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ABSTRACT 

THERMOTOGA MARITIMA GLYCEROL DEHYDROGENASE AS A CATALYST FOR 

DIHYDROXYACETONE PRODUCTION: ENZYME CHARACTERIZATION, 

ENGINEERING AND COFACTOR IMMOBILIZATION 

 

By 

Justin Liam Beauchamp 

NAD-dependent dehydrogenases facilitate a diverse range of hydride transfer reactions in 

many areas of cellular metabolism. Dehydrogenases catalyze about 12% of metabolic reactions 

and are classified into 4 different groups: the medium-chain dehydrogenase superfamily, the 

short-chain dehydrogenase superfamily, the long-chain dehydrogenases, and the family III metal-

dependent polyol dehydrogenases. The broad range of reactions catalyzed makes them attractive 

catalysts for synthetic process, especially since many produce chiral products. However, their 

use as catalysts has been limited by the requirement that the NAD cofactor be supplied in 

stoichiometric amounts. Enzymatic cofactor regeneration has been used for synthesis of high 

value products, but is not applicable to many processes because providing an extra enzyme 

increases costs. Electrochemical cofactor regeneration could be a lower cost alternative to 

enzymatic regeneration.  Our overall goal is to immobilize Thermotoga maritima glycerol 

dehydrogenase (TmGlyDH) and its NAD cofactor onto an electrode for catalytic production of 

dihydroxyacetone (DHA) from glycerol where the electrode regenerates NAD
+
. Glycerol is a 

waste product of the biodiesel industry, while DHA is a more valuable synthetic precursor and 

sunless tanning agent. 

TmGlyDH’s kinetics, stability and activity were characterized to provide acceptable 

operating conditions for an electrochemical reactor. TmGlyDH showed cooperative rather than 

Michaelis-Menten kinetics with glycerol and DHA, so the Hill equation was used to determine 



limiting rate (Vmax), half saturating substrate concentration (K0.5) and Hill coefficient (n). The 

optimum pH for glycerol oxidation was 7.9. We tested alternative substrates similar to glycerol 

and TmGlyDH was able to produce 1,2-propanediol from hydroxyacetone at greater than 99% 

enantiomeric excess. To test if TmGlyDH can use immobilized NAD, the NAD analogue N
6
-

carboxymethyl-NAD (N
6
-CM-NAD) was synthesized and immobilized on amino-linker-

modified sepharose beads (NAD-sepharose). TmGlyDH had low activity with N
6
-CM-NAD and 

mutants were produced to increase activity with the NAD analog 10-fold, but both TmGlyDH 

mutants and wild-type showed similar activity with NAD-sepharose. The length of the linker 

between NAD and sepharose had no effect on coenzymic activity. To see if other 

dehydrogenases can use N
6
-immobilized NAD, we tested 6 different dehydrogenases and 5 of 

the 6 used NAD-sepharose as a cofactor; structural analysis of the enzymes binding pockets 

predicted activity with soluble N
6
-carboxymethyl-NAD, but not with NAD-sepharose. 

In a catalytic system, the longevity of the catalyst is important because renewing the 

catalyst is costly. We observed that TmGlyDH gets inactivated by its product, DHA. TmGlyDH 

inactivation by DHA is a result of the enzyme getting modified by Maillard reactions between 

the Lys and Arg residues and DHA. We identified which Lys and Arg residues get modified by 

DHA and prepared mutants to improve stability in the presence of DHA. The mutant most stable 

to DHA at 50°C was K361Q, maintaining activity twice as long as the wild-type enzyme in the 

presence of DHA at 50°C. 

In summary, TmGlyDH has been characterized and engineered towards use in a 

bioelectronic catalytic system. Our immobilization method of NAD is suitable for use by a wide 

variety of dehydrogenases, indicating a working bioelectronic system would be adaptable to 

many novel applications. 
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CHAPTER 1. Introduction – Dehydrogenases as catalysts  
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1.1 INTRODUCTION 

My project started as a collaboration between the Vieille laboratory in the Department of 

Microbiology and Molecular Genetics, and the Worden and Calabrese Barton laboratories in the 

Department of Chemical Engineering and Material Science at Michigan State University. Our 

goal was to develop a dual-chamber bioelectrocatalytic reactor that uses dehydrogenase enzymes 

to catalyze chemical reactions. The two enzymes selected for this project were Thermotoga 

maritima mannitol dehydrogenase (TmMtDH) that interconverts mannitol and fructose and T.  

maritima glycerol dehydrogenase (TmGlyDH) that interconverts glycerol and dihydroxyacetone 

(DHA).  In a reactor, the enzymes and NAD(H) cofactors would be immobilized on electrodes 

that have been modified to allow electron transfer to/from NAD(H). TmMtDH was supposed to 

catalyze fructose conversion to mannitol in the cathode compartment, and TmGlyDH was 

supposed to convert glycerol to DHA in the anode compartment. The electrons and protons 

released in the anode compartment were going to be used to regenerate NADH in the cathode 

compartment (Figure 1.1), with the protons traveling through a proton-permeable membrane and 

the electrons traveling through the external electrical circuit. I Studied the enzymes and 

devoloped a method to immobilize NAD(H) onto an electrode surface. Partway into my project, 

we were not able to reproduce early results of NAD
+
 electrochemical reduction, although NADH 

oxidation was reproducible and new methods to increase the oxidation rate at lower 

overpotentials were promising. Therefore, we decided to focus our project on the anode reaction, 

for which a single chamber flow-through reactor may be ideal (Figure 1.2). For my part of the 

project, it meant focusing on the study of TmGlyDH and NAD immobilization rather than on 

both TmGlyDH and TmMtDH.  
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Figure 1.1: Two-chamber bioelectrocatalytic system for DHA and mannitol enzymatic 

production. 

 

 

Figure 1.2: A single-chamber flow-through reactor for DHA enzymatic production from 

glycerol.  

 

 

For dehydrogenase-based bioelectrocatalysis to be viable there needs to be (1) rapid 

electron transfer between the electrode, mediator, cofactor, and enzyme; (2) rapid proton 

transfer; (3) rapid mass transfer of reactants; and (4) rapid enzyme kinetics (69). Immobilization 
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of the enzyme and cofactor will eliminate the need for regenerated NAD(H) to diffuse through 

the bulk liquid to the enzyme, reducing mass transfer limitations and allowing catalytic quantities 

of enzyme and cofactor to be used (15). However, for immobilization to be successful, two 

conditions must be met. First, NAD must be immobilized in an orientation that allows enzyme 

binding. Second, the immobilized enzyme must retain high levels of activity. Another 

requirement for bioelectrocatalysis is that the products should be of higher value than the 

reactants. In the following sections, I am reviewing the background knowledge on NAD(P)-

dependent dehydrogenases, glycerol dehydrogenases, DHA as a high value-added chemical, 

cofactor regeneration methods, and methods for cofactor and enzyme immobilization methods, 

before introducing the main objectives of my project.  

 

1.2 DEHYDROGENASE DIVERSITY AND FAMILIES 

Dehydrogenases catalyze oxido-reduction (redox) reactions that transfer an electron pair 

and a proton between a cofactor such as NADH and a substrate (68). These enzymes play an 

important role in metabolism and are responsible for over 12% of all metabolic reactions in 

Escherichia coli (50). NAD(P)-dependant dehydrogenases and reductases belong to one of four 

groups, short-chain dehydrogenases/reductases (SDR) (21), medium-chain 

dehydrogenases/reductases (MDR) (48), long-chain dehydrogenases/reductases (LDR) (22, 23), 

and family III metal-dependent polyol dehydrogenases (52), based on size, sequence, structure, 

and features of their catalytic mechanism (21-23, 48, 52). All characterized dehydrogenases 

share the NAD binding Rossman fold motif and catalyze a hydride transfer (21, 48). Of note, 

aldo-keto reductases, which evolved separately, do not share sequence similarity with 

dehydrogenases, do not have a Rossman fold, and belong to the TIM barrel protein family, still 
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have active sites that are nearly superimposable to those of dehydrogenases (2, 21). Most known 

dehydrogenases belong to either the MDR or SDR groups (21, 48). 

 

1.2.1 The long-chain dehydrogenases 

The LDR group is small, consisting of only 66 members as of 2003 (22).  LDRs range in 

size from 357 to 544 amino acids, and are primarily categorized based on their sequence 

containing the Lys-X4-Asn-X2-His motif (X is any amino acid) (22). In general, LDRs are not 

well characterized, but they are primarily active as monomers, are not metal dependent, have a 

conserved lysine in their catalytic site, and are distinct structurally and mechanistically from the 

MDRs and SDRs (21-23).  

 

1.2.2 The medium-chain dehydrogenases 

The MDR superfamily is composed of many large families, and smaller groups, many of 

which are zinc dependent (48). MDRs use a catalytic zinc, and members of the alcohol 

dehydrogenase (ADH) family also have an additional, structural zinc. There are two main 

structural domains in MDRs, a substrate-binding domain and a Rossman fold NAD-binding 

domain. The catalytic site sits in a deep cleft in the protein with the cofactor binding site. MDRs 

can be monomers or multimers with different numbers of subunits and each monomer is 

typically composed of about 350 amino acids. Most known MDRs can be grouped into 8 

families, but it is estimated that there are 500 different MDR families (48).  
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1.2.3 The short-chain dehydrogenases 

There are at least 140 different SDRs, making up about ¼ of all dehydrogenases, and they 

are found in all domains of life (21). SDRs are unique because they are made up of only one 

domain that is about 250 amino acids long. Most of them have a catalytic tyrosine in their active 

site, but no residue is completely conserved. The one unifying factor is their NAD(P)-binding 

Rossman fold. SDRs catalyze a broad range of reactions, being found in half of the different 

enzyme class types (21). 

 

1.2.4 The family III polyol dehydrogenases 

The family III metal-dependent polyol dehydrogenases, formerly called iron-containing 

dehydrogenases are metal and NAD-dependent cytoplasmic enzymes (52). They can either have 

zinc or iron bound in their active site, or require iron in solution for activity (49). Many have 

similar activity to the medium chain dehydrogenases, but do not show sequence similarity (52). 

Although structurally different, all the dehydrogenase families share the Rossman fold for 

NAD binding. The similarity in cofactor binding pocket is advantageous because a cofactor 

immobilization method that works for one dehydrogenase is likely adaptable to many different 

dehydrogenases. 

 

1.3 GLYCEROL DEHYDROGENASES 

Glycerol dehydrogenase (GlyDH) is a promising enzyme catalyst for DHA production from 

glycerol. Glycerol dehydrogenases can be classified into four groups. The first group is 

composed of cytoplasmic zinc-dependent enzymes that belong to the NAD-dependent family II 

polyol dehydrogenases in the MDR superfamily (74). The second group comprises cytoplasmic 
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zinc-dependent enzymes that are part of the NAD-dependent family III metal-dependent polyol 

dehydrogenases formerly called iron-containing dehydrogenases (52). Although similar in 

activity, groups one and two GlyDHs do not show any sequence similarity (52). The third group 

has not been well studied and comes from molds and filamentous fungi; these enzymes are 

NADP-dependent and can reduce both DHA and glyceraldehyde to glycerol (32). The final 

group represents membrane-bound pyrroloquinoline quinone (PQQ)-containing enzymes found 

in many bacterial species. These enzymes are hard to purify and are unstable once purified (25). 

In contrast, NAD-dependent cytoplasmic GlyDHs can be expressed and purified in high yields. 

To reduce costs associated with dehydrogenase-based catalysis and to optimize reaction 

conditions to an industrial setting, thermostable dehydrogenases are being investigated. Part of 

the reduction in cost comes from simple purification of overexpressed proteins via heat 

treatment. (56) Thermostable enzymes also increase operational temperatures for enzymatic 

processes by reducing mass transfer limitations, reducing viscosity, increasing substrate and 

product solubility, and reducing microbial contamination (8, 64). We chose to study the GlyDH 

from T. maritima (TmGlyDH). T. maritima is a hyperthermophilic bacterium that grows 

optimally at 80°C, and we expected TmGlyDH to be highly thermostable. TmGlyDH is a family 

III NAD-dependent GlyDH whose crystal structure had been solved (7, 58) as part of a structural 

genomics project targeting the T. maritima proteome, but whose catalytic properties remained 

unstudied.  

Family III NAD-dependent GlyDHs use zinc in their active site and share the Rossman 

fold. Many have broad substrate specificity, showing high activity levels on 1,2-ethanediol, 1,2-

propanediol, 2-3-butanediol, 3-mercapto-1,2-propanediol, 3-chloro-1,2-propanediol, 1,2,3-

propanetriol monoacetate, 3-amino-1,2-propanediol, and 3-methoxy-1,2-propanediol (27, 57, 
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60). These enzymes have also been shown to produce a variety of (R) or (S) diols at 98% or 

greater enantiomeric excess (e.e.) (73).  

 

1.4 DHA PRODUCTION AND APPLICATIONS 

We chose to synthesize DHA, because it is a value-added product that can be produced 

from glycerol, a waste product of the biodiesel industry. DHA is the only FDA-approved active 

ingredient used in sunless tanning creams (19), and it is used as a precursor for many valuable 

products. DHA can be used as a precursor to 1,2-propylene glycol, which is used in antifreeze, 

brake fluids, and as a precursor to polyurethanes and polypropylene glycols (59). DHA is also a 

precursor of anti-ulcer, antihypertensive anti-inflammatory, analgesic (47), anti-ischemic, and α-

2-adrenergic receptor agonist drugs (11). Many chiral, optically active epoxide-based drugs (75), 

pesticides (59), and sweeteners (6) use DHA as a precursor. The DHA global market was about 

2,000 tons per year as of 2007 (45).  

DHA is currently produced by glycerol oxidation in a large stirred tank using 

Gluconobacter oxydans (16). A batch-fed process is used so that glycerol and DHA can be kept 

below inhibitory concentrations (16). Glycerol oxidation to DHA needs large quantities of 

oxygen, so aeration levels must be kept high using oxygen-enriched air (16). An industrial strain 

of G.  oxydans optimized to overcome DHA inhibition produced DHA at a rate of 3.6 g L
-1

 h
-1

 

with a 85% yield in a two-step fed-batch process (3). G. oxydans has been further optimized to 

produce DHA at a rate ranging from 12 g L
-1

 h
-1

 at a concentration of 100 g/L glycerol to 9.5 g 

L
-1

 h
-1

 at a concentration of 140 g/L glycerol with a 96% yield. In addition the productivity based 

on cell dry weight increased by 140% (31). Although optimization of the DHA production 

process has increased yields and rate of production, the cost of DHA remains relatively high 
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because of the batch-fed process, high aeration levels required, and downstream purification 

costs. A bioelectrocatalytic system has potential to reduce the production and purification costs 

of DHA. 

 

1.5 ENZYMATIC COFACTOR REGENERATION METHODS 

Because of the variety of reactions catalyzed by dehydrogenases, these enzymes have 

potential as catalysts for the production of many different compounds including chiral 

compounds and pharmaceutical precursors (67, 68). In cells, the activity of dehydrogenases is 

driven by cofactor regeneration in complementary pathways. In vitro, though, dehydrogenase 

reactions depend on the cofactor being supplied in stoichiometric amounts or somehow 

regenerated. This limitation has significantly hindered dehydrogenase-based industrial 

applications (67, 68).   

 

1.5.1 Formate dehydrogenase 

Several methods have been developed to regenerate the cofactor, reducing overall cost. For 

high value products such as chiral compounds, NADH can be regenerated by coupling the 

desired reaction with another enzymatic reaction (67, 68). A promising enzyme for regenerating 

NADH is formate dehydrogenase (FDH), which converts formate to CO2 while reducing NAD
+
 

to NADH (55). For example, formate dehydrogenase was first used as a NADH regeneration 

system to produce lactate (79% yield after 15 days) from pyruvate using D-lactate 

dehydrogenase, producing D-lactate in 92% enantiomeric excess (55). This NADH regeneration 

method is useful because CO2 is poorly soluble in water and easily removed from the reaction, 

making the formate dehydrogenase reaction almost irreversible. Cofactor recycling with FDH 
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can thus be used to drive thermodynamically unfavorable reactions and formate has little effect 

on dehydrogenase activity (67). 

The use of FDH to regenerate the reduced cofactor has been limited by the low stability of 

the enzyme (61). FDHs have Cys residues whose modification or oxidation, quickly inactivates 

the enzyme. Also, FDH does not natively use NADP as a cofactor, enzyme production costs are 

high, and specific activity is low. FDH has been extensively engineered to alleviate these 

problems. The two most studied FDHs are from Candida boidinii (CboFDH) and Pseudomonas 

sp.101 (PseFDH). PseFDH is the most active native FDH with a specific activity of 10 U per mg 

(kcat = 7.3 s
-1

). Several of the PseFDHs Cys residues have been mutated resulting in a 1,000-fold 

increased chemical stability. Directed evolution has been used to increase thermal stability of 

PseFDH enough to allow a heat treatment step during purification, reducing purification cost. 

The cofactor specificity has also been changed to allow FDH to be used with NADP-dependent 

enzymes, although the activitiesare only about 10% of the wild-type enzyme with NAD (61). 

Overall, with the exception of the PseFDH chemical stabilization, improvement in FDH 

thermostability, activity levels, and activity with NADP have been incremental, though.  

 

1.5.2 Phosphite dehydrogenase 

Another promising cofactor-recycling enzyme is phosphite dehydrogenase (PTDH) (77). 

PTDH catalyzes the oxidation of phosphite to phosphate, reducing NAD to NADH in the 

process. With an equilibrium constant of 10
11

, the reaction is essentially irreversible (65). PTDH 

has been engineered for increased activity with NADP, yielding a mutant enzyme with a 1,000-

fold increased catalytic efficiency with NADP (70), and a kcat with NADP reaching almost 50% 

of the kcat with NAD (70). Interestingly, the catalytic efficiency of the mutant enzyme with NAD 
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also increased 3.6-fold. PTDH’s thermostability has been increased by directed evolution, 

increasing the half-life at 45°C 7,000-fold (18). PTDH is likely a better recycling enzyme than 

FDH for reactions involving NADP, because the catalytic efficiency of PTDH with NADP is 39-

fold higher than that of the commercially available mutant PseFDH while the kcat is comparable 

(70).  

 

1.5.3 Regeneration of oxidized cofactors 

Regeneration of the oxidized cofactor NAD(P)
+
 has not been as well studied as 

regeneration of the reduced form because the reduced form is used more often, in particular to 

drive enzymatic reactions that produce chiral compounds (63). Regenerating the oxidized 

cofactor could allow dehydrogenases to be used for clarifying racemic mixtures of enantiomers, 

or synthesizing difficult-to-prepare aldehydes and ketones. Glutamate dehydrogenase, which is 

active with both NAD and NADP, could be used to recycle the oxidized cofactor by reducing α-

ketoglutarate. NAD
+
 could also be recycled using NADH oxidase. Many NADH oxidases 

produce hydrogen peroxide, which can damage proteins, so the addition of catalase would be 

required. But certain NADH oxidases produce water instead and would be preferred.  

A major limitation of enzyme-based cofactor regeneration is the added cost of using two 

enzymes and two reactants while still producing only one product. Several other enzymes have 

been used to regenerate NADH including glucose-6-phosphate dehydrogenase, glucose 

dehydrogenase, alcohol dehydrogenase, and hydrogenase, (67). All of these enzymes require 

extra reaction components, often complicating product purification and increasing overall cost. 

