSIS OF THE INACTIVATION OF FucD BY 3-HP  

 To explore the origin of the inactivating effect of 3-HP on FucD, intact MS (LC-

MS) was employed to determine the size and number of adducts formed when 3-HP-

dependent inactivation of FucD by 3-HP was conducted in 5 mM versus 50 mM Tris-Cl 
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buffer. As shown in Figures 3.9, 3.10, and Table 3.3, a combination of both 58- and 86-

Da adducts were observed in both 3-HP-treated samples (i.e., in 5 mM Tris and 50 mM 

Tris-Cl), which were also previously observed in LC-MS/MS experiments (Fetter, 2019). 

Shown in Table 3.3 are the predicted adducts from each 3-HP-treated FucD sample, 

which were determined by subtracting the average mass of the sample peak (i.e., 3-HP-

treated FucD) by that of the control peak (i.e., untreated FucD). Due to the abundance of 

average masses detected by LC-MS, only those with a relative abundance of ≥10% to that 

of the base peak (100%) (most abundant ion) are presented in Table 3.3.   
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Figure 3.9 LC-MS spectra of 3-HP-inactivated FucD in 5 mM Tris-Cl assay buffer. 

(A) Raw m/z and (B) deconvoluted mass spectra of 3-HP-treated FucD (sample) and 

untreated FucD (control) are shown. 

A 

B 
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Figure 3.10 LC-MS spectra of 3-HP-inactivated FucD in 50 mM Tris-Cl assay 

buffer. (A) Raw m/z and (B) deconvoluted mass spectra of 3-HP-treated FucD (sample) 

and untreated FucD (control) are shown. 

 

B 

A 
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Table 3.3 Observed masses from LC-MS deconvoluted spectra and predicted adducts resulting from the inactivation of 

FucD by 3-HP in 5 mM and 50 mM Tris-Cl assay buffer. In both samples, 58-Da, 86-Da, and 44-Da (tryptophan oxidation 

to hydroxy-bis-tryptophandione) adducts were observed. Adducts that could not be predicted from the observed mass were 

indicated as “undetermined”. The adducts are ranked in order (highest to lowest) by their relative abundance to the base peak 

(most abundant ion). Only those peaks with a relative abundance of ≥10% are presented. 

 

relative 

abundance 

observed 

mass (Da)  

5 mM Tris 

observed mass 

shift (Da)  

5 mM Tris 

predicted adducts (Da) 

5 mM Tris 

observed 

mass (Da)  

50 mM Tris 

observed mass 

shift (Da)  

50 mM Tris 

predicted adducts (Da) 

50 mM Tris 

highest 50957  +275  +86, +86, +58, +44 50826 +144 +86, +58 

 50912 +230 +86, +86, +58  

or 

+58, +58, +58, +58 

50856 

 

+174 +86, +86 

 

 50855 +173 +86, +86 51016 +334 +86, +86, +58, +58, +44 

 51014 +332 +86, +86, +58, +58, +44 50922 +240 undetermined 

 51061 +379 +86, +58, +58, +58, +58, 

+58 

50864 +182 undetermined 

 - - - 50958 +276 +86, +86, +58, +44 

 - - - 51113 +431 86, +86, +86, +58, +58, 

+58 

 - - - 50952 +270 undetermined 

 - - - 51163 +481 undetermined 

lowest - - - 51798 +1116 undetermined 

 

 

 

1
2
9
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Consistent with both 3-HP-treated FucD samples in 5 mM and 50 mM Tris-Cl 

buffer, a combination of both 58- and 86-Da adducts were observed, with their proposed 

structures illustrated in Figure 3.11. The formation of the 86-Da adduct was described in 

Section 3.1.4 as the Schiff base formed between the ε-NH2 group of catalytic Lys 166 for 

MR (equivalent to Lys 220 of FucD) and 3-HP, which is subsequently deprotonated by a 

Brønsted base, to yield the enol(ate)/aldehyde adduct (86 Da). A similar mechanism is 

proposed for the 3-HP-dependent inactivation of FucD. A proposed reaction scheme for 

the 58-Da adduct was described by Chris Fetter (Scheme 3.5) (Fetter, 2019), wherein 

FucD catalyzes the tautomerization of 3-HP to yield tartronate semialdehyde, which is 

then decarboxylated to yield GLH. Alternatively, GLH could be formed non-

enzymatically from 3-HP in the presence of Mg2+, as previously described in the 

literature for 3-HP in the presence of divalent metals (Hedrick & Sallach, 1961), wherein 

3-HP is tautomerized to yield tartronate semialdehyde, which could then be 

spontaneously decarboxylated. Subsequently, GLH could react with nucleophilic 

residues, predominantly Lys and Arg, to form a Schiff base (Glomb & Monnier, 1995; 

Thorpe & Baynes, 2003). The imine is then deprotonated by a Brønsted base, which 

could undergo a Cannizzaro reaction with GLH to yield the carboxylic acid adduct (58 

Da) with Lys 220 or other nucleophilic residues.  
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Figure 3.11 Proposed structures for the observed 86- and 58-Da adducts formed 

from the 3-HP-dependent inactivation of FucD.   

 

 

 
 

 

Scheme 3.5 Proposed pathways for the non-enzymatic and enzymatic formation of 

GLH from 3-HP to yield the 58-Da adducts. Adapted from Fetter, 2019. 
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However, while the 58- and 86-Da adducts were observed in both 3-HP-

inactivated FucD samples, the 3-HP-treated FucD in 50 mM Tris-Cl sample (Figure 

3.10) contained a significantly greater number of peaks as shown in the raw m/z and 

deconvoluted mass spectra, corresponding to distinct average masses, than the 3-HP-

treated FucD in 5 mM Tris-Cl sample (Figure 3.9). In addition, the presence of unknown 

adducts were observed only in the 3-HP-treated FucD in 50 mM Tris-Cl sample as 

indicated in Table 3.3. Thus, while the story remains unclear with respect to the exact 

mechanism responsible for the protection against 3-HP-dependent inactivation by Tris, 

these LC-MS data show clear differences in the abundance of adducts formed from the 

inactivation of FucD by 3-HP in the presence of a high concentration of Tris-Cl (50 mM) 

versus in a low concentration of Tris-Cl (5 mM).  

 

 

3.3.3 1H NMR ANALYSIS OF 3-HP IN TRIS BUFFER 

 
1H NMR spectroscopy was employed to determine whether GLH is formed non-

enzymatically by spontaneous decarboxylation of 3-HP (79.75 mM) in the presence of 

Mg2+ from assay buffer containing 50 mM Tris-Cl, 10 mM MgCl2 after a 12 h incubation 

period at room temperature. First, the chemical shifts of the un-hydrated and hydrated 

species of GLH were determined: un-hydrated GLH 1H NMR (500 MHz, D2O) δ 9.59 (s, 

1H), 4.40 (s, 2H); hydrated GLH 1H NMR (500 MHz, D2O) δ 5.01 (t, J = 5.1 Hz, 1H), 

3.47 (d, J = 5.1 Hz, 2H) (Figure 3.12). The 1H NMR spectrum agreed with those 

previously published for GLH (Amyes & Richard, 2007; Kua et al., 2013).  

As shown in Figures 3.13, the signals arising from the hydrated and un-hydrated 

forms of 3-HP were observed and remained stable over 12 h. After 0 h of incubation: un-
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hydrated 3-HP 1H NMR (300 MHz, D2O) δ 4.64 (s, 2H); hydrated 3-HP 1H NMR (300 

MHz, D2O) δ 3.59 (s, 2H), after 12 h of incubation: 3-HP 1H NMR (300 MHz, D2O) δ 

4.64 (s, 2H); hydrated 3-HP 1H NMR (300 MHz, D2O) δ 3.60 (s, 2H). Neither the signals 

corresponding to the hydrated nor the un-hydrated GLH species were observed in the 3-

HP samples initially or after 12 h of incubation. Thus, GLH is not formed from 3-HP in 

the presence of Mg2+ under these conditions, i.e., the non-enzymatic decarboxylation of 

3-HP as described in the literature for 3-HP in the presence of divalent metals (Hedrick & 

Sallach, 1961) does not appear to contribute to GLH formation in the presence of 10 mM 

Mg2+. 