Regenerating NAD(H) with electrical current could be a lower cost alternative, allowing new 

dehydrogenase-based catalytic systems to be developed.  
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1.6 ELECTROCHEMICAL COFACTOR REGENERATION 

1.6.1 Direct cofactor regeneration 

There are two electrochemical methods of regenerating NAD(H), direct electron transfer 

and mediated electron transfer. Direct electron transfer involves electrons being transferred 

directly between the electrode and NAD(H). Carbon electrodes can be used to oxidize NADH at 

moderate potentials (ca 0.64 V vs standard hydrogen electrode [SHE]) (35), but the reaction 

kinetics are quite poor and NAD adsorbs onto the electrode surface, interfering with activity 

(35). Using high overpotentials of around 1V greater than the formal potential (-320 mV vs SHE) 

(10, 35) increases the catalytic rate but can lead to unwanted reactions taking place, cofactor 

degradation, and electrode fouling (4, 5). Direct NADH oxidation has been combined with 

different dehydrogenases in biosensors to detect ethanol, lactate, glutamate, hydroxybutyrate, 

and cholic acid with the NAD either in solution, entrapped under a membrane, or covalently 

attached (35). In general these biosensors had low stability (losing most activity after a few days 

to a few weeks) and used applied voltages of ca ~1 V (vs SHE) (35). In contrast, FAD-dependent 

enzymes such as glucose oxidase readily allow direct electron transfer (17, 35, 71). 

Direct electrochemical reduction of NAD
+
 also requires high overpotentials and requires two 

electrons for each NAD
+
 molecule (53, 54). A radical intermediate forms during direct reduction 

because electrons are transferred one by one (53, 54). Two NAD radicals can then react together 

to form an inactive dimer (Figure 1.3) (53, 54).  
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Figure 1.3: Electrochemical reduction of NAD
+
. R= Adenosine diphosphate ribose. 

 

1.6.2 Mediated cofactor regeneration 

The problems associated with direct electrochemical oxidation of NADH have been 

addressed using mediated electron transfer. Mediators accept electrons from NADH and then 

diffuse to the electrode surface where they are oxidized at a lower potential than NADH (35).  

The most studied mediators are quinones, quinoneimines, and azines such as phenazine. One 

azine mediator that can be readily covalently bound to an electrode through carbodiimide 

coupling is toluidine blue O (TBO) (14, 15). TBO has been coimmobilized with the cofactor and 

alcohol dehydrogenase and used for the electrochemical detection of alcohol. Mediated transfer 

has also been combined with the enzyme diaphorase (10). Diaphorase regenerates NAD
+
 with a 

benzyl viologen (10) or ferrocene mediator (66), transferring electrons from the electrode to 

diaphorase where NADH is oxidized. Diaphorase-coupled regeneration is less desirable than 
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using a chemical mediator because diaphorase is oxygen sensitive and adding a second enzyme 

increases cost. 

Similarly, the electrode surface can be directly modified with a catalyst that can activate 

NADH oxidation. The difference between a mediator and a catalyst can be unclear at times, but 

generally a mediator will carry electrons to a distance from the electrode while a catalyst will be 

incorporated into the electrode surface. Adding carbon nanotubes to an electrode lowers the 

overpotential required for NADH oxidation and increases the surface area of the electrode (76). 

A carbon nanotube-modified electrode worked as a glucose biosensor, which operated 

continually for 25 hours without a significant reduction in current and maintained 64% of 

activity after being stored dry for 1.5 months (76). NADH oxidation took place readily at 

voltages of ca 180 mV vs SHE, which is 300 mV lower than a bare glassy carbon electrode (76).  

Adding a mediator/catalyst, such as an azine can increase current density and further lower the 

oxidation potential (30). 

Methylene green and TBO have also been electropolymerized onto a carbon nanotube-

modified electrode, catalyzing NADH oxidation (30). Polymethylene green was a more effective 

NADH oxidation catalyst than polyTBO. Electropolymerization takes place by cycling the 

potential of the electrode from low potential (ca -0.7 V vsSHE) to high potential (c a1.3 V vs 

SHE) for many cycles, where the polymerization takes place around 1V. Methylene green 

polymerized onto a carbon nanotube-modified electrode is promising as a NAD
+
 regeneration 

system. In addition, electroactivation of carbon electrodes can increase the catalytic rate of 

NADH oxidation (29). Electroactivation works by cycling the potential of the electrode from 

ca -1.7 V to 2.3 V vs SHE for twenty cycles, where at the higher voltage the carbon can oxidize 

forming a variety of functional groups, of which the formation of quinones is the main 
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contributor to NADH oxidation. In addition, carbon nanotubes can be electroactivated, 

increasing the surface area and further increasing the catalytic rate. Adding methylene green and 

polymethylene green can lead to current densities of 7.0 mA/cm
2
 and 3.8 mA/cm

2
, respectively, 

in 20 mM NADH at ca 28 mV vs SHE (29). The high current densities produced make 

electrochemical regeneration of NAD
+
 feasible for a dehydrogenase-based catalytic reactor.  

 

1.7 MODIFYING ELECTRODES FOR IMMOBILIZATION OF MEDIATOR AND 

COFACTOR 

Two approaches to modifying electrodes can be used. In the first approach, a small 

chemical with a carboxyl group (e.g., cysteine or glycine) is electrolytically deposited or 

polymerized on the electrode, while the second approach involves depositing on the electrode 

polymers that have reactive groups that can be further modified; such methods for carbon 

electrodes are currently being developed in the Worden and Calabrese-Barton laboratories 

(Department of Chemical Engineering and Materials Science, Michigan State University). The 

first approach has already been used for cysteine on gold electrodes (15). Firest, a self-

assembling monolayer of cysteine was prepared on a gold electrode. The mediator (TBO) was 

then bound to cysteine’s carboxylic group, and the boronate linker carboxyphenyl boronic acid 

was bound to cysteine’s amino group using amide linkages (Figure 1.4) (15). Then NAD(P) was 

bound to the boronate linker through its cis-diols. This interface with immobilized NAD was 

tested with Saccharomyces cerevisiae ADH, and immobilized NADP was tested with 

Thermoanaerobacter ethanolicus secondary ADH (2°ADH). The enzymes were immobilized 

onto the interface using glutaric dialdehyde fixation (15). Current was observed to increase 

linearly from 0 to 25 mM of enzyme substrate (ethanol for ADH and 2-propanol for 2°ADH). 
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The 2°ADH interface lost only 2% of its activity after 24 hours of continuous operation at room 

temperature and it could be stored dry for 3 weeks without activity loss. The interface started to 

lose 5% of activity per rinse after 10 rinses (15). 

 

Figure 1.4: Two possible NAD binding orientations on a boronate linker. Methionine (Met) 

is directly bound to the electrode, carboxyphenylboronic acid (CBA) and TBO are bound to 

MET through amide bonds, and NAD is bound to CBA through its cis-diols. The dotted lines 

represent the limits between different molecules. 

 

 

The second approach was designed to make easily renewable and higher loading interfaces. 

This method involves a layer-by-layer build up using polyelectrolyte polymers (14). Polymers 

with carboxylic or amine groups are layered, alternating between positively and negatively 

charged polymers. After 3-mercaptopropionic acid attaches to the electrode, the TBO mediator is 

bound to its terminal carboxylic group, then a layer of poly(ethyleneimine) is added to the 

electrode. A linker such as carboxyphenyl boronic acid can then be attached to the terminal 
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amine groups in a reaction with N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(EDC), followed by NAD binding (14). A 0.1 M HCl solution can be used to remove the 

poly(ethyleneimine)-attached NAD and allow the electrode interface to be renewed. Then a new 

layer can be applied, restoring electrode activity. After regeneration, the saturation current, 

sensitivity, and turnover rate were reduced by 8.3%, 16%, and 5% respectively (14). Saturation 

current is the maximum current measured as the enzyme substrate is increased and sensitivity is 

the change in current observed after a change in substrate concentration. The layer-by-layer build 

up method could also be used for an amine-containing linker, if the final polymer layer contains 

carboxylic groups. 

In both of these methods, a boronate linker was used to attach NAD, but boronate-based 

linkages have two problems for the applications proposed for the current work. First, NAD has 

two cis-diols, so NAD can bind to the boronate in two possible conformations which could affect 

its ability to bind to the enzyme and affect catalytic efficiency (Figure 1.2) (15). 

Second, the bond formed between boronate and NAD is relatively unstable, with a 

dissociation constant (Kd) of 5.9  10
-3

 (1). Boronate also has affinity for cis-diols found on 

sugars and sugar alcohols; the Kd for mannitol is similar to that for NAD and the Kd for fructose 

is smaller than that for NAD (1). In a catalytic reactor using TmGlyDH glycerol will be present 

in high concentrations. Because the Kd for glycerol is likely in the same order of magnitude as 

that for NAD, the boronate linkage would be unstable, with high concentrations of glycerol 

displacing NAD. For a catalytic reactor, stability is a particularly important issue because the 

catalytic interface would need to be stable over a long period of time (several days to several 

weeks). 
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1.8 COFACTOR IMMOBILIZATION 

For dehydrogenase-based catalysis to be economically feasible on a large scale, the cofactor 

needs to be easily regenerated and recovered. Cofactor regeneration during the reaction allows 

products to accumulate using only small quantities of NAD, while NAD recovery after the 

reaction allows it to be used again. Recovering the soluble cofactor for reuse in another reaction 

can be difficult and increases reaction costs. Immobilization of the cofactor and enzyme is ideal, 

because it allows reuse of the entire catalytic system. In an electrochemical recycling system the 

cofactor would ideally be bound to the electrode surface together with the enzyme to facilitate 

electron transfer from the electrode to the enzyme active site. Physically entrapping the cofactor 

in a matrix is not ideal, because the NAD can slowly diffuse away from the electrode (40). 

Membranes have been used to entrap enzyme and cofactor at the electrode surface successfully 

for biosensors (24, 28, 46). Using membranes in a catalytic reactor is not ideal, though, because 

the membrane would have to be selective to allow reactant and product to diffuse while 

preventing cofactor and enzyme from diffusing, and the membrane can reduce mass transfer 

rates (34).  Covalent attachment of the cofactor to an electrode is more promising for catalytic 

use because it is adaptable to high surface area electrodes and the immobilization process allows 

the addition of a linker molecule that can reduce steric hindrance between the enzyme and the 

surface to which NAD is bound.  

 

1.8.1 Modification of NAD’s N
1
 and N

6
-amines 

Covalent modification of NAD was studied heavily in the 1970s and 1980s (9, 37). Some of the 

earliest NAD immobilizations involved directly coupling NAD to a carboxyl-containing polymer 

matrix using a carbodiimide coupler (26) or directly coupling NAD to CNBr-activated agarose 
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(38). The first well-characterized NAD
+
 analogue was synthesized by Lindberg et al. (33). The 

authors alkylated NAD
+
 with iodoacetic acid to form N

1
-carboxymethyl-NAD

+
, which then 

rearranges to N
6
-CM-NAD

+
 under alkaline conditions (Figure 1.5). N

1
-CM-NAD

+
 was reported 

to have a broad-shouldered absorbance maximum at 259 nm. N
6
-CM-NAD

+
 was reported to 

have an absorbance maximum at 266 nm, as opposed to a shoulderless absorbance maximum at 

260 nm for NAD
+
. N

6
-CM-NAD

+
 was also coupled to 1,6-diaminohexane using a carbodiimide-

coupling reagent giving NAD
+
-N

6
-[N-(6-aminohexyl)-acetamide] while maintaining the 

absorbance maximum at 266 nm. The NAD
+
-N

6
-[N-(6-aminohexyl)-acetamide] was then 

immobilized by reacting with CNBr-activated sepharose. The sepharose-bound NAD
+
 was 

stable, retaining activity as a functioning cofactor and affinity chromatography matrix for several 

months. When tested in enzyme assays with three dehydrogenases (horse liver ADH, beef heart 

type III lactate dehydrogenase, and pig heart malate dehydrogenase), N
6
-CM-NAD

+
 showed 55-

75% of activity as compared to native NAD
+
, while the NAD

+
-N

6
-[N-(6-aminohexyl)-acetamide] 

analogue showed 50-100% activity as compared to native NAD
+
. Enzyme activity with the 

sepharose-bound cofactor was also tested with a three-enzyme system where malate 

dehydrogenase converted malate to oxaloacetate, citrate synthase converted oxaloacetate to 

citrate, and lactate dehydrogenase recycled the cofactor. The reaction rate increased after the 

addition of the cofactor recycling enzyme. As an affinity chromatography matrix, sepharose-

bound NAD
+
 was able to bind ADH and lactate dehydrogenase, while bovine serum albumin 

passed through the column (33). 
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Figure 1.5: NAD
+
 structure. The N

6
-amine, phosphate backbone, and cis diols are possible 

immobilization points. 

 

Building on the early work by Lindberg et al. (33), NAD was modified at the N
1
-amine by 

various reactive species (i.e., iodoacetic acid, aziridine, propionolactone, and epoxides), creating 

a terminal carboxyl, amino, or vinyl group that could be used for immobilization (37). The N
1
-

modified NAD could then be immobilized, or rearranged into N
6
-modified NAD via alkaline 

Dimroth rearrangement. One disadvantage of using the N
1
-modified analogue is that it is 

unstable at basic pH, because the Dimroth rearrangement will take place slowly under mild 

alkaline conditions. The stability is low enough that, when the alkylation reaction is performed 

over fifteen days at pH 9.0, the main product is the N
6
-derivative instead of the N

1
-derivative 

formed at pH 6.5 (44). Recently, a mixture of chitosan-immobilized N
1
-CM-NAD and chitosan-

immobilized glucose dehydrogenase in a water solution of carbon nanotubes was dried on an 

electrode and used as a glucose biosensor (76). The addition of a Nafion membrane over the 

sensor increased the sensitivity and current density, giving a sensitivity of 1.8 mA M
-1

 cm
-2

 with 
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a linear range of 0.02-2.0 mM. The Nafion-modified electrodes were quite stable, maintaining 

100% of activity over 24 hours and 64% of activity after storage for 1.5 months (76). 

Another way to modify the N
6
-position is to use an NAD derivative containing a 6-chloro- 

or 6-mercapto-modified adenine and use nucleophilic substitution by an amine-containing 

compound (37). This approach is not ideal, however, because it requires starting with an NAD 

analogue. Direct acylation of the N
6
-amine is also possible, but the acylated derivative is poorly 

stable above pH 7 (72). NAD derivatives modified at the C
8
 of the adenine ring have also been 

synthesized, but they generally have lower coenzymic activity than the N
1
 or N

6
 derivatives (37). 

The N
6
-amine group on NAD(H) is a promising candidate for linkage, as it can be modified to 

have a terminal carboxyl group (33, 39). NAD(P)’s N
6
 amine has been used to attach large 

molecules like poly(ethylene glycol) (PEG) to NAD to facilitate NAD reuse and removal from 

an enzymatic reaction (20, 43).  

Recently, NAD has also been immobilized onto silica nanoparticles using the bifunctional 

linker glycidoxypropyltrimethoxysilane in which the epoxide is able to alkylate NAD at the N
1
-

amine and the silane group can be attached to silica (34). Nanoparticle-bound cofactor, 

nanoparticle-bound bovine glutamate dehydrogenase, and nanoparticle-bound rabbit lactate 

dehydrogenase were prepared by amine reaction with the epoxide-modified nanoparticles. A 

mixture of all three types of nanoparticles allowed the two enzymes to recycle the cofactor, while 

Brownian motion allowed the cofactor to be transferred between the two kinds of enzyme-

particles. A similar method was used to immobilize NAD through its N
6
-amine into a sol-gel-

based biosensor (66). In this case, a diaphorase and ferrocene mediator were used to 

electrochemically sense and regenerate the cofactor on the electrode, in the presence of a co-

immobilized dehydrogenase. The epoxide of glycidoxypropyltrimethoxysilane was used to 
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modify NAD at the N
6
-amine and the silane was covalently incorporated into the sol-gel matrix. 

This biosensor assembly worked for D-sorbitol dehydrogenase, D-glucose dehydrogenase, and L-

lactate dehydrogenase. Polyethyleneimine was added to stabilize the diaphorase and sorbitol 

dehydrogenase, and ferrocene was immobilized to the polyethyleneimine (66).  

 

1.8.2 Immobilized NAD in affinity chromatography 

N
6
-immobilized NAD has been thoroughly studied for affinity chromatography using a 

kinetic locking-on strategy (13, 41, 42, 62). In this strategy, NAD is immobilized on a resin and 

NAD-dependent enzymes can be “locked on” to the NAD-resin in the presence of a competitive 

inhibitor, typically a substrate analogue.Thus, if NAD
+
 is used, a non-reactive oxidized substrate 

analogue will also be used (41). This approach helps the enzyme form a ternary enzyme-

substrate-cofactor complex but no reaction takes place, holding the enzyme onto the NAD-resin. 

A variety of NAD immobilization methods have been tested for this purpose, including 8’-azo, 

N
6
, S

6
, N

1
, and linkages to NAD’s phosphate backbone (13). Enzyme retention was the strongest 

for five of the six dehydrogenases tested when N
6
-immobilized NAD was used as part of the 

affinity matrix compared to the other linkages (13). The one enzyme that did not follow this 

pattern was bovine glutamate dehydrogenase, which showed strong binding to the S
6
- and 8’-

azo-linked NAD but not to NAD bound through the N
6
-amine.  All of the linkages for 

immobilizing NAD showed some ability to be used for affinity chromatography. The N
6
 linkage 

showed higher NAD loading and higher levels of enzyme redox-active NAD (up to 2.1 µmol/g 

wet sepharose resin) (13), indicating that N
6
 linkages are the best. Because of the apparent broad 

acceptance for binding of N
6
-immobilized NAD by dehydrogenases, immobilization of NAD 

through the N
6
-amine was selected for this project.  
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1.8.3 Direct coupling of NAD 

An alternative method of immobilizing NAD involves direct coupling of NAD to a 

carboxy-terminating spacer arm (42). This method results in NAD immobilized primarily 

through its phosphate groups, but because adenine can be directly coupled to carboxy-sepharose, 

some immobilization likely takes place through the N
6
-amine as well (42). To elucidate the point 

of attachment, NAD, NADP, adenine, and inosine were immobilized by direct coupling in 

different conditions (42). When coupled in pyridine using dicyclohexylcarbodiimide, 

immobilization appeared to occur at the ribosyl hydroxyls, but coupling in water at pH 4.8 using 

EDC seemed to take place through NAD’s pyrophosphate backbone or NADP’s phosphate. In 

water at pH 4.8, inosine could not be coupled directly, indicating that the ribosyl moiety is not 

involved in immobilization. Adenine could be coupled directly in water at pH 4.8, with an 

observed absorbance maximum shift from 260 nm to 230 nm. In affinity chromatography, 

phenylalanine dehydrogenase did not bind to directly immobilized NAD, but it could bind to N
6
-

immobilized NAD, indicating a different mode of attachment. The absorption maximum of 

directly coupled NAD shifted to around 245 nm, indicating that some coupling took place 

through the adenine ring (42).  

Although simple to prepare, directly coupled cofactors were somewhat unstable, losing 

between 30-70% of coupled NAD over a 1 month time and the absorbance maximum slowly 

shifted from 245 nm to 260 nm over a 3 month time (42). The amount of enzyme bound to the 

affinity chromatography matrix was generally lower with directly coupled NAD than with N
6
-

immobilized NAD. The lower stability and potential mixture of immobilized products would 

make it difficult to characterize directly coupled NAD-modified electrodes. Direct coupling also 

yields lower levels of accessible NAD than linking to N
6
-CM-NAD (13, 42).  However, it could 
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be useful because it eliminates the need to synthesize and purify N
6
-CM-NAD, simplifying the 

linkage synthesis process. In addition, the lower NAD loading may not affect our electrode 

system because enzyme loading might be the limiting factor for catalytic rate, since the enzyme 

is substantially larger than NAD. 

 

1.9 ENZYME IMMOBILIZATION 

Enzymes can be immobilized through adsorption, covalent binding, affinity 

immobilization, and entrapment (12). Generally, immobilized enzymes maintain activity and are 

more stable. Immobilization can increase storage stability, thermostability, and stability in 

organic solvents, and reduce proteolysis, aggregation, and product inhibition (12, 51). Some of 

the support matrices used for enzyme immobilization include chitosan, collagen, carrageenan, 

gelatin, cellulose, starch, pectin, sepharose, and other synthetic polymers and inorganic support 

materials (12). Enzyme adsorption includes both liquid adsorption and drying an enzyme 

solution on a matrix. Adsorption of enzymes results from salt bridges, hydrophobic interactions 

and hydrogen bonds depending on the matrix used (12). Although generally, adsorbed enzymes 

slowly leach from the matrix, the interaction can be irreversible if the right matrix is used. Fibers 

with good water holding capacity work well for adsorbing enzymes (12). Covalent 

immobilization involves using a matrix with reactive groups that can react with protein side 

chains such as Lys and Glu (12). Often a matrix is modified by a reactive species followed by the 

addition of enzyme. A variety of linking agents have been used, but glutaraldehyde is often used 

because it can bind the enzyme to the matrix and stabilize the enzyme by forming crosslinks 

(12). Enzymes can be immobilized by entrapping them in gels, fibers, or under membranes (12). 

Entrapped enzymes are physically held in the matrix by the structure of the matrix. Enzymes 
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entrapped in gels and fibers often leach out of the matrix, but selecting different support 

materials has somewhat alleviated these problems (12). Affinity immobilization results from the 

enzyme having affinity for the support matrix (12). The matrix can be modified to carry an 

enzyme ligand, or the enzyme can be modified to have affinity to the matrix. An example would 

be adding streptavidin to an enzyme and attaching biotin to the matrix or vice versa.  

 

1.9.1 Immobilization of glycerol dehydrogenase 

The glycerol dehydrogenases from Geobacillus stearothermophilus, citrobacter braakii, 

and cellulomonas sp have recently been covalently immobilized on agarose (51). Agarose 

activated by CNBr, agarose activated with glyoxyl groups, and agarose with a combination of 

glyoxal and amine groups were tested. Immobilization was tested in two buffers (sodium 

bicarbonate and CAPS) and with two additives (glycerol and PEG600). GlyDH immobilized on 

the CNBr-activated agarose gave higher activity levels (42-65%) than on glyoxyl-modified 

agarose (5-29%). The addition of glycerol or PEG to the glyoxal immobilization reaction 

increased activity, but glycerol hampered the glyoxal chemistry. The half-life of the immobilized 

enzymes increased up to 4 times. Of the three enzymes tested, G. stearothermophilus GlyDH 

was the least stable in soluble form, but was the most stable after immobilization, retaining 100% 

of its activity after 18 hours at 65°C (51).  

In our reactor system, we foresee that the cofactor will be covalently immobilized on the 

electrode first, followed by binding the enzyme to the immobilized cofactor by affinity. Then 

glutaraldehyde fixation can be used to covalently attach and stabilize the enzyme. 

Glutaraldehyde has been shown to immobilize other dehydrogenases while maintaining their 

activity and increasing their stability (15, 36).   
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1.10 INTRODUCTION TO PROJECT 

A large part of my project has been the characterization of TmGlyDH. Although 

TmGlyDH had been previously crystallized, the enzyme had not been kinetically characterized. 

In Chapter 2, I describe the characterization of TmGlyDH and demonstrate that the enzyme was 

able to use N
6
-immobilized NAD. Kinetic characterization is important for determining what 

conditions are suitable for a bioelectronic reactor, and the enzymes kinetic data can be compared 

to electrochemical rates. Another part of my project was to immobilize NAD while maintaining 

its coenzymic activity (Chapter 2). Although a bioelectronic interface had been previously set up 

in the Worden laboratory, NAD was immobilized onto a boronate linker through its cis-diols, 

which—as I described earlier—is unstable in the presence of other cis-diols. I chose a different 

method (modifying NAD at the N
6
-amine) of immobilizing NAD and then ensured that the 

enzyme maintained activity with the immobilized NAD. In Chapter 3, I describe testing several 

different dehydrogenases with the immobilized NAD to show that N
6
-immobilized NAD in an 

electrochemical system will likely be usable for many other dehydrogenases; I also check if the 

structure of the enzymes’ binding pocket can predict activity with the immobilized cofactor. In 

Chapter 4, I describe how TmGlyDH is inactivated by its product (DHA), and engineer the 

enzyme for higher stability in the presence of DHA. In Chapter 5, I discuss the suitability of 

using TmGlyDH in a bioelectronic system, the suitability of N
6
-immobilized NAD, and 

recommended future work on the project. 
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CHAPTER 2. Characterization of Thermotoga maritima glycerol dehydrogenase for use in the 

production of dihydroxyacetone in a bioelectronics system 
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2.1 ABSTRACT 

NAD-dependent Thermotoga maritima glycerol dehydrogenase (TmGlyDH) converts 

glycerol into dihydroxyacetone (DHA), a valuable synthetic precursor and sunless tanning agent. 

In this work, recombinant TmGlyDH was characterized to determine if it can be used to catalyze 

DHA production. The pH optima for glycerol oxidation and DHA reduction at 50°C were 7.9 

and 6.0, respectively. Under the conditions tested, TmGlyDH had a linear Arrhenius plot up to 

80°C. TmGlyDH was more thermostable than other glycerol dehydrogenases, remaining over 

50% active after 7 h at 50°C. TmGlyDH was active on racemic 1,2-propanediol, and produced 

(R)-1,2-propanediol from hydroxyacetone with an enantiomeric excess above 99%, suggesting 

that TmGlyDH can also be used for chiral synthesis. (R)-1,2-propanediol production from 

hydroxyacetone was demonstrated for the first time in a one-enzyme cycling reaction using 

glycerol as the second substrate. Negative cooperativity was observed with glycerol and DHA, 

but not with the cofactor. Apparent kinetic parameters for glycerol, DHA, and NAD(H) were 

determined over a broad pH range. TmGlyDH showed little activity with N
6
-carboxymethyl-

NAD
+
 (N

6
-CM-NAD), an NAD

+
 analog modified for easy immobilization to amino groups, but 

the double mutation V44A/K157G increased catalytic efficiency with N
6
-CM-NAD

+
 ten-fold. 

Finally we showed for the first time that a GlyDH is active with immobilized N
6
-CM-NAD

+
, 

suggesting that N
6
-CM-NAD

+
 can be immobilized on an electrode to allow TmGlyDH activity in 

a system that reoxidizes the cofactor electrocatalytically. 

 

2.1 INTRODUCTION 

Dehydrogenases catalyze redox reactions that reversibly transfer an electron pair and a 

proton from a cofactor such as NADH to the substrate (42). These enzymes have potential as 
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catalysts for the production of many different compounds including chiral molecules and 

pharmaceutical precursors (40, 42). However, the fact that the cofactor must be supplied in 

stoichiometric amounts to the reaction or be regenerated (40, 42) strongly limits current 

applications of these enzymes. Several cofactor regeneration methods have been used to drive 

dehydrogenase-based reactions including using another enzyme reaction and a second substrate 

(40). The high cost associated with supplying a second substrate and enzyme has limited the use 

of dehydrogenases to the production of high-value specialty products. Electrochemical 

regeneration promises to be a low-cost NAD(H) regeneration method allowing broader use of 

dehydrogenases. In the past, electrochemical regeneration has been limited by the high 

overpotentials (1.09 V vs. reversible hydrogen electrode) required for activity, which results in 

side reactions and electrode fouling (20). Recently polyazines have been electropolymerized onto 

carbon nanotube-modified electrodes, reducing the overpotential required down to ca 28 mV vs 

SHE while increasing NADH oxidation activity, thus providing a lower cost NAD
+
 regeneration 

method (20).  

The next step in the development of a bioelectrocatalytic reactor is to select a useful 

enzyme and immobilize the enzyme and cofactor onto an electrode. Glycerol dehydrogenase 

(GlyDH, EC 1.1.1.6), which interconverts glycerol and dihydroxyacetone (DHA) using NAD(H) 

as the cofactor, could be a good enzyme for this purpose (Figure 2.1).  

 

Figure 2.1: TmGlyDH interconverts glycerol and DHA with the NAD(H) cofactor. 
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DHA is the only FDA-approved active ingredient used in sunless tanning creams (17), 

and it is used as a precursor to many valuable products (14). For example, DHA can be used to 

produce 1,2-propylene glycol, which is used in antifreeze and brake fluids, and to produce 

polyurethanes and polypropylene glycols (12). It is a precursor of anti-ulcer, antihypertensive, 

anti-inflammatory, analgesic (30), anti-ischemic, and α-2-adrenergic receptor agonist drugs (9). 

Many optically active epoxide-based drugs (44), pesticides (37), and sweeteners (3) also use 

DHA as a precursor.  

DHA is currently produced by Gluconobacter oxidans grown on glycerol in a large 

stirred tank (14). Glycerol oxidation to DHA requires large quantities of oxygen, so high aeration 

levels must be maintained using oxygen-enriched air (14). An industrial strain of G. oxidans 

optimized to overcome DHA inhibition produced DHA at a rate of 3.6 g L
-1

 h
-1

 with 85% yield 

in a two-step fed-batch process (2). G. oxidans has been further optimized to produce DHA with 

a 96% yield at a rate ranging from 12 g L
-1

 h
-1

 (at 100 g/L glycerol) to 9.5 g L
-1

 h
-1

 (at 140 g/L 

glycerol). Productivity based on cell dry weight increased by 140% (21). Although optimization 

of the DHA production process has increased yields and production rates, the cost of DHA 

remains relatively high because of the fed-batch process, high aeration levels required, and 

downstream purification costs. An enzymatic catalytic system promises to be a good alternative 

to bacterial DHA production.  

Escherichia coli GlyDH was recently characterized. DHA reduction activity was 

optimum at pH 8.0, while glycerol oxidation activity was optimum at pH 11 (31). The enzyme 

was fairly stable for a mesophilic enzyme, maintaining 100% glycerol oxidation activity after a 

60-min incubation at pH 8.0 and 60°C, but it lost over 95% of its glycerol oxidation activity at 

pH 10.3, its optimum pH for glycerol oxidation. At pH 8.0, its glycerol oxidation activity was 
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also only about 10% of its maximum activity at pH 10.3. The lack of stability of E. coli GlyDH 

precludes its use in a biocatalytic system, and an enzyme is needed that is stable in conditions 

optimum for glycerol oxidation activity.   

Enzymes originating from (hyper)thermophilic microbes are not only thermostable, but 

they often show increased resistance to other conditions such as high pressure, high salt 

concentrations, and high solvent concentrations (6, 32). Thus, they are likely to be more stable 

than enzymes from mesophiles in conditions required for biocatalysis. Thermostable 

dehydrogenases are being investigated to reduce costs associated with dehydrogenase-based 

catalysis and to optimize reaction conditions for industrial applications. Part of the cost reduction 

associated with thermostable enzymes comes from simple purification of overexpressed proteins 

via heat treatment (34). Thermostable enzymes typically have long shelf lives. They also allow 

higher operational temperatures for enzymatic processes than mesophilic enzymes do, thus 

reducing mass transfer limitations, reducing viscosity, increasing substrate and product 

solubility, and reducing the risk of microbial contamination (6, 39). Here we characterize the 

GlyDH from the hyperthermophilic bacterium Thermotoga maritima (TmGlyDH). Our rationale 

was that TmGlyDH should be more thermostable than the corresponding E. coli enzyme, 

allowing longer electrode life and higher operating temperatures. TmGlyDH was previously 

cloned, expressed, and crystallized, but only the zinc content of the enzyme and the specific 

activity of the enzyme for glycerol oxidation at pH 8.6 were reported (4, 36). Our studies aim to 

determine TmGlyDH’s potential as a catalyst for DHA production. In this chapter, forward 

reaction refers to glycerol oxidation and reverse reaction refers to DHA reduction. 
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2.3 MATERIALS AND METHODS 

2.3.1 Chemicals, bacterial strains, and culture conditions 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), unless stated 

otherwise. T. maritima strain MSB8 (ATCC 43589) was grown as described (34) and was the 

source of genomic DNA to clone gldA. E. coli strains DH5 (Invitrogen, Grand Island, NY), 

BL21(DE3) (EMD chemicals, Gibbstown, NJ), and XL2 Blue (Stratagene, La Jolla, CA) were 

used as cloning and plasmid propagation host, protein expression host, and transformation host 

after mutagenesis, respectively. E. coli strains were routinely grown in lysogeny broth (LB) in 

the presence of 25 g/ml kanamycin when needed for plasmid maintenance. 

 

2.3.2 Cloning of the gene encoding TmGlyDH 

T. maritima's genomic DNA was extracted as described (34). The TmGlyDH-encoding 

gene, gldA, was amplified from T. maritima genomic DNA using primers gldAfor and gldArev 

(Table S2.1). The PCR product was cloned into the pCR2.1-TOPO vector (TOPO TA Cloning 

Kit, Invitrogen), sequenced, and subcloned into the NdeI and XhoI restriction sites of pET24a(+) 

(Novagen, Madison, WI), yielding plasmid pTmGlyDH. From this construct, TmGlyDH is 

expressed with a C-terminal His6 tag. DNA manipulations followed standard protocols (1). 

 

2.3.3 Expression and purification of TmGlyDH 

TmGlyDH was purified from a 1-L culture of BL21(DE3)(pTmGlyDH). At an OD600 of 

0.8, the culture was induced with 1.2 mM isopropyl-β-D-thiogalactopyranoside. After 4 h 

induction the cells were harvested by centrifugation (4,500  g, 20 min) and stored at -80°C. The 
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pellet was resuspended in 40 mL of wash buffer (50 mM sodium phosphate buffer [pH 8.0], 0.5 

M NaCl) containing 60 mg lysozyme, 1,000 units DNase I, and 1,000 units RNase, and 

incubated for 1 h at 25°C. The cells were sonicated on ice for six 10-s bursts on high power 

using a microtip (50% duty cycle, output control 4.5, Branson Sonifier 450). The cell debris were 

removed by centrifuging at 15,000  g for 30 min. Non-thermostable proteins were removed by a 

20-min heat treatment at 85°C followed by cooling on ice and centrifugation at 15,000  g for 30 

min. The lysate was added to a 7-mL nickel nitriloacetic acid agarose (Ni-NTA, Qiagen, 

Valencia, CA) column equilibrated with wash buffer. Unbound proteins were eluted with 20 

column volumes (CV) of wash buffer followed by 10 CV of wash buffer containing 20 mM 

imidazole and 10 CV of wash buffer. TmGlyDH was eluted in nine 10-mL fractions with wash 

buffer containing 250 mM imidazole. The purified protein was concentrated by ultrafiltration 

and dialyzed 3 times against 20 mM Tris-HCl (pH 8.0) containing 250 mM NaCl and 5 mM β-

mercaptoethanol. Because the enzyme lost over 90% of its activity after dialysis into Tris buffer 

as compared to the eluted protein in wash buffer containing 250 mM imidazole, the enzyme was 

dialyzed three times against 50 mM sodium phosphate buffer (pH 8.0) containing 250 mM NaCl. 

Protein concentrations were determined using the Bio-Rad protein assay kit (Bio-Rad, 

Richmond, CA), with bovine serum albumin as the standard. 

 

2.3.4 TmGlyDH activity assays 

All activity assays were performed in triplicate in 1-mL volumes in a Varian Cary 300 

UV/Vis spectrophotometer (Palo Alto, CA) equipped with a Peltier heating system. Standard 

glycerol oxidation assays were performed at 80°C with 100 mM buffer (either phosphate or 2-

[cyclohexylamino]ethanesulfonic acid [CHES]) adjusted to the desired pH, 678 mM glycerol, 



42 

 

500 μM NAD
+

, and 6.7 g TmGlyDH. Activity assays with alternative substrates were 

performed in 50 mM phosphate buffer (pH 7.4) containing 300 μM NAD
+
, 33.5 g enzyme, and 

500 mM glycerol, 1,2-propanediol, 1,2-butanediol, ethylene glycol, isopropanol, 1,3-

propanediol, 1-propanol, or glycolic acid. For all assays, water, buffer, and substrate were heated 

in the cuvette at 80°C for 15 min, the cofactor was added, and the initial absorbance was 

monitored at 340 nm for 20 s. The reaction was started by adding 10 μL enzyme. The reaction 

was monitored for 20 s, and initial velocity was calculated using the initial linear portion of the 

slope. The extinction coefficient for NADH (6,220 M
-1

 cm
-1

 at 340 nm) was used to calculate 

activity. 

The effect of temperature on TmGlyDH kinetic stability was determined by incubating 

6.7 g TmGlyDH  in 50 mM phosphate buffer (pH 7.4) for increasing amounts of time at 50°C 

and 80°C, and measuring the remaining activity at 50°C by adding 200 mM DHA and 300 μM 

NADH. The samples heated at 80°C were cooled on ice for at least 30 min, then preheated at 

50°C for 15 min before measuring remaining activity at 50°C. The effect of DHA on TmGlyDH 

stability was measured similarly by adding 200 mM DHA to the incubation solution. The effect 

of temperature on activity was determined by measuring TmGlyDH activity at temperatures 

ranging from 30°C to 90°C with 200 mM DHA, 200 μM NADH, and 3.35 g TmGlyDH.  The 

effect of KCl and NH4Cl on DHA reduction was measured at 50°C by adding increasing 

concentrations of KCl or 100 mM NH4Cl to the assay mixture. The effect of KCl and NH4Cl on 

glycerol oxidation was measured by adding 100 mM of either salt to the assay mixture.  
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2.3.5 Determination of TmGlyDH’s apparent kinetic parameters 

Apparent kinetics of TmGlyDH for NAD
+
 were measured at 50°C to provide kinetic data 

at a temperature likely to be used to operate a bioelectronic reactor. Reaction mixtures contained 

50 mM phosphate buffer (pH 6.0‒7.9), 678 mM glycerol, 3.35 g TmGlyDH, and 5 µM to 300 

µM NAD
+
. Apparent kinetics of TmGlyDH for NADH were measured as described for NAD

+
, 

except that 200 mM DHA and 5 µM to 200 µM NADH were substituted for glycerol and NAD
+
, 

respectively, and that 50 mM phosphate (pH 6.0-7.9) or CHES buffer (pH 8.0-9.0) was used. 