  

 

 
 

Figure 3.12 1H NMR spectrum of glycolaldehyde. GLH (100 mM) was dissolved in 

D2O to determine the chemical shifts of its un-hydrated and hydrated species.   
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Figure 3.13 1H NMR spectra of 3-HP in deuterated Tris-Cl assay buffer after 12 h 

incubation. 3-HP (79.75 mM) in deuterated assay buffer containing 50 mM Tris-Cl, 10 

mM MgCl2 was incubated for (A) 0 h and (B) 12 h at room temperature. Signals 

corresponding to the un-hydrated and hydrated 3-HP species are shown. No evidence of 

non-enzymatic formation of GLH was detected for up to 12 h.  

 

A 

B 
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3.4 CONCLUSIONS AND FUTURE WORK 

The inactivation of MR by 3-hydroxypyruvate (3-HP) was previously discovered 

to occur through a Schiff-base mechanism with Lys 166, yielding a kinact/KI value of 83 ± 

8 M–1s–1 (Nagar et al., 2015). Given that members of the MR subgroup share conserved 

active-site residues and that the catalytic Lys and His residues act as binding 

determinants for 3-HP, we investigated whether 3-HP could also inactivate FucD. Time-

dependent inactivation studies of FucD by 3-HP revealed that the efficiency of 

inactivation was much lower than that reported for MR, and that Tris protected FucD 

from 3-HP-dependent inactivation. The kinact
app and KI

app values decreased with respect to 

increasing Tris concentrations from 5 to 50 mM, but the kinact
app/KI

app remained 

unchanged over this range of Tris concentrations (~0.018 ± 0.002 M–1s–1).  

Furthermore, unlike with MR where protection against 3-HP-dependent 

inactivation was observed using benzohydroxymate, the substrate L-fuconate did not 

afford protection against the 3-HP-dependent inactivation of FucD. Hence, unlike with 

MR, inactivation does not appear to occur at the active site. While 3-HP-treated FucD 

samples conducted in both 5 mM and 50 mM Tris-Cl buffers showed the presence 58- 

and 86-Da adducts, the 50 mM Tris-Cl sample showed the presence of a greater 

abundance of adducts, many of which could not be identified.  

Overall, it is evident that, despite the conserved active-site residues between the 

MR subgroup members, 3-HP likely inactivates FucD through a different mechanism 

than that previously determined for MR. In addition, while Tris remains one of the most 

commonly used biochemical buffers to date, it has been well-reported to chelate divalent 

metal ions, form Schiff-base adducts with carbonyl compounds, and to inhibit various 
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enzymes, predominantly via competitive inhibition. In this work, I identified a much less 

commonly reported phenomenon where Tris acts as a protectant against enzyme 

inactivation, again, emphasizing that caution should be observed when using this buffer 

for enzyme-based studies. In future work, since GLH is not formed non-enzymatically in 

the presence of Mg2+ under the assay conditions, it remains to determine if GLH is 

formed in the presence of FucD. While 1H NMR spectroscopy could be used to detect 

GLH generated enzymatically, the experiment may not be conclusive if the enzyme 

rapidly traps the GLH as it is formed and is inactivated.  
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CHAPTER 4 CAN THE BIDIRECTIONAL ACTIVITY OF 

GLUTAMATE RACEMASE BE RE-ENGINEERED TO 

BECOME PREFERENTIALLY ‘UNIDIRECTIONAL’? 

 
4.1 INTRODUCTION 

 
4.1.1 GLUTAMATE-RACEMASE 

 Glutamate racemase is a cofactor-independent amino acid racemase that catalyzes 

the interconversion of L-glutamate (L-Glu) and D-glutamate (D-Glu) via a two-base 

mechanism (Glavas & Tanner, 1999). Glutamate racemase plays a critical role in the 

biosynthesis of bacterial cell walls, wherein D-Glu, in addition to D-alanine, is an 

essential component of peptidoglycan, which protects bacteria from osmotic rupture 

(Fisher, 2008; Lundqvist et al., 2007; Van Heijenoort, 2001). Since glutamate racemase 

is conserved across the bacterial domain, developing inhibitors as antibacterial drugs of 

glutamate racemase activity is of therapeutic interest (Fisher, 2008; Lundqvist et al., 

2007).  

 Two active-site cysteine residues serve as the acid/base catalysts in the 1,1-proton 

transfer mechanism between L-Glu and D-Glu, which are conserved among the GR 

family (Scheme 4.1) (Glavas & Tanner, 1999; Glaves & Tanner, 2001). Specifically, in 

the case of GR from Lactobacillus fermenti (LfGR), the thiolate of Cys 73 acts as a 

Brønsted base to abstract the α-proton from D-Glu to form the planar carbanionic 

intermediate (Glavas & Tanner, 2001). The intermediate is subsequently re-protonated by 

the thiol of Cys 184, which serves as the conjugate acid, to yield L-Glu (Glavas & 

Tanner, 2001). With L-Glu as the substrate, Cys 184 abstracts the α-proton to form the 

carbanionic intermediate, which is subsequently re-protonated by Cys 73 to yield D-Glu 

(Glavas & Tanner, 2001).  
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Scheme 4.1 Racemization reaction of D-Glu and L-Glu catalyzed by GR. Cys1 and 

Cys2 represent the two active-site acid/base catalysts. In the cases of GR from 

Lactobacillus fermenti, Cys1 = Cys 73 and Cys2 = Cys 184 and from Fusobacterium 

nucleatum Cys1 = Cys 76 and Cys2 = Cys 186.  

  

While not all GRs exhibit a stereochemical preference for L- or D-Glu, GR from 

Lactobacillus fermenti (Glavas & Tanner, 1999, 2001) and GR from Fusobacterium 

nucleatum (Potrykus et al., 2009) are pseudosymmetric enzymes, whereby the kcat and Km 

values are approximately equal in both the D→L and L→D reaction directions. The ratio of 

the catalytic efficiencies (kcat/Km) in the D→L and L→D reaction directions for racemases 

yields the equilibrium constant (Keq) as dictated by the Haldane relationship (eqn 4.1) and 

is unity.  

 

 

 

 

 

 

Keq =
(kcat / Km)LàD

(kcat / Km)DàL

(4.1) 

D-glutamate L-glutamate 



 139 

4.1.2 SUBSTITUTION OF CATALYTIC CYS RESIDUES  

 In 1993, Knowles and co-workers constructed single substitutions of the catalytic 

Cys residues to Ala residues in LfGR, C73A and C184A, which resulted in complete loss 

in enzymatic activity (Tanner et al., 1993). However, given that a Brønsted base is 

required for substrate deprotonation, a more isosteric substitution of the Cys residues to 

Ser residues, C73S and C184S, was later explored by Glaves and Tanner (1999), since, 

unlike Ala, the alkoxide/hydroxyl of Ser could potentially serve as base/acid catalysts 

similarly to the thiolate/thiol of Cys. These authors observed that the catalytic efficiencies 

(kcat/Km) were greatly reduced relative to the wild-type GR enzyme by ~600-fold for 

C184S and ~1200-fold for C73S in both reaction directions when the reaction was 

conducted at pH 8.0. The Km values were increased ~10-fold for both variants in both 

reaction directions. Thus, while significant activity was lost with the Ser variants, these 

data indicated that Ser could act as enzymatic acid/base catalysts for this reaction despite 

the pKa of the Ser hydroxyl (~16) being considerably greater than that of the Cys thiol 

(~10). Furthermore, like wild-type LfGR, both variants exhibited pseudosymmetric 

behavior at pH 8.0 since the Km and kcat values were similar in both the L→D and D→L 

reaction directions.  