TmGlyDH’s apparent kinetic parameters for DHA were measured with 50 mM phosphate or 

CHES buffer, 200 µM NADH, 3.35 g TmGlyDH, and 0.05 mM to 300 mM DHA. TmGlyDH 

apparent kinetic parameters for glycerol were measured with 50 mM phosphate or CHES buffer, 

300 µM NAD
+
, 3.35 g TmGlyDH, and 10 mM to 810 mM glycerol. Apparent kinetic 

parameters for NAD
+
 and NADH were calculated using a non-linear fit of the Michaelis-Menten 

equation in Origin 8.0 (Originlab, Northampton, MA). Apparent kinetic parameters for DHA and 

glycerol were calculated using a non-linear fit to the Hill equation (equation 2.1). The Hill 

equation adequately describes cooperative kinetics, and it allows the determination of Vmax and 

K0.5. (K0.5 is similar to the Km, expressing the concentration of substrate required to produce half 

of the Vmax.) The Hill coefficient, n, describes the degree of cooperativity. A value of n above 1 

indicates positive cooperativity, whereas n below 1 indicates negative cooperativity. Michaelis-

Menten kinetics apply when n=1 (8). Apparent kinetics of TmGlyDH for N
6
-carboxymethyl-

NAD
+
 (N

6
-CM-NAD

+
) were measured with 50 mM phosphate buffer (pH 7.4), 810 mM 

glycerol, 33.5 μg TmGlyDH, and 40 μM to 2,000 µM N
6
-CM-NAD

+
. 
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Eq. 2.1 

𝑉 =
𝑉𝑚𝑎𝑥 ∗ (𝑆)𝑛

𝐾0.5
𝑛 + (𝑆)𝑛

 

 

2.3.6 N
6
-CM-NAD

+
 synthesis and purification 

N
6
-CM-NAD

+
 was synthesized from 1 g NAD

+
 as described (11, 22) with the following 

modifications: (i) N
1
-CM-NAD

+
 was filtered on Whatman #1 filter paper and washed twice each 

time with cold acetone and ether; (ii) in the N
1
-CM-NAD

+
 reduction step, the solution was 

deaerated with N2 gas for 5 min instead of 2 min; and (iii) precipitated N
6
-CM-NAD

+
 was 

washed twice each with cold acetone and ether. N
1
-CM-NAD

+
 was found to be unstable when 

stored dissolved in water. Molar yield and molecular weight were calculated using the extinction 

coefficient 19,000 M
-1

 cm
-1

 (22) for N
6
-CM-NAD

+
 and the measured mass.  

N
6
-CM-NAD

+
 was dissolved in water and one third of the volume was loaded onto a 

Dowex 1X2 Cl-form column (2.5 cm  35 cm) that had been washed with 2 CV of 3 M HCl 

followed by deionized water until the pH was above 4.0. The column loaded with N
6
-CM-NAD

+
 

was washed with 2 CV of H2O, and then 2 CV of 5 mM CaCl2 (pH 2.7). N
6
-CM-NAD

+
 was 

eluted with a linear 5 mM (pH 2.7) to 100 mM (pH 2.0) CaCl2 gradient over 13 CV. The 

fractions containing N
6
-CM-NAD

+
 as measured by OD266 were lyophilized, dissolved in a 

minimum amount of H2O, desalted in 2-mL batches on a sephadex G10 column (2.5 cm  23 

cm), lyophilized again, and stored at -20°C. 
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2.3.7 Site-directed mutagenesis of TmGlyDH 

 Point mutations were introduced in T. maritima gldA with plasmid pTmGlyDH as the 

template using the QuikChange® (Stratagene, La Jolla, CA) protocol. Single mutations V44A, 

I154A, K157N, and K157G as well as double mutations I154A/K157N, V44A/K157G, 

V44A/K157N, V44A/I154A, and I154A/K157G, plus the triple mutation V44A/I154A/K157G 

were created with the primers listed in Table S2.1. PCR reactions were transformed into 

electrocompetent XL2 Blue. Mutated genes were sequenced, and the mutated plasmids were 

transformed into BL21(DE3) for protein expression as described above.  

 

2.3.8 Determination of 1,2-propanediol enantiomeric excess 

Twenty mM hydroxyacetone was converted to (R)-1,2-propanediol at 50°C with NADH 

recycling in a 10-mL reaction containing 50 mM phosphate buffer (pH 7.4), 600 mM glycerol, 

200 μM NADH, and 0.0153 mg/mL TmGlyDH. A 20 mM racemic mixture of (R) and (S) 1,2-

propanediol was resolved by removing (R)-1,2-propanediol with NAD
+
 recycling at 50°C in a 

10-mL reaction containing 400 mM DHA, 50 mM phosphate buffer (pH 7.4), 200 μM NADH, 

and 0.0153 mg/mL TmGlyDH. Reaction samples were diluted 1:10 in acetonitrile, incubated on 

ice for 20 min, centrifuged at 15,000  g for 10 min, and analyzed using an Agilent GC-MS 

(6890N GC coupled to a 5973 Inert Mass Selective Detector) equipped with a CP-Chirasil-Dex 

CB column (25 m, 0.25 mm inner diameter) as described (43). The enantiomeric excess (ee) was 

calculated using the peak areas of the enantiomers. If no peak was observed, the amount present 

was assumed to be equal to the limit of detection for the GC-MS, which was determined as 

described (41).  
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2.3.9 DHA stability assays 

DHA stability was assayed in 50 mM phosphate buffer at 50°C for up to 6 h at pH 6.4, 

7.4, and 7.9. Samples collected every 90 min were analyzed on a Breeze high-performance liquid 

chromatograph (HPLC, Waters, Milford, MA) equipped with an Aminex-87C carbohydrate 

analysis column (Bio-Rad, Hercules, CA). The molecules were separated at 80°C using water as 

the mobile phase. DHA and glyceraldehyde were detected with a Waters 2478 Dual λ 

Absorbance UV detector at 210 nm. 

 

2.3.10 Activity assays with N
6
-CM-NAD

+
 immobilized on Sepharose beads 

 N
6
-CM-NAD

+
 was immobilized on cyanogen bromide-activated Sepharose 4b as 

described (38) using bis(3-aminopropyl)amine (B3APA) as the linker, yielding NAD-CM-

B3APA-Sepharose. B3APA loading on the Sepharose was quantified using 2,4,6-trinitrobenzene 

sulfonic acid using the G-Biosciences protocol (Cat # BC86). N
6
-CM-NAD

+
 binding to B3APA-

Sepharose was quantified by phosphorus analysis after digestion with H2SO4 and H2O2 (26).  

The enzyme cycling reaction was performed in 50 mM sodium phosphate (pH 7.4) containing 

200 mM glycerol, 100 mM hydroxyacetone, 37‒41 mg wet NAD-CM-B3APA-Sepharose, and 

0.345 mg TmGlyDH  in 10-mL. Ethylene diamine (ED) and diethylene triamine (DETA) were 

also used as linkers following the above protocols. The amounts of NAD-ED-Sepharose and 

NAD-DETA-Sepharose used in cycling reactions were calculated to give the same NAD 

concentration as that present in the NAD-B3APA-Sepharose reactions. DHA and 1,2-

propanediol produced were quantified by GC-MS as described above. Glycerol and 

hydroxyacetone consumed were quantified on a HPLC as described above except that analytes 

were detected with a Waters 410 refractive index detector.  
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2.4 RESULTS 

2.4.1 Expression, purification, and characterization of TmGlyDH 

TmGlyDH purified using a Tris buffer system gave high yields of pure enzyme (72 

mg/L) with very low glycerol oxidation activity (3 ± 2 µmol min
-1

 mg
-1

 at 80°C, pH 7.9), 

compared to the enzyme assayed in N-(2-hydroxyethyl)piperazine-N-(3-propanesulfonic acid) 

(96 µmol min
-1

 mg
-1

 at pH 8.6) (36). Dialyzing TmGlyDH against phosphate buffer increased 

activity to 45 ± 4 µmol min
-1

 mg
-1

 at 80°C (pH 7.9). TmGlyDH inhibition by Tris was likely due 

to the structural similarity of Tris to glycerol. Tris is a four-carbon molecule with a primary 

amine on the second carbon. Its three alcohol groups (Figure S2.1) make its structure look very 

similar to that of glycerol and likely allow it to act as a competitive inhibitor of GlyDH. Bicine 

and glycine buffers also inhibited enzyme activity (Table S2.2). GlyDH from 

Schizosaccharomyces pombe is also reported to be inhibited by Tris (24). TmGlyDH showed 45 

± 2 µmol min
-1

 mg
-1

 glycerol oxidation activity (80°C, pH 7.4) when all purification steps were 

performed in phosphate buffer.  

Because GlyDHs from other organisms are activated by KCl and NH4Cl (24, 25, 27, 31), 

TmGlyDH activity in the presence of those salts was tested. DHA reduction activity was 

partially inhibited by KCl, with 60% activity retained in the presence of 40 mM KCl and 70% 

activity at KCl concentrations above 100 mM (Figure S2.2). DHA reduction activity was also 

inhibited by NH4Cl, decreasing by 27% in 100 mM NH4Cl. Glycerol oxidation activity increased 

by 39% and 18% in the presence of 100 mM NH4Cl and 100 mM KCl, respectively. In DHA 

reduction assays performed in the presence of NH4Cl, the background rate shifted from a 

negative slope due to autoxidation of NADH to a positive slope 3.4-fold higher in magnitude. A 

study of DHA stability found DHA to be more stable near neutral pH (pH 6.4 and 7.4) than at pH 
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7.9 (Figure S2.3). During these studies DHA degradation corresponded with an increase in 

absorbance at 280 nm with a broad shoulder overlapping 340 nm (not shown). The rate of OD280 

increase when 50 mM DHA was incubated in 50 mM phosphate buffer (pH 7.4) at 50°C was 3-

fold higher in the presence of 100 mM NH4Cl than in its absence (not shown). Thus, we 

concluded that NH4Cl likely increases the degradation rate of DHA. For this reason, no further 

studies with NH4Cl were performed because its presence would reduce DHA yields in a catalytic 

reactor.  

Table 2.1: TmGlyDH’s oxidizing activity on glycerol-related substrates at 80°C, pH 7.4. 
Results shown are the average ± standard deviation of three independent experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

While TmGlyDH exhibited significant activity on 1,2-propanediol and 1,2-butanediol, it 

was less active on ethylene glycol, and barely active to completely inactive on the other 

substrates tested (Table 2.1). Since enzymes typically are only active on one enantiomer of a 

racemate, batch reactions were set up to determine which 1,2-propanediol enantiomer is 

Substrate Specific activity  

(μmol min
-1

 mg
-1

) 

Activity  

(%) 

Glycerol 49 ± 2 100 

rac-1,2-propanediol 23 ± 1 47 

rac-1,2-butanediol 17 ± 3 35 

Ethylene glycol 3.5 ±  0.1 7 

Isopropanol 0.29 ± 0.05 0.6 

1,3-propanediol 0.22 ± 0.03 0.4 

1-propanol 0.0 0 
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preferred. TmGlyDH converted 20 mM hydroxyacetone to 5.9 ± 0.3 mM (R)-1,2-propanediol in 

180 min with ee greater than 99%. A 20 mM racemic mixture of (R and S) 1,2-propanediol was 

resolved leaving the (S)-1,2-propanediol with an ee of 46% after 360 min. 

2.4.2 Effect of temperature on TmGlyDH stability and activity 

TmGlyDH was stable when stored at -80°C, maintaining 97% of its activity after at least 

three months at -80°C. When incubated at 50°C, TmGlyDH linearly lost 42% of its activity over 

7 h (R
2
 = 0.9731, Figure 2.2). At 80°C, TmGlyDH inactivation appeared to follow bi-exponential 

decay (Figure 2.2). The enzyme lost 66% of its activity after 20 min and 80% of its activity after 

120 min. At 50°C TmGlyDH was initially more stable in the presence of DHA than in its 

absence, maintaining 100% activity over 120 min, but it quickly inactivated after 120 min, losing 

over 84% of its activity in the next 5 h (Figure 2.2). The effect of temperature on TmGlyDH’s 

DHA reduction activity is shown in Figure 2.3. The Arrhenius plot (Figure 2.3 inset) was linear 

between 30°C and 80°C (R
2 

= 0.999) with an apparent activation energy of 45.7 ± 0.7 kJ/mol. 
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Figure 2.2: Inactivation of TmGlyDH at 50°C (A) and 80°C (B). Open circles: inactivation in 

the absence of DHA; Closed circles and dashed lines: inactivation in the presence of 200 mM 

DHA. The linear regression is shown for TmGlyDH inactivation at 50°C in the absence of DHA, 

starting at 1 h. In panel B, the best fit for enzyme inactivation was to the biexponential decay 

equation y = 0.44e-0.0067x + 0.56e-0.133x, with R
2
 = 0.985. Results shown are the average ± 

standard deviation of three independent experiments. 

 

 

  



51 

 

Figure 2.3: Effect of temperature on TmGlyDH’s DHA reduction activity at pH 7.4. Inset: 

Arrhenius plot. Results shown are the average ± standard deviation of three independent 

experiments. 

 

 

2.4.3 TmGlyDH apparent kinetic parameters 

The Vmax of TmGlyDH was larger for NAD+ in the glycerol oxidation reaction than for 

NADH in the DHA reduction sequence at pH 7.9 (Table 2.2). The Km however, was 2–4 times 

higher for NAD
+
 than NADH at all pH values. The initial rate velocities of TmGlyDH for DHA 

and glycerol did not fit the Michaelis-Menten equation well (not shown). Because the crystal 

structure shows TmGlyDH to be a tetramer (36), and because the non-linear shapes of the 

Hofstee plots (Figure 2.4C and 2.4F) are characteristic of cooperative behavior, a cooperative 

model was used instead. The data fit the Hill equation well (Figure 2.4). The largest Vmax for 

DHA reduction was at pH 6.0, while that for glycerol oxidation was at pH 7.9 (Table 2.3). The 

apparent Vmax for glycerol oxidation was 1.8-fold higher than the apparent Vmax for DHA 

reduction at their respective pH optima. The K0.5 for glycerol was significantly higher than the 

K0.5 for DHA at all the pH values tested. At pH 7.9, the Vmax for DHA reduction was half the 
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Vmax for glycerol oxidation and the K0.5 for glycerol was twice the K0.5 for DHA (Table 2.3). 

Because an initial screen of apparent Vmax values vs pH for NAD
+
 indicated that the pH optimum 

was pH 7.4, all other experiments performed at a single pH value were performed at pH 7.4.  
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Table 2.2: Apparent kinetic parameters of TmGlyDH for NADH and NAD
+ 

at 50°C. 

pH 6.0
a
 6.4

a
 6.9

a
 7.4

a
 7.9

a
 8.5

b
 9.0

b
 

NADH        

Vmax (μmol min
-1

 mg
-1

) ND 11.3 ± 0.3 13.1 ± 0.5 12.2 ± 0.3 13.4 ± 0.6 11.9 ± 0.6 9.8 ± 0.3 

Km (μM) ND 14 ± 2 18 ± 2 17 ± 2 20 ± 3 41 ± 7 49 ± 4 

NAD
+
        

Vmax (μmol min
-1

 mg
-1

) 2.5 ± 0.3 4.1 ± 0.2 7.3 ± 0.3 11.4 ± 0.3 29.8 ± 0.9 6.5 ± 0.2 ND 

Km (μM) 80 ± 20 62 ± 10 59 ± 7 31 ± 3 51 ± 5 78 ± 7 ND 

a 
Phosphate buffer  

b 
CHES buffer 

ND: Not determined 
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Table 2.3: Apparent kinetic parameters of TmGlyDH for DHA and glycerol at 50°C based on the Hill equation (Eq. 1).  

pH 6.0
a
 6.4

a
 6.9

a
 7.4

a
 7.9

a
 8.5

b
 9.0

b
 

DHA        

Vmax (μmol min
-1

 mg
-1

) 13.4 ± 0.7 10.2 ± 0.4 9.7 ± 0.5 11.4 ± 0.8 11 ± 1 7.7 ± 0.9 7.4 ± 0.8 

K0.5 (mM) 30 ± 5 13 ± 2 12 ± 2 11 ± 3 19 ± 8 19 ± 9 12 ± 5 

n 0.81 ± 0.06 0.85 ± 0.08 0.71 ± 0.07 0.59 ± 0.07 0.55 ± 0.07 0.56 ± 0.08 0.7 ± 0.2 

Glycerol        

Vmax (μmol min
-1

 mg
-1

) 3.0  ± 0.8 7.7 ± 1.58 7.0 ± 1.9 10.8 ± 1.2 24.0 ± 1.4 6.0 ± 0.3 ND 

K0.5 (mM) 393 ± 250 611 ± 315 204 ± 161 51 ± 22 39 ± 7 87 ± 14 ND 

n 0.88 ± 0.16 0.76 ± 0.07 0.71 ± 0.14 0.58 ± 0.09 0.86 ± 0.13 0.63 ± 0.04 ND 

a 
Phosphate buffer  

b 
CHES buffer 
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Figure 2.4: TmGlyDH’s glycerol oxidizing activity (A, B and C) and DHA reducing activity 

(D, E and F) at 50°C, pH 7.4. (A and D) Initial velocity fitted to the Hill equation. (B and E) 

Residuals of curve fit in A and C. (C and F) Hofstee plots of v vs. v/[glycerol] (C) and of v vs. 

v/[DHA] (F). Data from triplicate experiments are shown in A, B, D, and E. Averages are shown 

in C and F. 

 

 

2.4.4 Introduction of NAD
+
 into the 3D structure of TmGlyDH 

In an electrochemical reactor the cofactor would ideally be bound to the surface of the 

electrode. N
6
, S

6
, 8’-Azo, and direct coupling are published methods for immobilizing NAD (11, 

22, 28, 29, 38). Direct coupling gives binding at a mixture of the phosphate backbone and the N
6
 

locations (29). The N
6
 position was selected because studies of affinity chromatography matrices 

demonstrated that N
6
-linked NAD could capture a wider variety of NAD-dependent enzymes 

than NAD immobilized using the other methods mentioned here (11). N
6
-CM-NAD

+
 can be 

linked to amino-terminal linker molecules attached onto an electrode surface through a simple 

procedure of amide bond formation, and several dehydrogenases have been shown to be active 

with N
6
-CM-NAD

+
 in solution (22). We introduced NAD

+
 into the 3D structure of TmGlyDH to 
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predict how active the enzyme would be with N
6
-CM-NAD

+
. The crystal structure of TmGlyDH 

does not contain NAD
+
 (4, 36). TmGlyDH shares 48% sequence identity (with 1% gaps) with 

BsGlyDH (protein sequences were aligned using Clustal Omega at 

http://www.ebi.ac.uk/Tools/msa/clustalo/) (13, 33), and the crystal structure of BsGlyDH is 

available in complex with NAD
+
. After superposing the two proteins structures in PyMol, the 

calculated RMSD for the backbone atoms was 1.03 Å. When the active site zinc and the 27 

amino acids with atoms within 4 Å of NAD were used to align the structures, the all-atom 

RMSD between the two active sites was 0.70 Å, indicating that the alignment was suitable for 

importing NAD
+
 into the TmGlyDH structure. Minimization of the TmGlyDHNAD complex 

further improved the conformation of TmGlyDH-bound NAD (Figure 2.5A). The N
6
 amine 

group in the TmGlyDHNAD
+
 complex appeared only slightly solvent accessible (Figure 2.5B), 

thus we do not expect TmGlyDH to be highly active on N
6
 amine-modified analogs.  

 

2.4.5 Kinetics of TmGlyDH on N
6
-CM-NAD

+
 

N
6
-CM-NAD

+
 was synthesized from NAD

+
 with a purified molar yield of 13.7% and a 

molecular weight of 1,114 g/mol (expected molecular weight 725 g/mol), indicating the presence 

of H2O or CaCl2. TmGlyDH’s Vmax with N
6
-CM-NAD

+
 was 2% of that with NAD

+
, and its Km 

for N
6
-CM-NAD

+
 was 15-fold higher than for NAD

+
 (Table 2.4). By modeling the 

carboxymethyl group onto TmGlyDH-bound NAD
+
 with PyMol, three residues (V44, I154, and 

K157) were identified that were very close to the carboxymethyl group and potentially caused 

steric clashes with the NAD
+
 analog. Single, double, and triple mutants of V44, I154, and K157 

were produced to reduce steric hindrance. Several of the TmGlyDH mutants showed increased 

Vmax and lower Km values for N
6
-CM-NAD

+
 compared to the wild-type enzyme (Table 2.4). 
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Compared to TmGlyDH, the V44A/I154A mutant had a 5-fold higher Vmax, but its Km increased 

8-fold; the K157G mutant had a 5-fold lower Km, but its Vmax decreased 25%. The V44A/K157G 

mutant had the best catalytic efficiency (Vmax/Km) with a 4-fold higher Vmax and a 32% lower Km 

than TmGlyDH. 

 

Figure 2.5: (A) Ribbon representation of alignment of BsGlyDH (Blue) and minimized 

TmGlyDH (green), (B) active site residues around NAD. The red NAD is the conformation 

from BsGlyDH, the yellow NAD is the conformation from minimization of TmGlyDH.  The 

crystal structure of TmGlyDH (Protein Data Bank [PDB] entry 1KQ3) was structurally aligned 

with 27 residues within 4 Å of NAD and the active site zinc in the 3D structure of Bacillus 

stearothermophilus GlyDH (BsGlyDH, PDB entry 1JQ5) using the PyMOL Molecular Graphics 

System, Version 1.5.0.4 (Schrödinger, LLC), allowing NAD
+
, which is present in the BsGlyDH 

structure, to be imported into the TmGlyDH binding pocket. The structure of the 

TmGlyDHNAD
+
 complex was solvated and the energy minimized at 100 K for 2,000 steps 

using CHARMM, version c38a2 (5). 

 

 

 

A B 
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Table 2.4: Apparent kinetic parameters of TmGlyDH (WT) and its mutant derivatives on NAD
+
 and N

6
-CM-NAD

+
. Assays 

were performed in phosphate buffer (pH 7.4) at 50°C 

 

 

 

 

 

Enzyme WT K157N K157G V44A I154A V44A/ K157N V44A/ I154A V44A/K157G 

NAD
+
 

        

Vmax 

(μmol min
-1

 mg
-1

) 

12.2 ± 0.8 6.9 ± 0.3 19.0 ± 0.7 20.2 ± 0.7 36 ± 2 17.4 ± 0.5 16.6 ± 0.8 3.6 ± 0.1 

Km 

(μM) 

24 ± 5 25 ± 4 31 ± 3 70 ± 6 88 ± 9 39 ± 3 351 ± 25 21 ± 2 

Vmax/Km 

(L min
-1

 mg
-1

) 

0.5 ± 0.1 0.28 ± 0.05 0.61 ± 0.06 0.29 ± 0.03 0.41 ± 0.05 0.45 ± 0.04 0.047 ± 0.004 0.17 ± 0.02 

N
6
-CM-NAD

+
         

Approx. Vmax 

(μmol min
-1

 mg
-1

) 

0.28 ± 0.02 0.21 ± 0.04 0.208 ± 0.007 0.61 ± 0.03 0.48 ± 0.03 0.41 ± 0.01 1.4 ± 0.2 1.11 ± 0.2 

Approx. Km 

(μM) 

370 ± 50 360 ± 120 80 ± 10 150 ± 30 730 ± 80 186 ± 14 2,900 ± 500 250 ± 20 

Vmax/Km (x10
-3

) 

(L min
-1

 mg
-1

) 

0.8 ± 0.1 0.6 ± 0.2 2.6 ± 0.3 4.1 ± 0.8 0.66 ± 0.08 2.2 ± 0.2 0.5 ± 0.1 4.4 ± 0.9 
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Table 2.4 (cont’d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enzyme I154A/K157G V44A/I154A/K157G 

NAD
+
 

  
Vmax 

(μmol min
-1

 mg
-1

) 

31.6 ± 0.8 22 ± 2 

Km 

(μM) 

108 ± 6 600 ± 100 

Vmax/Km 

(L min
-1

 mg
-1

) 

0.29 ± 0.02  0.037 ± 0.007 

N
6
-CM-NAD

+
   

Approx. Vmax 

(μmol min
-1

 mg
-1

) 

0.40 ± 0.07 0.5 ± 0.2 

Approx. Km 

(μM) 

1,500 ± 350 2,300 ± 1200 

Vmax/Km (x10
-3

) 

(L min
-1

 mg
-1

) 

0.027 ± 0.008 0.02 ± 0.01 
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2.4.6 Activity of TmGlyDH with N
6
-CM-NAD

+
 immobilized on Sepharose beads 

As a proof of concept that TmGlyDH is active with immobilized N
6
-CM-NAD

+
, 

TmGlyDH activity was measured with N
6
-CM-NAD

+
 immobilized on Sepharose beads. Loading 

of the linker B3APA on Sepharose was 4.3 ± 0.9 µmol/g wet Sepharose. Loading of N
6
-CM-

NAD
+
 on B3APA-Sepharose was 1.3 ± 0.2 µmol/g wet Sepharose, occupying approximately one 

in four linker molecules. TmGlyDH activity was measured by cycling NAD-CM-B3APA-

Sepharose in two reactions catalyzed by the enzyme: glycerol oxidation to DHA and 

hydroxyacetone reduction to (R)-1,2-propanediol. 13.6 ± 1.0 mM glycerol and 16.5 ± 0.9 mM 

hydroxyacetone were consumed and 7.3 ± 0.2 mM DHA and 11.5 ± 0.5 mM (R)-1,2-propanediol 

were produced after 22.3 h (Figure 2.6). Some of the DHA produced could have reacted with the 

free amines on B3APA-Sepharose, explaining why less DHA was detected than (R)-1,2-

propanediol. Cycling reactions using N
6
-CM-NAD

+
 immobilized with the shorter DETA and ED 

linkers produced 11.2 ± 0.1 mM and 10.72 ± 0.01 mM (R)-1,2-propanediol, respectively, 

indicating that the length of the linker had no effect on catalysis. TmGlyDH mutant derivatives 

V44A/K157G, V44A, and  K157G tested with NAD-CM-ED-Sepharose produced 1.5 ± 0.2 mM, 

6.3 ± 0.7 mM, and 10.8 ± 0.7 mM of (R)-1,2-propanediol, respectively, after 22.5 h. 

 

2.5 DISCUSSION 

TmGlyDH was expressed at high levels in E. coli and purified to high purity. 

TmGlyDH’s glycerol oxidation activity compared well to that of other characterized GlyDHs. In 

the absence of added cations, TmGlyDH showed higher glycerol oxidizing specific activity at 

80°C (49 ± 2 µmol min
-1

 mg
-1

) than the GlyDHs from S. pombe  at 24°C (Vmax = 4.8 µmol min
-1

 

mg
-1

) (24), K. pneumoniae at 27°C (Vmax = 13.5 µmol min
-1

 mg
-1

) (25), B. stearothermophilus at 
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30°C (specific activity = 25 µmol min
-1

 mg
-1

) (35), and E. coli at 30°C (Vmax = 33 µmol min
-1

 

mg
-1

) (31). TmGlyDH glycerol oxidation activity increased moderately in the presence of 

NH4Cl, but the added salt increased the rate of DHA degradation and was deemed unsuitable for 

a reactor process producing DHA from glycerol.  

 

Figure 2.6: Activity of TmGlyDH with N
6
-CM-NAD

+
 immobilized on B3APA-Sepharose. 

(■): glycerol; (●): hydroxyacetone; (□): DHA; (○): R-1,2-propanediol. 

 

 

TmGlyDH’s high glycerol oxidation activity levels, its independence from the presence 

of activating cations, together with its high thermostability and its optimum activity near neutral 

pH, make this enzyme an excellent candidate for DHA production. Another benefit of using 

TmGlyDH is the similar pH optima for glycerol oxidation and DHA stability (Figure S2.3). In a 

bioreactor, the pH could be held near pH 7 to maximize DHA stability without sacrificing much 

enzymatic activity.  

High activity on 1,2-propanediol and high enantiomeric excess observed when producing 

(R)-1,2-propanediol from hydroxyacetone indicate that TmGlyDH could also be a useful catalyst 

for producing optically active products. Synthesis of optically active 1,2-propanediol from 
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hydroxyacetone has been reported using resting E. coli cells expressing GlyDH and glucose 

dehydrogenase with glucose in the reaction mixture to recycle NAD
+
 (43). Here we have 

demonstrated for the first time a one-enzyme, cell-free system for the production of (R)-1,2-

propanediol using glycerol (a cheap byproduct of biodiesel production) as the recycling 

substrate. In optimized reaction conditions, TmGlyDH could also be a useful catalyst for 

resolving a racemic mixture of 1,2-propanediol leaving the (S)-enantiomer. Similar enantiomer 

preference is expected for 1,2-butanediol. 

All characterized GlyDHs have pH optima near 8‒12 and 4‒8 for the forward and reverse 

directions, respectively (Table S2.3) (24, 25, 27, 31, 35). Which makes sense because the 

oxidation of glycerol releases a proton to solution. TmGlyDH was similar to other GlyDHs in its 

pH requirements for DHA reduction, but it required a lower pH than other GlyDHs for optimal 

glycerol oxidation (Table S2.3). All the residues located within 10 Å (approximately 3-fold the 

length of a hydrogen bond) of the TmGlyDH active site Zn
2+

 were identical or chemically 

conserved (not shown) in the sequences of the B. stearothermophilus, E. coli, K. pneumoniae, 

and S. pombe enzymes, suggesting that the pKAvalues of the catalytic residues are in similar 

ranges in all these enzymes. Note that TmGlyDH differs kinetically from other GlyDHs. At 

around 30 µM, TmGlyDH’s Km for NAD
+
 was over 25-fold lower than those of the E. coli and 

K. pneumoniae enzymes (around 800 µM) (25, 31). 

The cooperative behavior of TmGlyDH can be explained by the fact that the enzyme is a 

homotetramer. The E. coli enzyme is an octameric enzyme, also showing negative cooperativity 

for DHA, but no cooperativity for glycerol, NAD
+
, or NADH, except that it shows positive 

cooperativity for NADH in the presence of KCl (31). Cooperativity has also been observed in 

other enzymes involved in glycerol metabolism such as glyceraldehyde-3-phosphate 
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dehydrogenase and 1,3-propanediol dehydrogenase (15, 23). Cooperativity arises when substrate 

binding to one subunit affects the affinity of the other subunits for that substrate. It can also be 

the result of an enzyme following a bi bi sequential random kinetic mechanism. The steady state-

derived kinetic equation for the random mechanism contains squared terms (not shown) that, in 

themselves, can lead to apparent cooperative behavior (10, 16). Cooperative behavior is 

widespread with about 25% of all multi-subunit enzymes showing cooperativity, and 

approximately half of those showing negative cooperativity (19). Although not well understood, 

negative cooperativity is thought to help regulate homeostasis. Negatively cooperative enzymes 

have been found to correlate with branch-point enzymes, and simulations have demonstrated that 

metabolic pathways can be better regulated by cooperative enzymes (7, 19). Cooperativity makes 

kinetic characterization more difficult because the enzymes do not follow Michaelis-Menten 

kinetics. To allow comparison to Michaelis-Menten parameters of other enzymes, TmGlyDH’s 

apparent kinetic parameters were determined from the Hill equation. Although the Hill equation 

is purely empirical, the parameters given provide information similar to the Michaelis-Menten 

equation. Mathematical modeling of a reactor system that includes NADH regeneration on the 

electrode, TmGlyDH’s kinetic mechanism and corresponding parameters, as well as diffusion 

parameters (18) is in progress (Li et al., in progress).  

A bioelectrocatalytic reactor will require specific conditions for optimal performance. 

The properties of TmGlyDH determined here will allow reactor conditions to be selected for 

optimal enzyme activity as well as for optimizing cofactor and enzyme immobilization 

conditions. The broad, near-neutral pH range for glycerol oxidation activity is beneficial because 

it allows the pH conditions to be more broadly determined by other reactor constraints such as 

electron transfer to the cofactor, DHA stability, or the immobilization interface stability. Ideally, 
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the cofactor and enzyme will be immobilized on the electrode of a bioelectrocatalytic system. 

The cofactor should be immobilized on the electrode first, and the enzyme would then be 

immobilized by affinity for the cofactor. The entire complex could be immobilized by 

crosslinking. TmGlyDH had similar Km values for NAD
+
 and NADH (Table 2.2), indicating that 

either cofactor form would be suitable for immobilizing the enzyme on an electrode.  

Liver alcohol dehydrogenase, lactate dehydrogenase (beef heart, type III), and malate 

dehydrogenase (pig heart) have been shown to have 55%, 65%, and 75% activity, respectively, 

with soluble N
6
-CM-NAD

+
 compared to their activity with NAD

+
, and immobilized NAD

+
 

analogs have been shown to be reducible by yeast alcohol and aldehyde dehydrogenases, 

suggesting that N
6
-immobilized NAD

+
 can be used with a number of different dehydrogenases 

(22, 38). TmGlyDH had very low activity with N
6
-CM-NAD

+
, but mutant V44A/K157G’s 

catalytic efficiency on the NAD
+
 analog was 10-fold higher. The next step towards building a 

bioelectrocatalytic system will be to immobilize N
6
-CM-NAD

+
 on an electrode in a manner that 

allows enzyme binding and activity. Our proof-of-concept immobilization experiments indicate 

that TmGlyDH is active with N
6
-CM-NAD

+
 immobilized on B3APA-, ED-, and DETA-

Sepharose. The yields of DHA and (R)-1,2-propanediol were low in these first experiments, but 

improving the interface by optimizing the chemical properties (e.g., hydrophobicity) of the linker 

and optimizing N
6
-CM-NAD

+
 loading on the linker are beyond the scope of this study. An 

unexpected result was that the V44A/K157G and V44A mutants were less active with the 

immobilized cofactor than the wild-type enzyme. These results suggest that, although 

convenient, screening mutants with NAD
+
 or NAD

+
 analogs in solution is not necessarily a good 

predictor of activity with the immobilized cofactor. 
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 TmGlyDH is a promising catalyst for the production of DHA from glycerol. It is as active 

and more stable than other known GlyDHs. The broad, near neutral, pH range for TmGlyDH 

activity will be useful for optimizing other reactor constraints. TmGlyDH double mutant 

V44A/K157G had a ten-fold increased catalytic efficiency with N
6
-CM-NAD

+
. Finally we 

showed for the first time that a GlyDH is active with immobilized N
6
-CM-NAD

+
.  
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2.7 SUPLEMENTARY MATERIALS 
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Table S2.1: Primers used for Chapter 2. 

Primer  Sequence (5' to 3') 

gldAfor GCCATATGATAACAACCACCATATTTCC (NdeI site underlined) 

gldArev GCCTCGAGAGTGAGGTTTTTTCTCATCC (XhoI site underlined) 

V44Afor GATTTTGTGGACAAAAACGCGCTAGGAGAAAATTTCTTCAGC 

V44Arev GCTGAAGAAATTTTCTCCTAGCGCGTTTTTGTCCACAAAATC 

I154Afor CTGGTAGACACGGAGGCTGTGGCGAAAGCCCCC 

I154Arev GGGGGCTTTCGCCACAGCCTCCGTGTCTACCAG 

K157Nfor CGGAGATTGTGGCGAATGCCCCCGCGAGGTTTC 

K157Nrev GAAACCTCGCGGGGGCATTCGCCACAATCTCCG 

K157Gfor CGGAGATTGTGGCGGGAGCCCCCGCGAGGTTTC 

K157Grev GAAACCTCGCGGGGGCTCCCGCCACAATCTCCG 

I154A/K157Nfor CTGGTAGACACGGAGGCTGTGGCGAATGCCCCC 

I154A/K157Nrev GGGGGCATTCGCCACAGCCTCCGTGTCTACCAG 

I154A/K157Gfor CTGGTAGACACGGAGGCTGTGGCGGGAGCCCCC 

I154A/K157Grev GGGGGCTCCCGCCACAGCCTCCGTGTCTACCAG 

 

Table S2.2: Relative effects of different buffers on TmGlyDH activity. 

Buffer Activity (%) 

Phosphate 100 

Tris 4 

Bicine 71 

Glycine 49 
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Table S2.3: pH optima for different glycerol dehydrogenases. 

Species DHA reduction  Glycerol oxidation  Reference 

T. maritima 6.0 7.9 This study 

E. coli 7‒8 10‒11 (31) 

K. pneumoniae 4‒8 8‒9 (25) 

S. pombe 6 10‒12 (24) 

Cellulomonas sp. NT3060 6 9 (27) 

 

 

Figure S2.1: Structure of glycerol and Tris 

 

 

Figures S2.2: TmGlyDH activity for DHA reduction in the presence of increasing KCl 

concentrations. Results shown are the average ± standard deviation of three independent 

experiments. 
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Figure S2.3: DHA stability at 50°C in phosphate buffer. Circles and uninterrupted lines: pH 

6.4; squares and dashed lines: pH 7.4; triangles and dotted lines, pH 7.9; Open symbols: DHA; 

white-filled symbols: glyceraldehyde; and gray-filled symbols: other DHA degradation products. 

At time t, other degradation products are calculated as  

[DHA]initial – [DHA]t – [glyceraldehyde]t.  Results shown are the average ± standard deviation 

of three independent experiments. 
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CHAPTER 3. Activity of select dehydrogenases with sepharose-immobilized N
6
-CM-NAD 
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3.1 ABSTRACT 

N
6
-carboxymethyl-NAD (N

6
-CM-NAD) can be used to immobilize NAD onto a substrate 

containing terminal primary amines. We previously immobilized N
6
-CM-NAD onto sepharose 

beads and showed that Thermotoga maritima glycerol dehydrogenase could use and recycle the 

immobilized cofactor. We now show that Saccharomyces cerevisiae alcohol dehydrogenase, 

rabbit muscle L-lactate dehydrogenase (type XI), bovine liver L-glutamic dehydrogenase (type 

III), Leuconostoc mesenteroides glucose-6-phosphate dehydrogenase, and Thermotoga maritima 

mannitol dehydrogenase are active with soluble N
6
-CM-NAD. The products of all enzymes 

except 6-phospho-D-glucono-1,5-lactone were formed when sepharose-immobilized N
6
-CM-

NAD was recycled by T. maritima glycerol dehydrogenase, indicating that N
6
-immobilized NAD 

is suitable for use by a variety of different dehydrogenases. Observations of the enzyme active 

sites suggest that steric hindrance plays a greater role in limiting or allowing activity with the 

modified cofactor than do polarity and charge of the residues surrounding the N
6
-amine group on 

NAD. 

 

3.2 INTRODUCTION 

NAD(P)-dependent dehydrogenases participate in a wide variety of metabolic pathways.  

They catalyze over 12% of all metabolic reactions in Escherichia coli (8). The requirement that 

the cofactor be provided in stoichiometric amounts is the greatest limitation to using 

dehydrogenases as catalysts. Widespread industrial use will require regeneration of the cofactor. 