Glaves and Tanner (1999) further investigated the pH-dependence of the kcat/Km 

values for the D→L reaction direction from pH 7.0 to 9.0. Interestingly, the kcat/Km values 

for the C73S variant increased ~10-fold over this pH range, but the kcat/Km for the C184S 

variant remained largely unchanged. The authors suggested that this trend was observed 

since Ser 73 must act as a Brønsted base in the D→L reaction direction but is 

predominately protonated, and thus, with increasing pH, greater amounts of alkoxide 
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became available to deprotonate D-Glu. Contrarily, Ser 184, which acts as a general acid 

catalyst in this reaction direction and is already predominately protonated in its hydroxyl 

form over this pH range, there is little change in the catalytic efficiency. Since the 

coupled assay using NADH diaphorase was not amenable to assaying LfGR in the reverse 

reaction direction, the effect of pH on the catalytic efficiency of LfGR in the L→D 

reaction direction was not examined, but Glaves and Tanner (1999) proposed that the 

opposite trend would be observed in the L→D reaction direction, where the kcat/Km values 

for the C184S variant would increase with pH but would remain largely unchanged for 

the C73S variant.    

 

4.1.3 GR FROM Fusobacterium nucleatum 

 GR from Fusobacterium nucleatum (FnGR) was previously purified and 

characterized by Potrykus et al. (2009). F. nucleatum is an oral pathogen that promotes 

periodontal disease through its coaggregation with other fusobacterial strains to form 

dental plaque (Kolenbrander et al., 1990; Kolenbrander & London, 1993). While the 

oligomeric state of GR can differ greatly between organisms (Lundqvist et al., 2007; Taal 

et al., 2004), FnGR was found to exist primarily as a dimer in solution using a 

combination of blue native-polyacrylamide gel electrophoresis, Ferguson plot analysis, 

and chemical cross-linking studies (Potrykus et al., 2009). With Cys 76 and Cys 186 as 

the active site acid/base catalysts for FnGR (analogous to Cys 73 and Cys 184 from 

LfGR, respectively), the kinetic parameters for wild-type FnGR were determined in both 

the L→D and D→L reaction directions for the substrates L-Glu (Km = 1.04 ± 0.07 mM; kcat 

= 17.4 ± 0.8 s–1; kcat/Km = 17 ± 1 mM–1s–1) and D-Glu (Km = 1.7 ± 0.1 mM; kcat = 26 ± 1 s–
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1; kcat/Km = 15 ± 1 mM–1s–1) (Potrykus et al., 2009). As the catalytic efficiencies were 

approximately equal, the resulting Keq value was 1.1 ± 0.1 in accord with eqn 4.1 

(Potrykus et al., 2009).  

  

4.1.4 OVERVIEW OF THIS WORK 

My objective was to construct FnGR Cys to Ser variants, C76S and C186S, to 

determine whether, like LfGR, residual activity would be observed despite the increased 

pKa value of Ser by ~6 units relative to Cys. Herein, I show that, in agreement with the 

findings of Glaves and Tanner (1999), the thiol to hydroxyl substituted variants for FnGR 

were significantly less active than the wild-type enzyme, but still retained some residual 

activity at pH 8.0. The next objective was to determine whether the variants would 

exhibit ‘unidirectional’ activity at increased pH values, which was anticipated based on 

findings by Glaves and Tanner (1999) in the D→L reaction direction. Given the findings 

for LfGR, it was reasonable to anticipate that C76S of FnGR would exhibit greater 

catalytic efficiency turning over D-Glu relative to L-Glu at higher pH values, and that 

C186S would exhibit greater catalytic efficiency turning over L-Glu relative to D-Glu at 

higher pH values. The catalytic efficiencies of both variants were examined at pH 8.0, 

8.5, and 9.0 in both the D→L and L→D reaction directions, where, due to the extremely 

low activity of the variants, the pH effect below 8.0 could not be accurately assessed 

using the CD-based assay. Furthermore, the variants were not examined above pH 9.0 

since previous studies with wild-type FnGR showed that there was a significant drop in 

the catalytic efficiency above pH 9.0 (Potrykus et al., 2009).  
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4.2 MATERIALS AND METHODS 

4.2.1 GENERAL 

 All reagents were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON, 

Canada) unless otherwise stated. The primers used for site-directed mutagenesis were 

purchased from Integrated DNA Technologies (IDT) (Coralville, IA, USA). The 

QIAprep Spin Miniprep Kit was purchased from Qiagen (Toronto, ON, Canada). Phusion 

high fidelity polymerase was purchased from New England Biolabs (Ipswich, MA, 

USA). Kinetic studies were conducted using a CD-based assay with a JASCO J-810 

spectropolarimeter. Sanger sequencing was carried out commercially by Robarts 

Research Institute (London, ON, Canada).  

 

4.2.2 SITE-DIRECTED MUTAGENESIS  

The pET15b(+) plasmids containing the open reading frame encoding wild-type 

GR from F. nucleatum from the murI gene (locus FN116, SWISS-PROT accession 

number Q8REE6) (Potrykus et al., 2009) were extracted from E. coli DH5α cells using a 

QIAprep Spin Miniprep Kit (Qiagen) following the manufacturer’s instructions. The 

FnGR mutant, C76S, was constructed by mutagenesis using deoxyoligonucleotide 

primers: 5′-AATAGTAGCTAGCAATACAGCTTC-3′ (forward) and 5′-

ACTAATTTACAATTATTTTTGACAAAAAAATC-3′ (reverse), where the altered 

codon encoding residue 76 is underlined and the altered base is showed in boldface. The 

FnGR mutant, C186S, was constructed by mutagenesis using deoxyoligonucleotide 

primers: 5′- AGTATTAGGTAGCACTCATTATCCACTTATAAG-3′ (forward) and 5′- 

AAGGTATCAGCATTTTTAGGAATTTCAG -3′ (reverse), where the altered codon 
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encoding residue 186 is underlined and the altered base is showed in boldface. Phusion 

high-fidelity polymerase was used for the amplification of DNA from the extracted 

template DNA according to the manufacturer’s instructions (New England Biolabs). 

Amplification was conducted with the initial denaturation at 98 °C for 5 min, followed by 

30 cycles for 30 s at 98 °C, 30 s at the annealing temperature (48°C for C76S and 52°C 

for C186S), and 3 min at 72 °C for elongation. After the temperatures were cycled 30 

times, a final extension was conducted for 10 min at 72 °C. The reaction product was 

treated with DpnI restriction enzyme overnight at 25 °C to remove methylated template 

DNA. Chemically competent E. coli DH5α cells were transformed using the heat shock 

method with the PCR products (Sambrook et al., 1989) and the cells were plated on LB-

agar plates containing ampicillin (100 μg/mL) followed by incubation overnight at 37 °C. 

Transformants were grown overnight in LB media (5 mL) containing ampicillin (100 

μg/mL) and plasmids were then extracted using a QIAprep Spin Miniprep Kit (Qiagen) as 

previously described. Glycerol stocks (15) of the E. coli DH5α cells were also prepared 

and stored at –80 °C. The open reading frames were commercially sequenced (Robarts 

Research Institute) using Sanger sequencing to verify only selected mutations to the 

FnGR open reading frame were introduced.  