Immobilization of the cofactor allows it to be retained in a reaction vessel or recovered more 

easily, allowing the same cofactor to be used for many cycles. As a proof of concept, we 

previously synthesized the NAD analog N
6
-carboxymethyl-NAD (N

6
-CM-NAD), in which the 
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N
6
 primary amine in the adenine moiety is now –NH-CH2-COO

-
, and we immobilized it on 

sepharose beads using a diamino linker. The immobilized cofactor was tested with Thermotoga 

maritima glycerol dehydrogenase (TmGlyDH) in two simultaneous reactions: glycerol oxidation 

to dihydroxyacetone (DHA), and hydroxyacetone reduction to (R)-1,2-propanediol. TmGlyDH 

could use and recycle the immobilized cofactor for more than 1,800 turnovers to allow 

measurable product accumulation (2). 

Ottolina and colleagues (1990) used a similar N
6
 linkage to modify NAD (6). They 

studied the effects of strong cationic and anionic substituents as well as that of a large polymer 

(PEG, 20 kDa) on the properties of the cofactor . The eleven enzymes tested generally showed 

increased Km and decreased Vmax with the modified NADs. Enzyme activity with PEG-NAD 

varied from as high as 66% of the activity with native NAD to undetectably low. A strong 

anionic substituent led to a stronger reduction in activity (8-43% of native NAD) than a strong 

cationic substituent (4-93% of native NAD). The large differences in activity of the various 

enzymes with the NAD analogs were likely caused by the different shapes and chemistries of 

these enzymes’ NAD binding sites. 

NAD(P)-dependent dehydrogenases share a common NAD-binding domain and Rossman 

fold (7). However, the nature and positioning of residues around the NAD binding site can vary 

significantly from one enzyme to the next, causing variations in enzymes’ affinity for the 

cofactor, determining whether NADP or NAD is the preferred cofactor, and changing which 

areas of the cofactor are solvent-accessible. Here we test five NAD-dependent dehydrogenases 

for activity with Sepharose-bead immobilized N
6
-CM-NAD to address two questions. Is our 

immobilization method suitable for use with a broad set of enzymes? And can structural 

information on the NAD-binding site and cofactor solvent accessibility be used to predict 
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activity with immobilized N
6
-CM-NAD? We selected four commercially available NAD-

dependent dehydrogenases whose crystal structure in complex with NAD is known, as well as T. 

maritima mannitol dehydrogenase (TmMtDH), which we had studied previously (11). 

 

Table 3.1: Enzymes used in this study. 

Enzyme Reaction catalyzed 

Protein Data Bank 

code for enzyme 

NAD complex 

TmGlyDH Glycerol + NAD
+
 Dihydroxyacetone + NADH 1KQ3

a 

TmMtDH Mannitol  + NAD
+
      Fructose + NADH None 

Saccharomyces cerevisiae alcohol 

dehydrogenase (yADH) 

Ethanol  + NAD
+
  Acetaldehyde + NADH 2HCY 

Rabbit muscle type XI L-lactate 

dehydrogenase (rLDH) 

L-Lactate  + NAD
+
  Pyruvate + NADH 3H3F 

Bovine liver type III L-glutamate 

dehydrogenase (bGDH) 

L-Glutamate + H2O + NAD
+
 2-Oxoglutarate + 

NH3 + NADH 

3MW9 

Leuconostoc mesenteroides glucose-

6-phosphate dehydrogenase 

(LmG6PDH) 

D-Glucose 6-phosphate + NAD
+
  6-Phospho-D-

glucono-1,5-lactone + NADH 

1H94 

a 
Structure without NAD. NAD was imported into the structure as described (2). 

 

3.3 RESULTS AND DISCUSSION 

The Sigma-Aldrich website was searched for commercially available dehydrogenases and NAD-

dependent oxidoreductases. The list of enzymes generated was then cross-referenced against the 
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Protein Data Bank (PDB). Of the ten enzymes that had a crystal structure in complex with NAD, 

four (Table 3.1) were selected and purchased from Sigma-Aldrich for our study.  TmMtDH was 

added to the study because it was already available as a purified, recombinant enzyme in our 

laboratory (11). To allow comparison of its active site, we built a 3D model of TmMtDH in 

complex with NAD (Figure 3.1). 

The adenine moiety binding portion of the NAD binding pocket of the five enzymes and 

of TmGlyDH was visualized (Figure 3.1). The residues and pocket structure around the adenine 

varied greatly among the enzymes. The configuration of NAD is similar in TmMtDH, yADH, 

rLDH, bGDH, and LmG6PDH, with the adenine’s N
6
-amine pointing toward the solvent. In 

TmGlyDH, NAD’s adenine moiety is flipped, with the N
6
-amine pointing towards the enzyme’s 

surface. Since NAD’s N
6
-amine is less solvent exposed in TmGlyDH than in the other enzymes, 

we expected TmGlyDH to have the lowest activity with N
6
-CM-NAD. The specific activity of 

the mesophilic enzymes with NAD and N
6
-CM-NAD and the Vmax values with the cofactor and 

analog of TmGlyDH and TmMtDH were compared (Table 3.2). TmMtDH’s Vmax with N
6
-CM-

NAD was almost 70% of that with NAD and the Km increased only 1.8 fold. In contrast, 

TmGlyDH’s Vmax with N
6
-CM-NAD was only 2% of that with NAD and the Km increased 15 

fold. With the exception of LmG6PDH, the N
6
-amine solvent-accessible area (Table 3.2) 

correlated well (R
2
 = 0.95 for linear regression, not shown) with the percent activity with N

6
-

CM-NAD (Table 2) (R
2
 = 0.61when LmG6PDH is included). In contrast, the type of residues 

(i.e., charged, polar, or non-polar) surrounding the N
6
-amine (Table 3.2) showed no relationship 

to activity with N
6
-CM-NAD (Table 3.2).  
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Figure 3.1: Zoom view of enzyme-bound NAD (8-iodo-NAD for yADH). A. TmMtDH, B. 

TmGlyDH, C. yADH, D. LmG6PDH, E. rLDH, F. bGDH. PDB numbers are listed in Table 1. 

Several 3D models of TmMtDH were generated using Modeller software8 and the online 

homology modeling server I-TASSER.9-11. The different modeling approaches used single and 

multiple templates that each showed over 25% identity and below 10% gaps in alignments with 

TmMtDH. Models were analyzed using the scoring methods DOPE, DFIRE, and OPUS.12-14  

The best model was produced by I-TASSER using the structures of the silverleaf whitefly 

sorbitol dehydrogenase (PDB # 1E3J), human sorbitol dehydrogenase (PDB # 1PL8), Sulfolobus 

solfataricus glucose dehydrogenase (PDB # 2CDC), Thermus thermophilus threonine 3-

dehydrogenase (PDB # 2DQ4), and mouse class II alcohol dehydrogenase (PDB # 1E3I) as 

templates. The structure was minimized using the CHARMM force field15 and NAD was 

imported into TmMtDH’s active site using the coordinates of NAD in human sorbitol 

dehydrogenase. Enzyme surfaces were visualized using The PyMOL Molecular Graphics 

System, Version 1.3 Schrödinger, LLC.  

 

 

 

 

 

 

 

A B C 
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Table 3.2: Specific activity of the selected enzymes with 100 μM NAD and N
6
-CM-NAD and 

enzyme ranking by polarity/charge and openness of the area surrounding NAD’s N
6
-amine. 

Specific activities were tested at 25°C by following the increase in A340nm in quartz cuvettes 

containing 100 mM substrate (L-lactate, glucose-6-phosphate, L-glutamate, or ethanol), 100 μM 

NAD or N
6
-CM-NAD in 50 mM sodium phosphate (pH 7.5). Reactions were started by adding 

1.25 μg (rLDH), 1.08 μg (yADH) 0.201 μg (LmG6PDH), or 4.22 μg (bGDH) enzyme. Using the 

crystal structures or 3D models of the enzymes visualized in PyMOL, amino acid side-chains 

and backbone groups within 5 Å of the N
6
-amine were assessed for polarity and charge. The N

6
-

amine solvent-accessible area was calculated using PyMOL.  

 

a -Vmax values for TmMtDH were measured at 50°C as described for TmGlyDH except that 

mannitol was substituted for glycerol (2).  

b-Vmax values at 50°C previously measured (2). 

 

 

To test enzyme activity with Sepharose-bound N
6
-CM-NAD, we initially tested bGDH as 

the cofactor-recycling enzyme in recycling reactions between rLDH and bGDH and between 

LmG6PDH and bGDH. In these recycling reactions, rLDH and LmG6DH were set to reduce the 

cofactor, and bGDH to oxidize it. Neither of the two reactions yielded any product. We could not 

tell whether none of the enzymes used the immobilized N
6
-CM-NAD, or if the recycling enzyme 

(bGDH) was causing the problem. Note that bGDH showed very low specific activity with NAD 

in the conditions tested (Table 3.2). For these reasons, we repeated the recycling reactions with 

TmGlyDH as the cofactor-recycling enzyme. Even though TmGlyDH is poorly active at 25°C, 

we knew it to be active with Sepharose-bound N
6
-CM-NAD (2). Recycling reactions were set 

Enzyme NAD  

(μmol min
-1

 

mg
-1

) 

N
6
-CM-NAD 

(μmol min
-1

 

mg
-1

) 

% activity Polar groups near the N
6
-amine N

6
-amine solvent-

accessible area (Å
2
) 

TmMtDH 2.2 ± 0.1
a
 1.5 ± 0.5

a
 68 1 Polar, 1 negative charge 49.9 

bGDH 1.42 ± 0.05 0.81 ± 0.24 57 2 Polar, 1 non-polar 43.9 

LmG6PDH 260 ± 40 46 ± 4 18 1 Negative charge, 2 non-polar 41.7 

yADH 38 ± 2 15.5 ± 0.9 41 1 Polar, 2 non-polar 28.8 

rLDH 10 ± 1 2.5 ± 0.4 25 3 Non-polar 24.8 

TmGlyDH 12.2 ± 0.8
b
 0.28 ± 0.2

b
 2 2 Polar 16.2 
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between TmGlyDH and each of yADH, rLDH, bGDH, and TmMtDH, where yADH, rLDH, 

bGDH, and TmMtDH oxidized the cofactor and TmGlyDH reduced it while oxidizing glycerol 

to DHA. Reaction progress was monitored by measuring DHA accumulation with high-

performance liquid chromatography. Because LmG6PDH’s only commercially available 

substrate is glucose-6-phosphate, the recycling reaction between LmG6PDH and TmGlyDH was 

set with TmGlyDH producing NAD
+
 during DHA reduction to glycerol, and reaction progress 

was monitored by measuring glycerol accumulation by high-performance liquid 

chromatography. No product accumulation was observed in the LmG6PDH-TmGlyDH reaction 

(not shown). Even though LmG6PDH has the highest specific activity with soluble N
6
-CM-NAD 

of the six enzymes tested (Table 3.2), LmG6PDH could be inactive with immobilized N
6
-CM-

NAD. Because TmGlyDH is inhibited by its products (not shown), glycerol added as part of the 

LmG6PDH suspension (initial glycerol concentration in the reaction estimated at 138 mM) could 

also have inhibited glycerol production by TmGlyDH, preventing cofactor recycling. Product 

accumulation was observed for the recycling reactions involving yADH, rLDH, bGDH, and 

TmMtDH (Figure 3.2). Although the solvent-accessible area of the N
6
-amine correlated well 

with activity for soluble N
6
-CM-NAD (Table 3.2), no such relationship was apparent after 

immobilization on Sepharose, with only small differences in DHA accumulation observed 

between the different reactions. Regardless, our results indicate that many different enzymes can 

use Sepharose-immobilized N
6
-CM-NAD as their cofactor. 

Note that we used TmGlyDH, the enzyme with the least activity with soluble N
6
-CM-NAD 

(Table 3.2), as the cofactor-recycling enzyme because it was previously shown to be active with 

the immobilized cofactor. TmMtDH, bGDH, and yADH showed the highest relative activities 

with soluble N
6
-CM-NAD (Table 3.2). bGDH used in combination with TmMtDH as the 
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cofactor-recycling enzyme produced 2.6 times more product than in combination with 

TmGlyDH (data not shown), suggesting that poor activity of TmGlyDH with immobilized N
6
-

CM-NAD could have limited product accumulation. In contrast, the yADH/TmMtDH 

combination produced only 20% as much product as the yADH/TmGlyDH combination. The 

reason behind this poor yield is unknown, since the two enzymes were not inhibited by each 

other’s substrate (data not shown).  

 

3.4 CONCLUSION 

Our work demonstrates that N
6
-CM-NAD immobilized onto a large particle, such as 

Sepharose, can be used by a variety of enzymes. NAD’s N
6
-amine solvent-accessible area in an 

enzymeNAD complex is a good indicator of whether that enzyme will be active with N
6
-CM-

NAD. The possibility of one enzyme’s substrate inhibiting the enzyme used in combination 

highlights the need for an alternative cofactor regeneration method. Electrochemical regeneration 

could be a good alternative but requires efficient methods for cofactor and enzyme 

immobilization on electrodes. N
6
-CM-NAD could be used to create a bioelectronics linkage 

similar to that previously developed by Hassler and Worden (4). They developed a renewable 

bioelectronics interface with the enzyme and cofactor immobilized on an electrode surface. The 

immobilization method used relied on a boronate linkage to NADP’s cis-diol. The main 

limitation of the boronate linkage was that this linkage is relatively weak with a dissociation 

constant (Kd) of 5.9x10
-3

, and boronate shows high affinity for other cis-diols found on the 

substrates of many dehydrogenases (1). The enzyme substrates would displace the cofactor from 

the electrode surface. The N
6
-immobilized NAD tested here would allow a new linkage to be 

produced that is stable in the presence of the enzyme substrates and products.  
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CHAPTER 4. Inactivation of Thermotoga maritima glycerol dehydrogenase by its product, 

dihydroxyacetone 
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4.1 ABSTRACT 

Thermotoga maritima glycerol dehydrogenase (TmGlyDH), which oxidizes glycerol into 

dihydroxyacetone (DHA) in an NAD-dependent reaction, is susceptible to inactivation by DHA. 

DHA reacts readily with primary amines on the enzyme surface through Maillard reactions. 

TmGlyDH’s Arg and Lys residues modified by DHA were identified in tryptic and chymotryptic 

digests of TmGlyDH by mass spectrometry. To make TmGlyDH a better catalyst, the residues 

susceptible to modification by DHA were systematically mutagenized, and the mutant enzymes 

were screened for increased stability in the presence of DHA. Wild-type TmGlyDH lost all 

activity after 4 h in the presence of DHA at 50°C, but mutants K104Q and K361Q showed 

increased stability, maintaining 90% of activity after 5 h in DHA at 50°C.  

 

4.2 INTRODUCTION 

We previously characterized recombinant Thermotoga maritima glycerol dehydrogenase 

(TmGlyDH) (2). TmGlyDH is a multimeric enzyme whose crystal structure was solved as part of 

a structural proteomics project (3, 15), but its activity and stability properties had not been 

studied. Only the coordinates of one TmGlyDH monomer are deposited in the PDB by the 

authors of the crystal structure (3), so it is unclear whether the native enzyme is a tetramer as 

reported after the first crystallization (15), or an octamer as predicted by Pisa software and 

deposited in the PDB (7). The homologous glycerol dehydrogenase from Bacillus 

stearothermophilus shares 48% sequence identity with TmGlyDH and was reported to be a 

homooctamer (13). TmGlyDH has the potential to be used as a catalyst for dihydroxyacetone 

(DHA) production from glycerol or to produce R-1,2-propanediol at high enantiomeric excess 

from hydroxyacetone. While characterizing the enzyme, we observed that TmGlyDH was 
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inactivated by its product dihydroxyacetone (2). Dihydroxyacetone is the only FDA-approved 

sunless tanning reagent. It is able to turn skin brown through Maillard reactions with the primary 

amines in the Lys and Arg residues in proteins on the surface of the skin (Figure 4.1) (6).  

Figure 4.1: Maillard reaction scheme. 

 

 

 

Protein glycation has been primarily studied because it leads to the formation of 

advanced glycation endproducts that are involved in the aging process as well as diabetes and 

diabetes related diseases (11, 12). DHA has also been observed to glycate human serum albumin 

(14). The extent of glycation by DHA increased with temperature (5 sites at 23°C, 9 at 37°C, and 

14 at 41°C; at 30 mM DHA and pH 7.4), pH (5 sites at pH 5, 9 at pH 7.4, and 20 at pH 8.0; at 30 

mM DHA and 37°C), and substrate concentration (14).  

Glycation has also been observed to inactivate enzymes. The Kcat/Km ratio of the rat liver 

aldehyde reductase decreased by 32% after glycation (16). During the enzymatic production of 

biologically active oligosaccharides, glycation was shown to inactivate Penicillium citrinum 1,2-

α-mannosidase and almond α-mannosidase, and higher molecular weight enzyme species formed 

by glycation were observed using Matrix-assisted laser desorption/ionization-time of flight mass 

spectrometry (MALDI-TOF) (10). After a two-week reaction at 55°C, 40-60% of enzyme 

activity was lost. In reactions containing Maillard reaction inhibitors, the yield increased 27-53% 

compared to the control (10). However, adding inhibitors to synthetic reactions increases 

reaction costs and may also increase downstream purification costs.  

Rearrangement 

products 
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Since TmGlyDH is inactivated by its product DHA, and DHA is known to readily react 

with amino groups through Maillard reactions (6), we expect that the main contributor to enzyme 

inactivation is glycation by DHA. We determined which Lys and Arg residues are susceptible to 

modification by DHA. These residues were targeted for mutagenesis to increase TmGlyDH’s 

resistance to inactivation by DHA. 

 

4.3 MATERIALS AND METHODS 

4.3.1 Materials 

TmGlyDH was purified, enzyme activity assays were performed, and mutants were 

constructed as described (2). Sequencing-grade trypsin and chymotrypsin were purchased from 

Promega (Madison, WI). DHA, iodoacetamide (IAA), and trifluoroacetic acid (TFA) were 

purchased from Sigma-Aldrich (St. Louis, MO). Monosodium and disodium phosphate were 

from J.T Baker (Avantor Performance Materials, Inc., Center Valley, PA). Ultrapure urea was 

from Invitrogen (Carlsbad, CA). 190 proof pure ethanol was from Koptec (King of Prussia, PA). 

Ammonium bicarbonate was from Jade scientific (Canton, MI).  

 

4.3.2 Enzyme activity assays 

Enzyme activity was measured at 50°C and 80°C by monitoring the absorbance of 

NADH at 340 nm (ε340 = 6,220 M
-1

 cm
-1

) with a Varian Cary 300 UV/Vis spectrophotometer 

(Palo Alto, CA) equipped with a Peltier heating system. The final assay mixture typically 

contained 6.7 µg enzyme, 200 mM DHA, 200 µM NADH, and 50 mM sodium phosphate buffer 

(pH 7.45 at 50°C and pH 7.4 at 80°C). The reaction was started by adding 20 µL of 10 mM 
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NADH to 980 µL of the other components or adding 40 µL of enzyme (0.168 mg/mL) to 960 µL 

of other components in a heated quartz cuvette. All activity measurements at 50°C were 

performed in triplicate, and all activity measurements at 80°C were performed in quadruplicate. 

 

4.3.3 Two-hour enzyme inactivation assays 

For 2-h heat inactivations at 50°C, 44 µL of a 0.168 mg/mL solution (7.39 µg) of enzyme 

(wild-type or mutant) was added to 814 µL of 65 mM sodium phosphate buffer (pH 7.45), and 

incubated in an Eppendorf tube at 50°C for 2 h. The remaining activity was measured by adding 

200 µL of pre-warmed 1 M DHA to the 780-µl enzyme solution, and starting the reaction by 

adding 20 µL of 10 mM NADH.  