 

4.2.3 EXPRESSION AND PURIFICATION OF WT, C76S, AND C186S FnGR  

Plasmids containing the open reading frame encoding wild-type GR from F. 

nucleatum from the murI gene and constructed FnGR variants, C76S and C186S, were 

used to transform BL21 (DE3) cells for protein expression as previously described 

(Potrykus et al., 2009). The expression and purification of FnGR was followed exactly as 
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described for 3-HBDH in Section 2.2.3 and as described previously (Potrykus et al., 

2009). The same binding, wash, and strip buffers were used as described in Section 2.2.3, 

with the addition of D,L-glutamate (1 mM) in each buffer for stabilization of the enzyme 

during the purification. Upon elution with strip buffer (10 mL), FnGR was dialyzed 

(MWCO 12 – 14 kDa) for 3 × 8 h (4 °C) against storage buffer (10 mM potassium 

phosphate, 0.2 mM DTT, pH 8.0). The dialyzed enzyme was aliquoted and stored at –80 

°C for future use. Protein concentrations were determined by conducting Bradford assays 

(Bio-Rad Laboratories, Mississauga, ON, Canada) with BSA standards. Protein purity 

was assessed using SDS-PAGE (12%) with Coomassie brilliant blue (R-250) staining. 

 

4.2.4 DETERMINATION OF KINETIC PARAMETERS FOR WT FnGR  

The kinetic parameters for WT FnGR in both the L→D and D→L reaction 

directions were determined using CD spectroscopy as previously described (Potrykus et 

al., 2009). Initial velocity values were obtained from the linear slopes by following the 

change in ellipticity at 204 nm over a period of 300 s at 30 °C, using a molar ellipticity of 

31 000 deg cm2 mol–1 (31 mdeg mM–1cm–1). In a 0.5-cm pathlength quartz cuvette with a 

total volume of 1.0 mL, reactions were initiated by the addition of WT FnGR to a final 

concentration of 6.25 μg/mL (0.195 μM) with L- or D-Glu (0.15–5.0 mM) in 10 mM 

potassium phosphate, pH 8.0, assay buffer. The Michaelis-Menten equation was fitted to 

the initial velocity data using KaleidaGraph software (v. 4.02) (Synergy Software, 

Reading, PA) for non-linear regression analysis (eqn 2.1). The kcat values were calculated 

by dividing the Vmax values by the total enzyme concentration ([E]T) using the molecular 

weight of the recombinant WT FnGR bearing a (His)6-tag (32 045.86 Da). The kinetic 
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assays in both reaction directions were performed in triplicate and the average values 

were reported with the errors corresponding to the standard deviation values.  

 

 

4.2.4 pH-STUDY FOR C76S and C186S FnGR VARIANTS  

          

The kinetic parameters for the FnGR variants, C76S and C186S, were determined 

in both reaction directions for the substrates D- and L-Glu using CD spectroscopy. Initial 

velocity values were obtained from the linear slopes by following the change in ellipticity 

at 204 nm over a period of 300 s at 30 °C. In a 0.1-cm pathlength quartz cuvette with a 

total volume of 0.30 mL, reactions were initiated by the addition of C76S or C186S 

FnGR to a final concentration of 0.10 mg/mL (3.12 μM) with L- or D-Glu (5.0–20.0 mM) 

in assay buffer. Assays were conducted at pH 8.0, 8.5, and 9.0 using the following 

buffers: 10 mM potassium phosphate (pH 8.0) and 10 mM boric acid (pH 8.5, 9.0). 

Substrate concentrations were limited by the high absorbance at 204 nm observed at high 

concentrations of substrate and the high concentration of enzyme required to observe 

catalytic activity. Hence, high concentrations of substrate could not be employed and 

saturation was not observed. Eqn 4.2 was fitted to the initial velocity data and the kcat/Km 

values were estimated by dividing the slope (Vmax/Km) by the total enzyme concentration 

([E]T), using the molecular weight of (His)6-tagged FnGR variants C76S and C186S of 

32 029.80 Da. The kinetic assays in both reaction directions were performed in triplicate 

and the average values were reported with the errors corresponding to the standard 

deviation values.  

 

vi =
Vmax

Km
 

(4.2) [S] 
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4.3 RESULTS AND DISCUSSION 

4.3.1. KINETIC PARAMETERS AND PSEUDOSYMMETRY OF WT FnGR 

 The kinetic parameters of wild-type FnGR were determined with both L- and D-

Glu substrates at pH 8.0, wherein the pH optimum for wild-type FnGR was previously 

determined to be 8.0-8.5 (Potrykus et al., 2009). Using non-linear regression analysis, the 

values of Km, kcat, and kcat/Km were found to be similar to those previously determined for 

WT FnGR (Figure 4.1, Table 4.1) (Potrykus et al., 2009). Furthermore, the values of 

Km, kcat, and kcat/Km were similar in both L→D and D→L reaction directions, yielding a Keq 

value of 0.956 ± 0.082 based on the Haldane equation (eqn 4.1). Hence, like LfGR, FnGR 

exhibits pseudosymmetry. However, not all GRs characterized to date are 

pseudosymmetric, and thus the kinetic parameters for each enantiomer can be quite 

different, for example, such as those observed for the GR from Enterococcus faecalis (L-

Glu: Km = 1200 ± 12 μM, kcat = 1500 ± 40 min–1; D-Glu: Km = 250  ± 20 μM, kcat = 704 ± 

14 min–1) (Lundqvist et al., 2007). 
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Figure 4.1 Representative Michaelis-Menten plots for the determination of the 

kinetic parameters for WT FnGR with L-Glu and D-Glu at pH 8.0. (A) L-Glu and (B) 

D-Glu concentrations ranged from 0.15–5.0 mM with a WT FnGR concentration of 6.25 

μg/mL (0.195 μM). The kinetic parameters (determined in triplicate) were: L-Glu: kcat = 

10.176 ± 0.316 s–1, Km = 0.933 ± 0.025, and kcat/Km = 10.917 ± 0.544 mM–1s–1, and D-

Glu: kcat = 17.067 ± 0.554 s–1, Km = 1.501 ± 0.149, and kcat/Km = 11.419 ± 0.793 mM–1s–1.  

 

 

Table 4.1 Kinetic parameters for the racemization of L- and D-Glu by wild-type 

FnGR. The kinetic parameters were determined in triplicate with errors corresponding to 

the standard deviation values.  

 

 This work 

 

L-Glu 

This work 

 

D-Glu 

Potrykus et al. 

(2009) 

L-Glu 

Potrykus et al. 

(2009) 

D-Glu 

Km (mM) 0.933 ± 0.025 1.501 ± 0.149 1.04 ± 0.07 1.7 ± 0.1 

kcat (s
–1) 10.176 ± 0.316 17.067 ± 0.554 17.4 ± 0.2 26 ± 1 

kcat/Km (mM–1s–1) 10.917 ± 0.544 11.419 ± 0.793 17 ± 1 15 ± 1 

 

 

 

 

 

 

 

A B 
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4.3.2 pH-DEPENDENCIES OF THE kcat/Km VALUES FOR C76S AND C186S  

        FnGRs  

  

Upon constructing the C76S and C186S FnGR variants, they were expressed, 

purified, and their purity was assessed by SDS-PAGE (Figure 4.2).     

 

Figure 4.2 Representative SDS-PAGE electrophoretogram showing purified WT, 

C76S, and C186S FnGR variants. Shown is a 12% gel stained with Coomassie brilliant 

blue (R-250), where lane “L” corresponds to the molecular weight ladder. The expected 

molecular weight of the wild-type, C76S, and C186S FnGR variants are 32 046 Da, 32 

030 Da, and 32 030 Da, respectively. 
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 The kinetic parameters of the C76S and C186S FnGR variants were determined in 

both the L→D and D→L reaction directions at pH 8.0, 8.5, and 9.0 (Figures 4.3 and 4.4; 

Tables 4.2, 4.3, and 4.4). At pH 8.0, the catalytic efficiencies of the variants were 

reduced by ~180-fold to ~420-fold from the WT enzyme depending on the variant and 

reaction direction. The C76S FnGR variant exhibited greater catalytic efficiency, turning 

over D-Glu relative to L-Glu as the pH was increased, thus exhibiting evidence of a 

preferred ‘unidirectional’ behavior at higher pH values. Surprisingly, this trend was not 

observed for C186S FnGR in the L→D reaction direction. While there was a slight 

increase in the catalytic efficiency of C186S FnGR in the L→D reaction direction from 

pH 8.0 to 9.0, overall, minimal pH-dependency was observed and the resulting catalytic 

efficiency for turning over L-Glu was not greater than that of D-Glu as anticipated with 

increasing pH.   
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Figure 4.3 Representative plots for the determination of the catalytic efficiency 

(kcat/Km) for the C76S and C186S FnGR variants at pH 8.0, 8.5, and 9.0. Assays were 

conducted (in triplicate) in both reaction directions, with (A) D-Glu and (B) L-Glu 

concentrations ranging from 5–20 mM and with a final enzyme concentration of 0.10 

mg/mL (3.12 μM). 

A 

B 
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Figure 4.4 Comparison of the catalytic efficiencies (kcat/Km) between the C76S and 

C186S FnGR variants at pH 8.0, 8.5, and 9.0. Assays for the C76S () and C186S () 

FnGR variants were conducted in both reaction directions, with (A) D-Glu and (B) L-Glu 

concentrations ranged from 5–20 mM and with a final enzyme concentration of 0.10 

mg/mL (3.12 μM). The error bars correspond to the standard deviations of each triplicate 

assay.  

 

 

Table 4.2 Catalytic efficiencies of WT, C76S, and C186S FnGR with D-Glu at pH 

8.0, 8.5, and 9.0. 

 

 kcat/Km (mM–1s–1) 

FnGR variant pH 8.0 pH 8.5 pH 9.0 

WT 11.419 ± 0.793 - - 

C76S 0.0271 ± 0.0011 0.0467 ± 0.0018 0.0549 ± 0.0026 

C186S 0.0636 ± 0.0015 0.0570 ± 0.0034 0.0507 ± 0.0015 

 

 

Table 4.3 Catalytic efficiencies of WT, C76S, and C186S FnGR with L-Glu at pH 

8.0, 8.5, and 9.0. 

 

 kcat/Km (mM–1s–1) 

FnGR variant pH 8.0 pH 8.5 pH 9.0 

WT 10.917 ± 0.544 - - 

C76S 0.0261 ± 0.0016 0.0242 ± 0.0014 0.0247 ± 0.0020 

C186S 0.0274 ± 0.0013 0.0293 ± 0.0014 0.0332 ± 0.0018 

 

 

 

 

 

 

A B 
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Table 4.4 Keq values for WT, C76S, and C186S FnGR at pH 8.0, 8.5, and 9.0. Keq 

values were calculated in accord with the Haldane relation: Keq = (kcat/Km)L→D/(kcat/Km)D→L. 

 

 Keq 

FnGR variant pH 8.0 pH 8.5 pH 9.0 

WT 0.956 ± 0.082 - - 

C76S 0.963 ± 0.071 0.517 ± 0.036 0.450 ± 0.042 

C186S 0.432 ± 0.023 0.513 ± 0.039 0.655 ± 0.096 

 

Despite significant losses of activity for both the C76S and C186S FnGR variants, 

relative to the WT enzyme at pH 8.0, the residual catalytic activity indicates that the Ser 

residues can act as acid/base catalysts for the racemization of L- and D-Glu despite the 

pKa of Ser (~16) being ~6 units greater than that of Cys (~10). Interestingly at pH 8.0 the 

values of kcat/Km were approximately equal in both reaction directions for the C76S 

FnGR variant (Keq = 0.963 ± 0.071) in agreement with the expected equilibrium constant 

for a racemization reaction; however, the values differed for C186S (Keq = 0.432 ± 

0.023). In the L→D reaction direction, Ser 186 of C186S FnGR must act as a Brønsted 

base while in the D→L reaction direction, Ser 186 acts as a general acid catalyst. Given 

that the pKa of the Ser hydroxyl is greater than that of the Cys thiol by ~6 units and thus 

predominately exists in its protonated, hydroxyl form, the higher catalytic efficiency in 

the D→L direction could be explained by the fact that Cys 76 of C186S FnGR, which is 

the better nucleophile, acts as the Brønsted base in this reaction direction and that Ser 186 

acts as the general acid. However, it is surprising that this phenomenon was not observed 

for the C76S variant at pH 8.0, wherein the Keq value was approximately unity, similarly 

to the WT enzyme.   

 In the D→L reaction direction, the catalytic efficiency of C76S FnGR increased by 

~2-fold from pH 8.0 to 9.0, but decreased slightly for C186S FnGR over this pH range, 
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thereby following a trend similar to the pH-rate profile in the D→L reaction direction 

observed by Glaves and Tanner (1999) with LfGR. Ser 76 of C76S FnGR acts as the 

Brønsted base in the D→L reaction direction, but is largely protonated due to its high pKa 

value. Hence, with increasing pH values from 8.0 to 9.0, more alkoxide becomes 

available to deprotonate D-Glu and the catalytic efficiency increased over this range. 

Also, as expected, a minimal change in the catalytic efficiency of the C186S FnGR was 

observed over this pH range despite a slight decrease in efficiency from pH 8.0 to 9.0, 

which was also observed for C184S LfGR (Glavas & Tanner, 1999). Since Ser 186 of 

C186S FnGR acts as the general acid catalyst in the D→L reaction direction and the 

hydroxyl is largely protonated over this pH range, there is little change in the variant’s 

catalytic efficiency. Therefore, in the D→L reaction direction, the catalytic efficiencies of 

the C76S variant of FnGR and the C73S variant of LfGR (Glavas & Tanner, 1999) are 

both pH-dependent.  

 Although a pH study of the serine variants of LfGR in the L→D reaction direction 

was not explored since the coupled assay did not operate in this reaction direction, Glaves 

and Tanner (1999) postulated that the opposite trend would be observed in the L→D 

reaction direction, wherein the catalytic efficiencies of the C184S variant would increase 

with increasing pH values and that the C73S LfGR would show little pH-dependence. If 

this were true, then C184S LfGR would exhibit greater catalytic efficiency for L-Glu over 

D-Glu as the pH was increased (Glavas & Tanner, 1999). While there was a slight 

increase in the catalytic efficiency of the C186S FnGR variant in the L→D reaction 

direction from pH 8.0 to 9.0, overall, the catalytic efficiency of C186S FnGR did not 

exhibit much variation with pH in contrast to C76S FnGR in the D→L reaction direction. 
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With the two catalytic Cys residues of GRs being located at opposite sides of the active 

site, these differences in the efficiencies for catalysis in the L→D versus D→L reaction 

directions could be explained by different effects of the microenvironment near the 

catalytic Cys/Ser residues. Neighbouring residues, such as those of a catalytic dyad if 

present, could reduce the pKa of the catalytic Cys residues in WT FnGR to yield 

approximately equal catalytic efficiencies in both reaction directions; however, since the 

pKa of Ser is ~6 units higher, perturbing the pKa downwards may become more difficult 

in the variants. For example, in LfGR, Asp 10 and His 186 were suggested to assist Cys 

73 and Cys 184, respectively, in their roles as acid/base catalysis (Glaves & Tanner, 

2001). Therefore, subtle differences in the neighbouring residues of the Ser residues 

acting as the Brønsted base (Ser 76 for D-Glu and Ser 186 for L-Glu) could explain why 

Ser 76 of C76S FnGR exhibits pH-dependence of the kcat/Km but Ser 186 of C186S FnGR 

does not. For example, if the pKa of Ser 76 is lowered to ~7 at pH 9.0 but the pKa of Ser 

186 is only lowered to ~12, the increased abundance of Ser 76 alkoxide will facilitate the 

deprotonation of D-Glu with an increased catalytic efficiency, but, since much of the Ser 

186 remains in hydroxyl form, the catalytic efficiency would consequently be less 

affected at higher pH values.  