For 2-h inactivations by DHA at 50°C, 44 µL of a 0.168 mg/mL solution of enzyme was 

added to 1,034 µL of 50 mM sodium phosphate buffer (pH 7.45) containing 200 mM DHA, and 

incubated in an Eppendorf tube at 50°C for 2 h. Activity was measured after transferring 980 µL 

of the enzyme-DHA solution to a heated cuvette, and the reaction was started by adding 20 µL of 

10 mM NADH. A two tailed student’s t-test was used to determine if results were significant. 

 

4.3.4 Time course enzyme inactivation assays 

For time course heat inactivation assays at 50°C, TmGlyDH (58.6 μg) was incubated at 

50°C for 7 h in 6.8 mL of 65 mM sodium phosphate buffer (pH 7.45 at 50°C) in a polypropylene 

tube. At each time point, 780 µL of the enzyme solution was added to 200 µL of 1 M DHA 

preheated at 50°C in a quartz cuvette, and the reaction was started by adding 20 µL of 10 mM 
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NADH. Non-linear curve fitting of all inactivation time courses was performed using Origin 8.0 

(Originlab, Northampton, MA).   

For time course inactivations by DHA at 50°C, TmGlyDH (58.6 μg) was incubated at 

50°C for 7 h in 8.3 mL of 51 mM sodium phosphate buffer (pH 7.45 at 50°C) containing 200 

mM DHA in a polypropylene tube. At each time point, 980 µL of the enzyme solution was added 

to a quartz cuvette preheated at 50°C, and the reaction was started by adding 20 µL of 10 mM 

NADH. 

For time course heat inactivation assays at 80°C, TmGlyDH (6.7 μg) was incubated at 

80°C for 0, 4, 8, 12, 16, and 20 min in 780 μL of a preheated solution of 64 mM sodium 

phosphate buffer (pH 7.4 at 80°C) in a quartz cuvette. After incubation, 20 µL of 10 mM NADH 

was added, and the reaction was started by adding 200 µL of preheated (80°C) 1 M DHA. 

Time course inactivations by DHA at 80°C were set up as described for the time course 

heat inactivation assays at 80°C, except that the preheated DHA solution was added at the same 

time as the enzyme, and after incubation the reaction was started by adding NADH.  

 

4.3.5 Trypsin and chymotrysin digests of TmGlyDH 

Prior to digesting the enzyme, 1 nmol TmGlyDH was added to 300 μL of water. TmGlyDH was 

precipitated by diluting 5-fold with -20°C acetone and cooled at -20°C for 60 min. After 

centrifugation at 13,000 × g for 10 min at room temperature, the supernatant was decanted and 

the pellet was air dried for 30 min at room temperature. The pellet was dissolved in 100 μL of 8 

M urea containing 400 mM ammonium bicarbonate, and incubated at 50°C for 30 min. The 

solution was cooled to room temperature and 12 μL of 100 mM iodoacetamide (IAA) was added. 

The solution was incubated at room temperature for 20 min in the dark, and diluted 8-fold with 
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50 mM ammonium bicarbonate. The digestion was started by adding 1 μg trypsin per nmol of 

TmGlyDH. The digestion was incubated overnight at 37°C, and stopped by adding 

trifluoroacetic acid (TFA) to a final concentration of 0.5% w/w. The digestion by chymotrypsin 

was as described above for trypsin. For the chymotrypsin/trypsin double digest, trypsin was 

added after the chymotrypsin digestion and incubated overnight at 37°C; the reaction was 

stopped by the addition of TFA. To ensure that hydrophobic peptides were not sticking to the 

sides of the Eppendorf tube, another set of digestions was performed followed by rinsing the 

tubes used for the digestion with ethanol. After the acetone precipitation step, the reaction was 

prepared using half the amount of all reagents (500 μL total). After the digestion, the tube was 

rinsed with 500 mL ethanol.  

 

4.3.6 Identification of peptides by electrospray ionization time-of-flight mass spectrometry 

(ESI)-TOF 

Immediately following digestion, peptides were separated by HPLC (Waters Corporation, 

Milford MA) using a C18 column (Beta basic-18, particle size 5 µm, dimensions 100 mm × 2.1 

mm, Thermo scientific, Waltham, MA) at 0.25 mL/min at 30°C using a gradient from 98% A 

(0.1% formic acid) to 98% B (acetonitrile or methanol) over 10 min (acetonitrile) or 23 min 

(methanol) followed by a constant flow at 98% B for 2 min. Peptide masses were analyzed using 

ESI-TOF (Q-tof ultima, Waters Corporation, Milford MA). The molecular masses of all 

expected peptides, as well as those of the peptides modified by TCA or IAA, were calculated and 

searched for in the mass spectrum. 
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4.3.7 Identification of the TmGlyDH residues modified by DHA  

To identify which residues were modified by DHA, TmGlyDH was incubated with DHA 

prior to being digested with trypsin and chymotrypsin. Five nmol of TmGlyDH (207 μg) were 

added to 300 μL of 200 μM DHA and incubated at 50°C for 5, 15, and 60 min. After acetone 

precipitation, the enzyme was digested as described above. Peptides were identified by ESI-TOF 

as described above. The previously observed peptides were searched for with and without the 

addition of the molecular mass of DHA. The Arg and Lys residues susceptible to modification by 

DHA were located in the TmGlyDH protein structure (PDB no. 1KQ3) and visualized using the 

PyMOL Molecular Graphics System, Version 1.3 (Schrödinger, LLC). The macromolecular 

assembly generated by Pisa software (7) was downloaded from the PDB and used to visualize 

TmGlyDH as an octamer in PylMol.  

 

4.4 RESULTS 

4.4.1 TmGlyDH inactivation by DHA at 50°C 

During the previously reported kinetic characterization of TmGlyDH, we observed that 

TmDlyDH becomes inactivated by DHA (2). We set up a time course inactivation experiment to 

determine how much faster the enzyme inactivates in the presence of DHA (Figure 4.2). 

TmGlyDH quickly lost activity in the presence of DHA at 50°C, losing almost all activity after 4 

h. In the absence of DHA, the enzyme retained over 90% activity after 7 h at 50°C. To engineer 

TmGlyDH for increased resistance to inactivation by DHA, the next step was to determine which 

residues get modified by DHA.  
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Figure 4.2: Time course of TmGlyDH inactivation at 50°C with and without DHA. ( ): heat 

inactivation, exponential fit (   ); ( ): Inactivation by DHA, exponential fit (---) 

 

 

4.4.2 Identification of the TmGlyDH residues modified by DHA  

To identify the amino acids susceptible to modification by DHA, we needed to observe 

all the TmGlyDH Arg and Lys residues represented in the TmGlyDH fragments after digestion 

with trypsin. The peptides were analyzed using HPLC electrospray ionization time of flight 

(HPLC-ESI-TOF) mass spectrometry. To facilitate observing large hydrophobic peptides, a 

second set of digestions was prepared including an ethanol rinsing step to recover the most 

hydrophobic fragments. Because not all Arg and Lys residues were represented in the peptides 

identified in tryptic digests, the enzyme was also digested with chymotrypsin and a combination 

of trypsin plus chymotrypsin.  

Peptides corresponding to 23 of the 40 total Lys + Arg residues were identified in the 

trypsin digest. Adding the ethanol wash after the trypsin digestion yielded peptides for ten of the 

40 total Lys + Arg residues, one of them not seen in the trypsin-only digest. Peptides 

corresponding to 26 of the 40 total Lys + Arg residues were identified in the chymotrypsin 

digest, eleven of them not found in the trypsin-only and trypsin-ethanol treatments. The 

chymotrypsin-ethanol treatment yielded peptides for 29 of the 40 total Lys + Arg residues, two 
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of them not found previously. The chymotrypsin/trypsin double digest yielded fragments 

corresponding to only four of the 40 total Lys + Arg residues, but three of them had not been  

found in the single digests. Combining results from all of the digests, peptides corresponding to 

every Lys and Arg residue were observed (Table S4.1). 

The digestions and analysis were repeated after preincubating the enzyme with DHA for 

5, 15, and 60 min at 50°C. Fifteen different Lys and Arg residues were found to be modified by 

DHA (Table 4.1). The residues modified by DHA were clustered together in five different 

regions on the surface of the protein (Figure 4.3). Five of the 15 total Arg and ten of the 25 total 

Lys residues become modified by DHA. Of the seven Arg and four Lys residues at subunit 

interfaces, only two (R143 and R217) become modified by DHA. Of the remaining, solvent-

exposed 21 Lys and 7 Arg residues, 10 Lys and 3 Arg become modified by DHA. 

 

Table 4.1: TmGlyDH residues found to be modified by DHA. Redundant information from 

different digestion conditions is not shown. Negative sign indicates no modification, positive 

sign indicates modification, asterisk indicates the peak disappeared, implying modification.  

Residue Experimental conditions Incubation Time (min) 

5 15 60 

K60 Trypsin - * * 

K104 Trypsin - + + 

K106 Chymotrypsin-Ethanol - + + 

K107 Chymotrypsin-Ethanol - + + 

R143 Chymotrypsin-Ethanol + + - 

K157 Chymotrypsin-Ethanol + + - 

R161 Chymotrypsin-Ethanol + + - 

K181 Chymotrypsin-Ethanol - * * 

K183 Chymotrypsin-Ethanol - * * 

K216 Chymotrypsin + + + 

R217 Chymotrypsin + + + 

K222 Chymotrypsin + + + 

R358 Chymotrypsin-Ethanol + + + 

R360 Chymotrypsin-Ethanol + + + 

K361 Chymotrypsin-Ethanol + + + 
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Figure 4.3: Crystal structure of TmGlyDH showing the residues modified by DHA. Left panel – ribbon diagram of one monomer 

showing the residues modified by DHA in stick representation. Right panel – ribbon diagram of one monomer and surfaces of 

surrounding subunits. All Lys and Arg residues of one monomer are shown in stick representation. Cyan – ribbon structure of 

TmGlyDH, Yellow – Lys and Arg residues modified by DHA, Red – all other Lys and Arg residues, Orange – active site Zn, Gray – 

surfaces of surrounding subunits. 
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4.4.3 Screening TmGlyDH mutants for increased stability to DHA 

Based on the hypothesis that modification by DHA of several of the 15 Arg and Lys 

identified leads to enzyme inactivation, mutations of these residues should make the enzyme less 

susceptible to inactivation by DHA. To test this premise, 14 of these 15 Lys and Arg residues 

were mutated individually to Gln. We chose Gln for the substitution because Gln is the amino 

acid most similar in size and hydrophilicity to Lys and it is able to form hydrogen bonds. K157 

had previously been mutated to Gly in previous work (2). All the mutants maintained more than 

60% of the wild type activity, except R143 and K183Q which only had 39% and 46% of the 

wild-type activity respectively. 

 

Figure 4.4: Screening of TmGlyDH mutants for increased resistance to inactivation by 

DHA at 50°C. ( ): Initial activity at 50°C; ( ): residual activity after a 2-h incubation at 50°C;   

( ):  residual activity after a 2-h incubation with 200 mM DHA at 50°C; *: Statistically different 

from the wild-type enzyme’s thermostability at 50°C (p ≤ 0.05); **: Statistically different from 

the wild-type enzyme’s stability in the presence of DHA at 50°C (p ≤ 0.05). 

  

 

Mutant enzymes were first screened for stability to DHA by testing activity remaining 

after a 2-h incubation with DHA at 50°C (Figure 4.4). Stability in the absence of DHA was also 
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measured to highlight any change in thermostability. Six of the mutant enzymes (K60Q, K104Q, 

K107Q, K157G, R161Q, and R361Q) showed significantly (p ≤ 0.05) increased stability 

compared to wild-type TmGlyDH in the presence of DHA. 

 

Because temperature can have a large impact on enzyme inactivation, mutant enzymes 

that were significantly more stable than wild-type TmGlyDH at 50°C with DHA were also 

screened for increased resistance to inactivation by DHA at 80°C. In contrast to the 50°C results, 

mutants K104Q and K107Q were not significantly more stable than wild-type TmGlyDH with 

DHA at 80°C. Mutant K157G was the most stable, instead of K361Q. (Figure 4.5).  

 

Figure 4.5: Residual activity of TmGlyDH and its mutants after a 16-min incubation with 

DHA at 80°C. ( ): Initial activity at 80°C; ( ): residual activity after a 16-min incubation at 

80°C; ( ): residual activity after a 16-min incubation with 200 mM DHA at 80°C; *: Statistically 

different from the wild-type enzyme’s thermostability at 80°C (p ≤ 0.05); **: Statistically 

different from the wild-type enzyme’s stability in the presence of DHA at 80°C (p ≤ 0.05).  
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4.4.4 Time course analysis of mutants’ stability to DHA 

The three mutant enzymes showing the most increased resistance to inactivation by DHA 

at 50°C (K104G, K157G, and K361Q) and two of the most stable mutants at 80°C (K157G and 

R161Q) were further tested in a 7-h time course inactivation assay at 50°C. Data points were fit 

to an exponential decay model (eq. 1), but the fit was generally poor, so decay constants could 

not be calculated (Figure 4.6).  

Equation 4.1 

 

In general, the mutant enzymes were less thermostable than wild-type TmGlyDH, but 

K104Q and K361Q TmGlyDHs were stabilized by the presence of DHA. In the presence of 

DHA, wild-type TmGlyDH lost half of its activity between 1 and 2 h. Mutant K104Q was less 

thermostable than wild-type TmGlyDH, but DHA temporarily prevented its thermoinactivation, 

and its activity was only reduced by half after 7 h. The K157G and R161Q mutants were less 

thermostable than wild-type TmGlyDH, and both lost half of their activity after less than an hour 

in the presence of DHA. Mutant K361Q was less thermostable than wild-type TmGlyDH, but 

was the most resistant to inactivation by DHA; it remained almost 100% active after 5 h in the 

presence of DHA, and lost less than half its activity over the 7-h inactivation time course.  

The four mutant TmGlyDHs that showed increased stability to DHA at both 80°C and 

50°C were selected for a time course inactivation study at 80°C. Enzymes were incubated with 

and without DHA at 80°C, and activity was tested after 0, 4, 8, 12, 16, and 20 min of incubation. 

The inactivation time course data points were fit to an exponential decay model (eq. 1) where 

relative activity was plotted against incubation time and the exponential decay constant K was 

𝑣

𝑣0
=  𝑒−𝑘𝑡
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calculated. The fits to the inactivation time courses at 80°C (Figure 4.7) (adjusted R
2
 ranged 

from 0.66 to 0.98) were much better than the fits to the 50°C time course data, so decay 

constants are reported in Figure 4.8. The R161Q mutant had the smallest decay constant in the 

presence of DHA at 80°C, but the K157G mutant retained higher activity after 16 min of 

incubation with DHA at 80°C. 

 

Figure 4.6: Time courses of TmGlyDH and mutants’ inactivations at 50°C with and 

without DHA. ( ): heat inactivation, exponential fit (   ); ( ): Inactivation by DHA, exponential 

fit (---). 
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Figure 4.6 (cont’d) 

 

 

Figure 4.7: Inactivation time courses of TmGlyDH and its mutants at 80°C with and 

without DHA. ( ): heat inactivation, exponential fit (   ); ( ): Inactivation by DHA, exponential 

fit (---). (A) Wild-type TmGlyDH; (B) TmGlyDH K60Q, (C) TmGlyDH K157G, (D) TmGlyDH 

R161Q, (E) TmGlyDH K361Q, (F) TmGlyDH K157G/K361Q, (G) TmGlyDH K157G/R161Q. 
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Figure 4.7 (cont’d) 
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Figure 4.8: Specific activities and decay constants of wild-type TmGlyDH and its mutants 

at 80°C with and without DHA. Decay constants with standard error of TmGlyDH mutants 

incubated with DHA (dark gray) or in buffer only (light gray) at 80°C; specific activity at 80°C 

(Δ). *: Statistically different from the wild-type enzyme’s thermostability at 80°C (p ≤ 0.05), **: 

Statistically different from the wild-type enzyme’s stability with DHA at 80°C (p ≤ 0.05).  

  

 

The mechanisms of inactivation by DHA at 50°C and 80°C appear to be different as 

evidenced by the different patterns of the time course inactivations. Surprisingly, the K104Q and 

K107Q mutants that were more resistant to inactivation by DHA at 50°C, were not particularly 

so at 80°C. We prepared a K157G/K361Q double mutant and tested it in both screens at 50°C 

and 80°C and in a time course inactivation at 80°C. The double mutant was less stable than the 

individual mutants at 80°C (Figures 4.7 and 4.8), and it was not significantly different from wild-

type TmGlyDH at 50°C (Figure 4.5).  
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4.5 DISCUSSION 

4.5.1 The importance of TmGlyDH stability 

TmGlyDH has been previously characterized to determine if it is suitable for use in a 

catalytic reactor to produce DHA from glycerol (2). To use glycerol dehydrogenase as a catalyst, 

NAD
+
 must be supplied to the reaction in stoichiometric amounts or it must be regenerated. 

Glutamate dehydrogenase and NADH oxidase have been used to regenerate oxidized cofactor, 

but their use is limited to the production of high value products because of the cost associated 

with using two enzymes for one reaction (17). Recent advances in electrochemical oxidation of 

NADH could make electrochemical regeneration of oxidized cofactors a lower cost alternative to 

enzymatic regeneration (9). Apart from supplying the cofactor to the reaction, the other main 

cost of enzymatic catalysis is the cost of producing and purifying the enzyme. Optimally the 

enzyme will be usable for many batch reactions, or for use in a flow-through reactor for many 

turnovers. In this study, we show that wild-type TmGlyDH is unstable in the presence of DHA, 

and therefore, wild-type TmGlyDH would need to be replaced often if used in a catalytic reactor. 

Reducing TmGlyDH inactivation by DHA will help address this issue.  

4.5.2 TmGlyDH inactivation by DHA is a complex process 

 Our inactivation results have not been highly reproducible. For example, in the 2-h DHA 

inactivation screen, the K157G mutant retained more than 50% of its activity, but only showed 

about 25% of its activity after 2 h in the time course inactivation by DHA at 50°C. The variation 

between experiments could be explained by the complexity of the inactivation process. DHA 

could react with any of the 15 Lys and Arg residues accessible to modification in any order and 

at different rates. Not all modifications by DHA lead to inactivation, but for the ones that do, the 

kinetics of inactivation of each residue and the order in which the different residues get modified 
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in each experiment will affect the inactivation course. We might observe reproducible 

stabilization results only once enough residues are mutagenized to remove this stochasticity. 

There are a number of different pathways to inactivation. When DHA modifies a given 

residue, neighboring residues may be more likely to get modified. And DHA reacting at some 

sites may have no effect on the enzyme at all. Also, modification at different specific sites could 

have a synergistic inactivating effect. DHA modification in one subunit may also change the 

inactivation process of adjacent subunits. Note that TmGlyDH has been shown to behave 

cooperatively in its kinetics for glycerol and dihydroxyacetone, where substrate binding in one 

subunit changes the substrate affinity of the other subunits (2). Also as the protein unfolds, it can 

start aggregation processes that can destabilize neighboring subunits in the multimer (8). The 

order of modification and effect on the enzyme could vary greatly between inactivation time 

courses. Mutating all the Lys and Arg residues that, once modified by DHA, inactivate the 

enzyme should make the kinetic data more consistent. In general, we trust the inactivation time 

course data more than the 2-h screening at 50°C and 16-min at 80°C data points because of the 

context of the surrounding time points.  