 

4.4 CONCLUSIONS AND FUTURE WORK 

The C76S and C186S variants of GR from the oral pathogen F. nucleatum were 

assessed to determine whether, like the C73S and C184S LfGR variants, residual activity 

would be observed (Glavas & Tanner, 1999). In agreement with findings by Glaves and 

Tanner (1999), the thiol to hydroxyl substituted variants for FnGR were significantly less 
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active, yet retained some level of activity at pH 8.0 (decreased ~180- to ~420-fold from 

that of the wild-type enzyme, depending on the variant and reaction direction). The C76S 

FnGR variant exhibited greater catalytic efficiency turning over D-Glu relative to L-Glu 

as the pH was increased, thus exhibiting evidence of a preferred ‘unidirectional’ behavior 

at higher pH values; however, this trend was not observed for C186S FnGR in the L→D 

reaction direction.  

Previous work in the Bearne lab found that, unlike FnGR and LfGR, for GR from 

Bacillus subtilis (BsGR) is not pseudosymmetric since the catalytic parameters, Km and 

kcat, (L-Glu: Km = 14 ± 2 mM, kcat = 63 ± 4 s–1; D-Glu: Km = 1.7 ± 0.4 mM, kcat = 8.3 ± 0.5 

min–1), were quite different in both reaction directions, but had similar kcat/Km values (L-

Glu: kcat/Km = 4.6 ± 0.6 s–1mM–1; D-Glu: kcat/Km = 5 ± 1 s–1mM–1) (Potrykus et al., 2009). 

It would be interesting to examine whether substitutions of the catalytic Cys residues to 

Ser residues of BsGR would yield a preferred ‘unidirectional’ behavior at higher pH 

values for both variants, or, like FnGR, ‘unidirectional’ behavior would only be observed 

for the C74S BsGR variant (analogous to C76S for FnGR).  
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 

This thesis focused on three major topics: (i) investigations of protein 

architectures using an activity-based probe (Chapter 2), (ii) evaluation of the 3-HP-

dependent inactivation of FucD and the effects of Tris buffer (Chapter 3), and (iii) the 

possibility of engineering preferential ‘unidirectional’ activity of glutamate racemase 

from Fusobacterium nucleatum (Chapter 4). 

 

Investigations of active-site architectures using an activity-based probe 

ABPP is becoming an increasingly employed strategy in the field of proteomics 

due to its large diversity of applications and ability to profile proteins in highly complex 

proteomes. Using this strategy, I synthesized SMHP, a small-molecule probe, designed to 

target protein architectures with a nucleophile adjacent to a cationic binding site. Given 

the structural similarity between the anionic monomethyl acyl phosphate warhead of 

SMHP and MAP, and the fact that MAP was previously shown to target this type of 

protein architecture via the irreversible inactivation of 3-HBDH (Kluger & Tsui, 1980, 

1986) and modification of Hb, (Ueno et al., 1986, 1989; Xu et al., 1999), I anticipated 

that SMHP would modify enzymes with this architecture.  

SMHP modified 281 enzymes from the P. lemognei proteome of 3805 proteins, 

including 3-HBDH and CTPS. I used a combined experimental approach of fluorescent 

tagging, LC-MS/MS, and inactivation-based kinetics to investigate the specific sites that 

were modified by SMHP and MAP. As determined through fluorescent tagging, MAP 

provided protection against SMHP labelling, indicating that SMHP and MAP targeted 

similar site(s) within Hb, 3-HBDH, and CTPS. As identified by LC-MS/MS, SMHP and 
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MAP modified the same three catalytic residues within the conserved active site of 3-

HBDH: Ser 146, Lys 156, and Lys 163; thus, demonstrating the targeted reactivity of the 

acyl phosphate warheads with 3-HBDH. For CTPS, 8 Lys residues were modified by 

SMHP, with Lys 223 and Lys 239 located at the CTP and ATP/ADP ligand binding sites, 

respectively. The efficiency of reactivity of the acyl phosphates was explored using 

kinetics, where both MAP and SMHP inactivated 3-HBDH and CTPS. Lastly, protection 

against modification of CTPS by the acyl phosphates was explored using fluorescence-

based and kinetics-based protection studies, wherein the ligands, ATP, UTP, CTP, and L-

Glu, protected against the labelling by SMHP and inactivation by MAP, respectively. 

In the future, since the conditions for the MAP-dependent inactivation of both 3-

HBDH and CTPS have been developed, it would be interesting to use these kinetically-

controlled conditions to further assess the modification sites in greater detail. By 

monitoring the inactivation of CTPS and 3-HBDH by MAP and/or SMHP using kinetics, 

followed by LC-MS/MS after a specified period of time (i.e., percent inactivation), we 

could determine the primary nucleophile responsible for the inactivation of each enzyme. 

In addition, since kinetics-based studies for the protection of 3-HBDH against 

inactivation by MAP have been explored with the competitive inhibitor, methyl 

acetonylphosphonate, in addition to coenzymes NAD+ and NADH, and also with ADP, it 

would be valuable to employ such protection studies to assess the protection against the 

modification of 3-HBDH by SMHP using these same ligands. Furthermore, it would be 

beneficial to assess the modification site(s) of a third enzyme identified from the P. 

lemognei proteome in its purified form, such as a kinase, wherein various kinases were 

identified among the most frequent subclass (EC 2.7) modified by SMHP.  Lastly, since 
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SMHP exhibited broad-spectrum reactivity with proteins from the P. lemognei proteome, 

our ABPP approach could be extended to other cell types to identify additional enzymes 

that are modified by SMHP.   

 

Evaluating the inactivation of L-fuconate dehydratase by 3-hydroxypyruvate and the 

effects of Tris buffer 

Members of the MR subgroup are structurally similar yet mechanistically diverse 

in the reactions they catalyze (Akiva et al., 2014; Gerlt et al., 2005, 2012). The 

inactivation of MR by 3-HP was previously shown to occur through a Schiff-base 

mechanism with Lys 166, yielding a kinact/KI value of 83 ± 8 M–1s–1 (Nagar et al., 2015). 

Since members of the MR subgroup share conserved active-site residues, we investigated 

whether 3-HP could also inactivate FucD. Time-dependent inactivation studies of FucD 

by 3-HP revealed that the efficiency of inactivation was much lower than that reported 

for MR, and that Tris protected FucD from 3-HP-dependent inactivation. The kinact
app and 

KI
app values decreased with respect to increasing Tris concentrations from 5 to 50 mM, 

but the kinact
app/KI

app remained unchanged over this range of Tris concentrations (~0.018 ± 

0.002 M–1s–1).  

The substrate L-fuconate did not afford protection against the 3-HP-dependent 

inactivation of FucD. Hence, unlike with MR, inactivation does not appear occur at the 

active site. While FucD inactivated by 3-HP in both 5 mM and 50 mM Tris-Cl buffers 

showed the presence 58- and 86-Da adducts, the 50 mM Tris-Cl sample showed the 

presence of a greater abundance of adducts, many of which could not be identified. 

Overall, it is evident that, despite the conserved active-site residues between the MR 

subgroup members, 3-HP likely inactivates FucD through a different mechanism than 
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that previously determined for MR. In addition, while Tris remains one of the most 

commonly used biochemical buffers to date, it has been well-reported to chelate divalent 

metal ions, form Schiff-base adducts with carbonyl compounds, and to inhibit various 

enzymes, predominantly via competitive inhibition. In this work, I identified a much less 

commonly reported phenomenon where Tris acts to protect the enzyme against 

inactivation.  

In future work, since GLH is not formed non-enzymatically in the presence of 

Mg2+ under the assay conditions, it remains to determine whether GLH is formed in the 

presence of FucD. While 1H NMR spectroscopy could be used to detect GLH generated 

enzymatically, the experiment may not be conclusive if the enzyme rapidly traps the 

GLH as it is formed and is inactivated.  

 

Can the bidirectional activity of glutamate racemase be re-engineered to become 

‘unidirectional’? 

Glutamate racemase catalyzes the interconversion of L-Glu and D-Glu using two 

Cys residues as acid/base catalysts, where D-Glu is essential for the biosynthesis of 

peptidoglycan found in bacterial cell walls (Fisher, 2008; Lundqvist et al., 2007; Van 

Heijenoort, 2001). The C76S and C186S variants of GR from oral pathogen F. nucleatum 

were assessed to determine whether, like the C73S and C184S LfGR variants, residual 

activity would be observed (Glavas & Tanner, 1999). In agreement with findings by 

Glaves and Tanner (1999), the thiol to hydroxyl substituted variants for FnGR were 

significantly less active, but still retained some level of activity at pH 8.0 (decreased 

~180 - ~420-fold from the wild-type depending on the variant and reaction direction). 

Despite the significant loss of activity relative to the wild-type enzyme, the residual 



 160 

activity observed for the variants demonstrated that the Ser residues can act as acid/base 

catalysts for the racemization of L- and D-Glu despite the pKa of Ser (~16) being ~6 units 

greater than that of Cys (~10). The C76S FnGR variant exhibited greater catalytic 

efficiency turning over D-Glu relative to L-Glu as the pH was increased, thus exhibiting 

evidence of a preferred ‘unidirectional’ behavior at higher pH values; however, this trend 

was not observed for C186S FnGR in the L→D reaction direction. In future work, it 

would be interesting to examine the pH-dependencies of the catalytic efficiencies for the 

Cys→Ser variants of GR from Bacillus subtilis (BsGR). Unlike LfGR and FnGR, BsGR is 

not pseudosymmetric and hence it is of interest to know if a preferred ‘unidirectional’ 

behavior at higher pH values for both variants would be observed and how it might differ 

from the results obtained for the pseudosymmetic enzymes.  
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APPENDIX A 

 

 
 

Figure 1A Sequence coverage (91.55%) of untreated 3-HBDH  

 

 

 

 
 

Figure 2A Sequence coverage (98.59%) of SMHP-treated 3-HBDH  

 

 

 

 
 

Figure 3A Sequence coverage (97.89%) of MAP-treated 3-HBDH  
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Figure 4A LC-MS/MS analysis showing no adducts with Ser 146 from peptide: IINIASVHGLVGSAQK in untreated 3-

HBDH. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of the II-peptide 

(m/z 803.966 Da; MH+ = 1606.924 Da) reveal no 94-Da (SMHP modification) or 42-Da (MAP modification) adducts with the 

b6
+ ion corresponding to Ser 146 (with 0 missed cleavages) (B, C).  
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Figure 5A LC-MS/MS analysis showing 94-Da adducts with Ser 146 from peptide: IINIASVHGLVGSAQK in SMHP-

treated 3-HBDH. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of the 

II-peptide (m/z 850.984 Da; MH+ = 1700.960 Da) reveal an increase in mass of the b6
+ ion by 94 Da corresponding to Ser 146 

(with 0 missed cleavages) (B, C). Identical II-peptides were found in the control and SMHP-treated samples and showed a 

mass increase of 94 Da between the b6
+ ions arising from the SMHP-modified (706.413 Da) and unmodified peptide (612.372 

Da). 
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Figure 6A LC-MS/MS analysis showing a 42-Da adduct with Ser 146 from peptide: IINIASVHGLVGSAQK in MAP-

treated 3-HBDH. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the triply charged ion of the 

II-peptide (m/z 550.320 Da; MH+ = 1648.946 Da) reveal an increase in mass of the b6
+ ion by 42 Da corresponding to Ser 146 

(with 0 missed cleavages) (B, C). Identical II-peptides were found in the control and SMHP-treated samples and showed a 

mass increase of 42 Da between the b6
+ ions arising from the MAP-modified (654.382 Da) and unmodified peptide (612.372 

Da). 
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Figure 7A LC-MS/MS analysis showing no adducts with Ser 146, Lys 156, or Lys 163 from peptide: 

IINIASVHGLVGSAQKSAYVAAKHGIVGLTK in untreated 3-HBDH. The precursor isotope pattern spectrum (MS1) 

(A), and MS/MS spectrum for the +5 charged ion of the II-peptide (m/z 621.365 Da; MH+ = 3102.793 Da) reveal no 94-Da 

(SMHP modification) or 42-Da (MAP modification) adducts with Ser 146, Lys 156, or Lys 163 (b6
+, b16

+, b23
+ ions) (with 2 

missed cleavages) (B, C). 
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Figure 8A LC-MS/MS analysis showing a 94-Da adduct with Lys 156 from peptide: 

IINIASVHGLVGSAQKSAYVAAKHGIVGLTK in SMHP-treated 3-HBDH. The precursor isotope pattern spectrum 

(MS1) (A), and MS/MS spectrum for the +5 charged ion of the II-peptide (m/z 640.166 Da; MH+ = 3196.800 Da) reveal an 

increase in mass of the b16
+ ion by 94 Da corresponding to Lys 156 (with 2 missed cleavages) (B, C). Identical II-peptides were 

found in the control and SMHP-treated samples and showed a mass increase of 94 Da between the b16
+ ions arising from the 

SMHP-modified (1682.956 Da) and unmodified peptide (1588.917 Da). 
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Figure 9A LC-MS/MS analysis showing a 42-Da adduct with Lys 156 and Lys 163 from peptide: 

IINIASVHGLVGSAQKSAYVAAKHGIVGLTK in SMHP-treated 3-HBDH. The precursor isotope pattern spectrum 

(MS1) (A), and MS/MS spectrum for the triply charged ion of the II-peptide (m/z 1062.943 Da; MH+ = 3186.814 Da) reveal an 

increase in mass of the b16
+ and b23

+ ions by 42 Da corresponding to Lys 156 and Lys 163 (with 2 missed cleavages) (B, C). 

Identical II-peptides were found in the control and SMHP-treated samples and showed a mass increase of 42 Da between the 

b16
+ and b23

+ ions arising from the SMHP-modified (b16
+1630.928 Da; b23

+ 2363. 308 Da) and unmodified peptide 

(b16
+1682.956 Da; b23

+ 2279.287 Da). 
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Figure 10A LC-MS/MS analysis showing no adducts with Lys 163 from peptide: SAYVAAKHGIVGLTK in untreated 

3-HBDH. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the triply charged ion of the SA-

peptide (m/z 505.629 Da; MH+ = 1514.874 Da) reveal no 94-Da (SMHP modification) or 42-Da (MAP modification) adducts 

with the b7
+ ion corresponding to Lys 163 (with 1 missed cleavage) (B, C).  
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Figure 11A LC-MS/MS analysis showing a 94-Da adduct with Lys 163 from peptide: SAYVAAKHGIVGLTK in 

SMHP-treated 3-HBDH. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the triply charged ion 

of the SA-peptide (m/z 536.976 Da; MH+ = 1608.913 Da) reveal an increase in mass of the b7
+ ion by 94 Da corresponding to 

Lys 163 (with 1 missed cleavage) (B, C). Identical II-peptides were found in the control and SMHP-treated samples and 

showed a mass increase of 94 Da between the b7
+ ions arising from the SMHP-modified (785.419 Da) and unmodified peptide 

(691.377 Da) 
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APPENDIX B 

 

 
 

Figure 1B Sequence coverage (81.34%) of untreated CTPS 

 

 

 

 
 

Figure 2B Sequence coverage (80.63%) of SMHP-treated CTPS 
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Figure 3B LC-MS/MS analysis showing no adducts with Lys 246 from peptide: DVDSIYKIPGLLK in untreated CTPS. 