 

4.5.3 DHA modification sites 

 The residues modified by DHA are localized in five general regions (Figure 4.3). 

Because the DHA modification sites seemed to cluster together at specific locations in the 

enzyme, it is possible that modification at one of the residues in each cluster leads to partial local 

unfolding, allowing nearby Lys and Arg residues to be modified by DHA as well. Similar 

proportions of Arg and Lys (33% and 40%, respectively) were modified by DHA, suggesting 

that both types of residues are equally susceptible to modification. The mutations that increased 
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stability to DHA (K104Q, and K361Q) at 50°C targeted residues that are solvent-exposed on the 

multimeric enzyme and are relatively far from the active site. At 50°C, the K361Q mutant is the 

enzyme most resistant to DHA, followed by the K104Q mutant. Both K361 and K104 form salt 

bridges (with E309 and E73, respectively). Mutations to Gln would disrupt these salt bridges, 

which may destabilize the protein at high temperatures and allow the heat inactivation processes 

to take place faster. But the effect of breaking the salt bridge may be small at 50°C because salt 

bridges are more stabilizing at higher temperatures than at moderate temperatures (4). 

Surprisingly, the addition of DHA actually stabilized these two mutant enzymes, allowing them 

to maintain their activity for several hours in DHA at 50°C. This effect could be because the 

substrate helps the enzyme retain its active conformation, modifications at other Lys or Arg 

residues offset the effect of breaking the salt bridges, or the substrate allows the enzyme to form 

an active oligomer different from the starting multimer (see below).  

Because TmGlyDH is a multimer and the most stabilizing mutations are far from the 

active site, we checked whether these mutations are at subunit interfaces. Neither K104 nor K361 

are. Of the 15 amino acids modified by DHA, only R143 and R217 are at a subunit interface, but 

neither mutant was more stable than the wild-type enzyme in the 2-h inactivation screen. In 

general, the Lys and Arg residues located at subunit interfaces are protected from modification 

by DHA: only 18% were modified versus 46% of solvent-exposed Lys and Arg residues. Of the 

two least active mutants, the R143Q mutant could have lower activity than wild-type TmGlyDH 

because of disruptions in the subunit interface. There was no clear reason for the K183Q mutant 

to have substantially reduced activity. K183 forms hydrogen bonds with the main chain oxygens 

of H335 and E337, but modeling of the K183Q mutation in TmGlyDH with PyMol suggests that 

Gln could maintain those hydrogen bonds (not shown).  
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4.5.4 Stability and biphasic behavior in 50°C inactivation time-courses 

The inactivation time courses at 50°C with and without DHA did not follow first-order 

kinetics. As reported for urease and luciferase, non-first-order kinetics comes about when the 

different reactions that lead to inactivation are interacting with each other (8). Biphasic 

inactivation results from a combination of denaturation, aggregation, and coagulation. In most 

models of inactivation, the initial drop in activity results from denaturation of the oligomer 

reaching equilibrium, and the second phase is a result of coagulation and aggregation processes 

(5, 8). (Aggregation is the formation of non-native oligomers of the folded monomer, 

coagulation is the coalescence of unfolded monomers.) When peptide denaturation and multimer 

denaturation are at equilibrium, inactivation becomes directly proportional to aggregation and 

coagulation (8). For most of the mutants, inactivation in the absence of DHA at 50°C showed a 

biphasic pattern. For the K361Q and K104Q mutants, stability to DHA at 50°C appeared to have 

a period of stability, followed by inactivation. A so called grace period or induction period in 

inactivation time courses has been adequately described by changes in the multimeric species (1, 

8). Particularly, multimeric enzymes that dissociate into active oligomers show a grace period in 

their inactivation kinetics (1, 8). The grace period is a result of the formation of active 

intermediates that subsequently form inactive aggregates, and the kinetics of this process is such 

that at higher temperatures, the inactivation will look more like first-order inactivation (1, 5, 8). 

Because the grace period was only observed in the presence of DHA, the enzyme-substrate 

complex may be able to form alternative active oligomers or DHA reacting at certain residues 

forms active intermediates, while the enzyme alone is unable to do so. Although we previously 

observed a brief grace period during inactivation of wild-type TmGlyDH by DHA at 50°C (2), 
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the enzyme had been cooled on ice after inactivation and then reheated to 50°C for 15 min prior 

to measuring residual activity. Here we tested activity directly after inactivation. 

At higher temperatures, the acceleration of the inactivation process can make the 

multistep process appear to follow first-order kinetics (5, 8), which could explain why we 

observed better fits to the first-order inactivation equation at 80°C. At 80°C, inactivation 

processes that do not involve DHA will take place faster, reducing the relative effect of DHA on 

the enzymes’ stability. The effect of modification by DHA is much more apparent at 50°C than 

at 80°C, as illustrated by the larger difference between the inactivation time courses with and 

without DHA at 50°C than at 80°C, indicating that thermal denaturation is the dominant process 

at 80°C. At 80°C, the K157G mutant is the most stable followed by the R161Q mutant. The most 

stabilizing mutations at 80°C are in (K157G) or near (R161Q) the NAD binding pocket. 

Modification of the wild-type enzyme by DHA at these sites could reduce affinity for the 

cofactor, thus reducing the apparent activity. If true, we would expect this effect to be small, 

though, because we used concentrations of NAD nearly 10-fold the Km. If cofactor affinity is 

playing a role in the inactivation, testing activity with higher concentrations of NAD would 

eliminate the reduction in activity. It is possible that mutations K157G and R161Q both act 

through the same mechanism to increase stability, because the K157G/R161Q double mutant 

was not more stable than either of the individual mutants. The kinetics of modification at each 

site may be different at 50°C and 80°C, leading to different inactivation pathways. Determining 

the rate of modification at the two different temperatures could clarify the difference in 

inactivation mechanism. For our purposes, the increase in stability of TmGlyDH mutants with 

DHA at 50°C is more important because our proposed catalytic reactor will operate at 50°C and 

DHA will accumulate during operation.  
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4.6 CONCLUSION 

TmGlyDH becomes inactivated by its product DHA by DHA reacting with different Lys and Arg 

residues. We identified 15 different amino acids susceptible to modification by DHA, located in 

five regions of the protein. The two sites that destabilize the enzyme most in DHA at 50°C are 

Lys361 and Lys104. Mutating these residues to Gln stabilized TmGlyDH in the presence of 

DHA at 50°C. Although the stability increased substantially, the enzyme still lost substantial 

activity after 7 h at 50°C. Combining multiple mutations may lead to increased stability of the 

enzyme. 
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4.7 SUPPLEMENTARY MATERIALS 
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Table S4.1: Conditions used to detect peptides containing all Lys and Arg residues. •: 

Peptide detected prior to incubation with DHA, and not modified by DHA. º: Peptide detected 

prior to incubation with DHA and susceptible to modification by DHA. *: peptide detected prior 

to incubation with DHA, but disappearing after incubation with DHA. 

  

Trypsin digest Chymotrypsin digest 

Chymotrypsin 

then trypsin 

  Residue Normal With ethanol Normal With ethanol Normal 

1 R 10 • • •     
2 R 27 • • • •   
3 R 31         • 
4 K 42 •   • •   
5 K 55 •   •     
6 R 57     •     
7 K 60 *   •     
8 R 74     •     
9 K 93 •   •     

10 K 99     • •   
11 K 104 º     º   
12 K 106       º   
13 K 107       º   
14 K 136     • •   
15 R 137     • •   
16 R 143 • •   º   
17 K 157 • • • º   
18 R 161 •   • º   
19 K 181     • *   
20 K 183     • *   
21 R 191 • • • •   
22 R 202 •     •   
23 K 216     º º   
24 R 217 *   º º   
25 K 222 •   º º   
26 K 230 • •   •   
27 K 266     • •   
28 K 272     • •   
29 K 286 •   • •   
30 R 288 •   • •   
31 K 289     • •   
32 K 322         • 
33 K 326   •       
34 K 330 • •     • 
35 K 344         • 
36 K 351 • • • •   
37 R 355 •   • •   
38 R 358 • •   º   
39 R 360 •     º   
40 K 361 •     º   
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CHAPTER 5. Conclusions and future work 
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5.1 REVIEW OF PROJECT 

Dehydrogenases are potential catalysts for the production of many different compounds, 

including chiral compounds and pharmaceutical precursors (17, 18). Catalytic use of 

dehydrogenases has been limited due to the need to supply NAD to the reaction in stoichiometric 

amounts or regenerate the cofactor. A limited number of high-value chemicals are produced by 

dehydrogenases with a cofactor regeneration method. Typically the cofactor is regenerated by a 

second dehydrogenase working in the opposite direction. The extra cost associated with cofactor 

regeneration is the main limitation for industrial applications. Electrochemical cofactor 

regeneration could be a lower cost alternative to enzyme coupled regeneration. The efficiency of 

NADH electro-oxidation has been substantially increased recently, making electrochemical 

regeneration a suitable alternative for reactions that require NAD
+
 (10, 11). Immobilizing the 

enzyme and cofactor onto the electrode surface will allow reuse of the electrode for many 

catalytic cycles. The goal of the collaboration project of the Vieille, Worden, and Calabrese 

Barton laboratories is to develop a bioelectronic catalytic reactor that uses dehydrogenases to 

catalyze chemical reactions. The long-term goal is to produce DHA from glycerol using 

TmGlyDH in an electrochemical reactor. For my part of that project, I characterized and 

engineered TmGlyDH. I also immobilized NAD while maintaining its coenzymic activity. 

 

5.1.1 Review of TmGlyDH characterization 

To determine appropriate reactor operating conditions and enzyme immobilization 

conditions, TmGlyDH’s apparent kinetic parameters were determined for glycerol, DHA, and 

NAD(H) at different pH values at 50°C. The Michaelis-Menten equation was not a good fit to 

the kinetics data for glycerol and DHA because of apparent negative cooperativity. Thus kinetic 
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data for these substrates were fit to the Hill equation. The optimum pH for glycerol oxidation 

was 7.9 with apparent Vmax, K0.5 for glycerol, and n of 24 ± 1.4 μmol min
-1 

mg
-1

, 39 ± 7 mM, and 

0.86 ± 0.13, respectively, where n indicates the cooperativity level. TmGlyDH activity with N
6
-

CM-NAD
+
 was only 2% of the activity with NAD

+
. Single and double mutations and a triple 

mutant in the enzyme’s active site were produced to increase activity with the soluble NAD 

analogue; the activity of the best mutant with N
6
-CM-NAD

+
 increased over 10-fold. However, 

the activity of the TmGlyDH mutants with sepharose-immobilized N
6
-CM-NAD was the same or 

lower than that of the wild-type enzyme. 

In a catalytic system, the longevity of the catalyst is critical because renewing the catalyst 

is costly. We observed that TmGlyDH becomes inactivated by its product, DHA. TmGlyDH 

inactivation by DHA is a result of the enzyme being modified by Maillard reactions between the 

Lys and Arg residues and DHA. In Chapter 4, I used mass spectrometry to identify which amino 

acids are being modified by DHA and mutated those amino acids to improve TmGlyDH stability 

in the presence of DHA. The mutants’ stability to DHA was not consistent at 50°C and 80°C. 

The mutant most stable to DHA at 50°C was K361Q while the mutant most stable to DHA at 

80°C was K157G. Combining the K157G and K361Q mutations together did not improve 

stability to DHA at 50°C or at 80°C significantly. Overall, the best mutant (K361Q) retained 

initial activity and maintained activity twice as long as the wild-type enzyme in the presence of 

DHA at 50°C. 

 

5.1.2 Suitability of TmGlyDH for use in bioelectrocatalytic system 

TmGlyDH promises to be a useful catalyst for the production of DHA using a 

regenerated cofactor, but there are several reasons for which using TmGlyDH as a model system 
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for a bioelectronic reactor is not ideal. The kinetics of TmGlyDH do not fit standard Michaelis-

Menten kinetics, which will complicate mathematical modeling of the system. Modeling the 

reversible kinetics of a dehydrogenase-based biofuel cell system has been demonstrated (7), but 

modeling the reversible kinetics of cooperative enzymes would require creating a different, 

potentially more complicated model using the reversible Hill equation (5). The reversible rate 

equation for cooperative enzymes is empirical and does not provide mechanistic parameters (5). 

Another limitation is that the enzyme becomes inactivated by its product, losing all activity after 

4 h in the presence of DHA at 50°C. To prevent inactivation of the enzyme catalyst, DHA would 

need to be continually removed from a catalytic reactor; this problem has been partially 

addressed by mutating the DHA reactive Lys and Arg residues. The TmGlyDH mutants 

produced have significantly increased stability to DHA at 50°C, but they lost thermostability.  

The best mutants, K104Q and K361Q, retained similar initial activity to the wild-type and 

maintained 90% of activity after 5 h with DHA. But K104Q and K361Q lost half their activity 

after about 2 h and 5 h at 50°C, respectively, compared to the wild-type enzyme, which lost only 

about 10% activity after 7 h at 50°C in the absence of DHA.  

 

5.1.3 Suitability of N
6
-immobilized NAD for use in bioelectrocatalytic systems 

To determine which chemical groups on NAD
+
 are accessible enough for binding with a 

linker for immobilization, NAD
+
 was modeled into the crystal structure of TmGlyDH and into a 

homology model of TmMtDH. Based on a review of the literature pertaining to available 

chemistry to modify NAD and to the ability of enzymes to bind and use immobilized-NAD 

analogues, I chose the N
6
-amine on the adenine moiety of NAD

+
 for modification. N

6
-

carboxymethyl-NAD
+
 (N

6
-CM-NAD

+
) was synthesized to allow binding to amines through 
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carbodiimide coupling. In Chapter 2, I demonstrated that TmGlyDH could use the immobilized 

cofactor and that the length of the linker tethering the immobilized-N
6
-CM-NAD to the surface 

had little effect on the ability of the enzyme to use the immobilized NAD. 

In Chapter 3, I showed that several different dehydrogenases could use sepharose-

immobilized-N
6
-CM-NAD and that the enzymes’ active site structures could predict activity 

with soluble N
6
-CM-NAD, but not with immobilized NAD. My results indicate that N

6
-

immobilized-NAD should have coenzymic activity with many dehydrogenases and that it is 

suitable for use in an electrochemical system.  

 

5.2 FUTURE WORK 

5.2.1 Immobilizing NAD on an electrode 

Having demonstrated that N
6
-immobilized NAD is usable by many different 

dehydrogenases, the logical next step is to immobilize it on an electrode. The electrode needs to 

be activated and modified to be a good NADH oxidation catalyst. Our collaborators have 

demonstrated that activated carbon electrodes with methylene green adsorbed onto the surface 

have excellent NADH oxidation activity (10). They incorporated carbon nanotubes that were 

previously functionalized by carboxylation, and then electrooxidized them by cyclic 

voltammetry. The carboxyl groups on the carbon nanotubes should provide active groups to 

which a diamine linker can be attached. After electroactivation of the carbon nanotube-modified 

electrode, methylene green can be adsorbed onto the surface and a diamino linker can be 

attached through carbodiimide-promoted coupling. This surface should be tested for catalytic 

NADH oxidation to confirm that the addition of a linker molecule does not decrease the NADH 

oxidation rate because the long carbon chain in the diamino linkers may act as an insulator, 
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inhibiting current flow. Then the N
6
-CM-NAD can be immobilized to the terminal amine groups 

through carbodiimide-promoted coupling. 

An alternative approach to modifying the electrode is to build up layers of polyelectrolyte 

(3). Because the carbon nanotube electrode has carboxyl groups, it is expected to have a negative 

charge. Thus, asorbing a layer of a positively charged polymer like polyethyleneimine on the 

electrode surface would provide primary amines to bind N
6
-CM-NAD. Multiple layers of 

alternatively charged polymers could also be added, followed by NAD immobilization, although 

too many layers may hold NAD too far from the catalytic surface.  

 

5.2.2 Engineering of TmGlyDH 

Directed engineering of TmGlyDH was only marginally successful for improving activity 

with N
6
-CM-NAD and for stabilizing the enzyme to DHA. For stability to DHA, there are many 

possible double mutants, or triple mutants, that could further improve stability. First, a 7-h time 

course for the single mutant K107Q should be performed, since the K107Q mutant retained 

almost as much activity after 2 h with DHA as the K104Q mutant did. Then combinations of 

K104Q, K361Q, and K107Q (if K107Q’s increased stability to DHA is confirmed) should be 

prepared. Combinations of these mutations could further improve TmGlyDH’s stability to DHA. 

The approach taken to stabilize TmGlyDH to DHA is limited by only modifying residues that 

react with DHA. An alternative strategy to stabilize the enzyme is to do directed evolution. 

Directed evolution could introduce mutations that counteract the effects of the Lys and Arg 

residues being modified by DHA instead of just mutating the specific residues that get modified. 

Error-prone PCR could be used to mutate the enzyme and then mutants could be screened by 

incubating them for several hours with DHA. Mutations that counteract the structure changes 
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that take place when DHA modifies the Lys and Arg residues would show increased residual 

activity.   

 

5.2.3 Adding TmGlyDH to the bioelectronic interface 

After NAD is immobilized onto the electrode surface, the next step is to immobilize the 

enzyme. TmGlyDH should have affinity for the electrode-immobilized NAD, and can then be 

cross-linked in place using glutaraldehyde. A similar approach to the kinetic based locking on 

strategy used for affinity chromatography with N
6
-immobilized NAD-sepharose (2, 15) (see 

Chapter 1) could be employed to increase the enzyme’s affinity for electrode-immobilized NAD. 

Adding a substrate analog like Tris (see Chapter 2) would allow the enzyme to form an inactive 

enzyme-Tris-(electrode-immobilized NAD) complex, holding the enzyme on the electrode 

surface. Then the addition of glutaraldehyde would fix the enzyme in place followed by washing 

the Tris away. With the enzyme and cofactor immobilized, the electrode should be usable for 

multiple catalytic cycles, thus reducing the operating costs. An added advantage to immobilizing 

TmGlyDH is that immobilization of the enzyme onto the electrode surface couldfurther stabilize 

TmGlyDH to DHA because the cross-linker may react with some of the DHA reactive Lys and 

Arg residues, immobilization could eliminate the aggregation and coagulation processes, and 

immobilization generally increases enzyme stability (13, 14).  

 

5.3 ADDITIONAL USES OF THE BIOELECTRONIC INTERFACE 

 After the immobilization of NAD and TmGlyDH onto the electrode surface, the 

electrochemical properties would be tested. If the bioelectronics interface shows suitable current 

densities at moderate overpotentials and works for DHA production, it would be a proof of 
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concept for producing a dehydrogenase-based catalytic electrochemical reactor. The next step 

would be to apply other enzymes to the interface. I have demonstrated that a number of different 

dehydrogenases should be able to use N
6
-immobilized-NAD and therefore the electrode interface 

should be adaptable to many different dehydrogenases. A working electrochemical connection 

could be used for many additional applications such as fuel cells and fuel cell powered 

implantable devices such as a blood glucose sensor and other biosensors (1, 3, 4, 6-9, 12, 16, 19). 

The breadth of reactions catalyzed and the wide acceptance of N
6
-immobilized NAD by 

dehydrogenases would allow the adaptation of the bioelectronic system to many novel 

applications. 
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