The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of the DV-peptide (m/z 

730.922 Da; MH+ = 1460.836 Da) reveal no 94-Da (SMHP modification) adducts with the b7
+ ion corresponding to Lys 246 

(with 1 missed cleavage) (B, C).  
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Figure 4B LC-MS/MS analysis showing a 94-Da adduct with Lys 246 from peptide: DVDSIYKIPGLLK in SMHP-

treated CTPS. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of the 

DV-peptide (m/z 777.939 Da; MH+ = 1554.872 Da) reveal an increase in mass of the b7
+ ion by 94 Da corresponding to Lys 

246 (with 1 missed cleavage) (B, C). Identical DV-peptides were found in the control and SMHP-treated sample and showed a 

mass increase of 94 Da between the b7
+ ions arising from the SMHP-modified (915.446 Da) and unmodified peptide (821.404 

Da). 
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Figure 5B LC-MS/MS analysis showing no adducts with Lys 342 from peptide: GVEILKGLDAILVPGGFGYR in 

untreated CTPS. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of the 

GV-peptide (m/z 1037.596 Da; MH+ = 2074.185 Da) reveal no 94-Da (SMHP modification) adducts with the b6
+ ion 

corresponding to Lys 342 (with 1 missed cleavage) (B, C).  
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Figure 6B LC-MS/MS analysis showing a 94-Da adduct with Lys 342 from peptide: GVEILKGLDAILVPGGFGYR in 

SMHP-treated CTPS. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of 

the GV-peptide (m/z 1084.603 Da; MH+ = 2168.199 Da) reveal an increase in mass of the b7
+ ion by 94 Da corresponding to 

Lys 342 (with 1 missed cleavage) (B, C). Identical GV-peptides were found in the control and SMHP-treated sample and 

showed a mass increase of 94 Da between the b7
+ ions arising from the SMHP-modified (734.445 Da) and unmodified peptide 

(640.403 Da). 
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Figure 7B LC-MS/MS analysis showing no adducts with Lys 534 from peptide: DGHPLFAGFVK in untreated CTPS. 

The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of the DG-peptide (m/z 

594.319 Da; MH+ = 1187.631 Da) reveal no 94-Da (SMHP modification) adducts with the y1
+ ion corresponding to Lys 534 

(with 0 missed cleavages) (B, C).  
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Figure 8B LC-MS/MS analysis showing a 94-Da adduct with Lys 534 from peptide: DGHPLFAGFVKAASEFQK in 

SMHP-treated CTPS. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the triply charged ion of 

the DG-peptide (m/z 681.687 Da; MH+ = 2043.045 Da) reveal an increase in mass of the b11
+ ion by 94 Da corresponding to 

Lys 534 (with 1 missed cleavage) (B, C). Identical DG-peptides were not found in the control (0 missed cleavages of DG-

peptide) and SMHP-treated sample (1 missed cleavage of DG-peptide), but, as shown, the mass increase of 94 Da from the 

b11
+ ion identified in the SMHP-treated peptide is absent in the y1

+ ion of the untreated peptide.  
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Figure 9B LC-MS/MS analysis showing no adducts with Lys 233 from peptide: IALFCNVPEK in untreated CTPS. The 

precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of the IA-peptide (m/z 

595.820 Da; MH+ = 1190.634 Da) reveal no 94-Da (SMHP modification) adducts with the y1
+ ion corresponding to Lys 233 

(with 0 missed cleavages) (B, C). Note: the carbamidomethylation (57 Da) modification on the b5
+ ion occurs as a result of 

alkylation with iodoacetamide (IAA) after cysteine reduction with dithiothreitol (DTT).  
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Figure 8B LC-MS/MS analysis showing a 94-Da adduct with Lys 233 from peptide: IALFCNVPEKAVISLK in SMHP-

treated CTPS. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of the IA-

peptide (m/z 948.541 Da; MH+ = 1896.074 Da) reveal an increase in mass of the b10
+ ion by 94 Da corresponding to Lys 233 

(with 1 missed cleavage) (B, C). Identical IA-peptides were not found in the control (0 missed cleavages of IA-peptide) and 

SMHP-treated sample (1 missed cleavage of IA-peptide), but, as shown, the mass increase of 94 Da from the b10
+ ion identified 

in the SMHP-treated peptide is absent in the y1
+ ion of the untreated peptide. Note: the carbamidomethylation (57 Da) 

modification on the b5
+ ion occurs as a result of alkylation with iodoacetamide (IAA) after cysteine reduction with 

dithiothreitol (DTT).   
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Figure 9B LC-MS/MS analysis showing no adducts with Lys 479 from peptide: YEVNNMLLK in untreated CTPS. The 

precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of the YE-peptide (m/z 

562.297 Da; MH+ = 1123.586 Da) reveal no 94-Da (SMHP modification) adducts with the y1
+ ion corresponding to Lys 479 

(with 0 missed cleavages) (B, C).  
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Figure 10B LC-MS/MS analysis showing a 94-Da adduct with Lys 479 from peptide: YEVNNMLLKQIEDAGLR in 

SMHP-treated CTPS. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of 

the IA-peptide (m/z 1050.539 Da; MH+ = 2100.071 Da) reveal an increase in mass of the b9
+ ion by 94 Da corresponding to 

Lys 479 (with 1 missed cleavage) (B, C). Identical YE-peptides were not found in the control (0 missed cleavages of YE-

peptide) and SMHP-treated sample (1 missed cleavage of YE-peptide), but, as shown, the mass increase of 94 Da from the b9
+ 

ion identified in the SMHP-treated peptide is absent in the y1
+ ion of the untreated peptide.  
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Figure 11B LC-MS/MS analysis showing a 94-Da adduct with Lys 252 from peptide: IPGLLKSQGLDDYICK in 

SMHP-treated CTPS. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of 

the IP-peptide (m/z 957.502 Da; MH+ = 1913.997 Da) reveal an increase in mass of the b6
+ ion by 94 Da corresponding to Lys 

252 (with 1 missed cleavage) (B, C). Identical peptides were not found in the control and SMHP-treated sample, but, as shown, 

the mass increase of 94 Da from the b6
+ ion identified in the SMHP-treated peptide is absent in the y1

+ ion of the untreated 

peptide: DVDSIYKIPGLLK (Figure 3B). Note: the carbamidomethylation (57 Da) modification on the b15
+ ion occurs as a 

result of alkylation with iodoacetamide (IAA) after cysteine reduction with dithiothreitol (DTT).    
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Figure 12B LC-MS/MS analysis showing a 94-Da adduct with Lys 223 from peptide: AKIALFCNVPEK in SMHP-

treated CTPS. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of the 

AK-peptide (m/z 742.405 Da; MH+ = 1483.803 Da) reveal an increase in mass of the b2
+ ion by 94 Da corresponding to Lys 

223 (with 1 missed cleavage) (B, C). The sequence coverage for untreated CTPS (control) in Figure 1B shows that Lys 223 

was not covered, but was covered in the SMHP-treated CTPS (sample) (Figure 2B). Note: the carbamidomethylation (57 Da) 

modification on the b7
+ ion occurs as a result of alkylation with iodoacetamide (IAA) after cysteine reduction with 

dithiothreitol (DTT).    
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Figure 13B LC-MS/MS analysis showing a 94-Da adduct with Lys 239 from peptide: AVISLKDVDSIYK in SMHP-

treated CTPS. The precursor isotope pattern spectrum (MS1) (A), and MS/MS spectrum for the doubly charged ion of the 

AK-peptide (m/z 772.929 Da; MH+ = 1544.852 Da) reveal an increase in mass of the b6
+ ion by 94 Da corresponding to Lys 

239 (with 1 missed cleavage) (B, C). The sequence coverage for untreated CTPS (control) in Figure 1B shows that Lys 239 

was not covered, but was covered in the SMHP-treated CTPS (sample) (Figure 2B). 
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