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SUMMARY 
 

There are subtle differences in amino acid metabolism in mammalian brain, especially as regards 

lysine degradation. In lysine degradation the pipecolate pathway predominates in adult mammalian 

brain whereas the saccharopine pathway predominates in the rest of the body. This suggests that 

this pathway may play an important role in brain development and functioning. A key enzyme 

involved in the pipecolate pathway is a ketimine reductase which is involved in the reduction of 1-

piperideine-2-carboxylate to form L-pipecolate.   This enzyme is also involved in proline metabolism 

in the reduction of 1-pyrroline-2-carboxylate to form L-proline.  In addition the enzyme is involved in 

the reduction of cyclic ketimines originating from sulfur-containing amino acid metabolism. Prior to 

this research no mammalian ketimine reductases had been identified in mammalian genomes. The 

enzyme was identified as the protein -crystallin (CRYM). It was found to be strongly inhibited 

regulated by thyroid hormones and may regulate enzyme activity in vivo. A novel catalytic 

mechanism is also suggested based on in silico docking where an active site arginine residue acts as a 

proton donor. Prior to this research it was not known as an enzyme, however it was known as an 

important thyroid hormone binding protein and a structural protein in diurnal marsupial lens.  

This multi-disciplinary research project involved organic synthesis of enzyme substrates, 

classical biochemical enzyme purification, proteomic identification, in silico docking, bioinformatics, 

and kinetic analysis of activity and inhibition. This research was self-initiated and this thesis consists 

of three research papers and two reviews which have been published or submitted during the course 

of my candidature with myself as primary author. Publications which I have also been involved in as a 

minor co-author and a letter to the editor are included in the appendices.  

This research is an important contribution to our understanding of amino acid metabolism in 

the mammalian brain, and also its relationship with thyroid hormones. 
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CHAPTER 1 

INTRODUCTION 
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This thesis documents the discovery and characterisation of an important cytosolic enzyme in brain 

amino acid metabolism – namely ketimine reductase (E.C. 1.5.1.25). This research was motivated by 

my interest in this enzyme and its substrates, which were relatively under-researched in spite of the 

enzyme being a major enzyme documented in every major biochemistry textbook. This thesis is 

presented as a series of published and submitted papers. Each publication has its own introduction, 

abbreviations, and references. In addition the two reviews (included in Chapter 3 and 4) provide a 

detailed overview of this research. Therefore this introduction is a very brief overview of the 

chapters of the thesis as to reduce repetition.  

 

In chapter 2 the purification of a ketimine reductase from lamb brain using activity guided assays is 

described. Ketimine reductases catalyse the reduction of imine double bonds (C=N) using NADH or 

NADPH as cofactor. In this chapter enzyme activity and inhibition by thyroid hormones was primarily 

performed at an acidic pH (pH 5) where activity was found to be optimal, and used NADH primarily as 

a cofactor. The enzyme was purified using assay-guided protocols and entailed the use of multiple 

chromatography steps. The sulfur-containing cyclic ketimine S-2-aminoethylcysteine ketimine (AECK) 

was used as the substrate in enzyme purification. Another important substrate, 1-piperideine-2-

carboxylate (P2C), was also identified. The enzyme was identified as the protein -crystallin (CRYM) 

which prior to this research was not known to be an enzyme, but was known as one of the main 

cytosolic thyroid hormone binding proteins as well as a structural protein in diurnal marsupial lens.  

Fig. 1.1. Some of reactions catalysed by 

ketimine reductase/CRYM as documented 

in this research. The enzyme is a cytosolic 

enzyme and can utilize either NADH or 

NADPH as a necessary cofactor 
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In chapter 6 the ability of the enzyme to also synthesise N-alkylamino acids is documented from -

keto acids (such as pyruvate) and alkylamines (such as methylamine). This is not likely to occur in vivo 

however it may be of some commercial importance in the production of enantiospecific building 

blocks for drug synthesis. The reduction of the imine intermediate by ketimine reductase/CRYM 

further clarifies that the enzyme only acts as an imine reductase. 

 

Fig. 1.3. Synthesis of N-alkylamino acids. Though not likely in vivo the reaction may nonetheless be important 

as a commercial synthetic reaction. The reaction further validates the ketimine reductase/CRYM mechanism as 

being one of imine bond reduction. The reaction of amines with aldehydes or ketones is a well characterised 

reaction resulting in the formation of imines. 

In chapter 7 experimental methods and data are provided in addition to those included in the 

publications that constitute this thesis. 

The appendices consist of a research publication on glutamine transaminases and a book chapter on 

glutamine transaminase. Ketimine reductase/CRYM substrates may originate from the enzyme action 

of glutamine transaminases. A letter to the editor is also included stressing that ketimine 

reductase/CRYM is strongly inhibited/regulated by thyroid hormones.  
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CHAPTER 2 

 

THE DISCOVERY OF A MAMMALIAN BRAIN KETIMINE 

REDUCTASE AND IDENTIFICATION OF ITS GENE 

  

2.1 Overview 

Prior to this research no mammalian ketimine reductase had been successfully purified to the 

extent where its gene could be identified. The primary aim of the research described in this 

chapter was to purify a ketimine reductase from ovine forebrain using assay-guided protocols. 

This entailed the use of many different chromatography steps and ultimately the identification of 

the gene through the use of proteomic mass spectrometry analysis, thus combining traditional 

old school biochemistry with cutting edge contemporary proteomics (Fig. A). The gene identity 

was confirmed by expression of recombinant human -crystallin (CRYM) and characterisation of 

its enzyme properties. Surprisingly the ketimine reductase was a well known protein and one of 

the main cytosolic thyroid hormone binding proteins as well as a structural protein in mammalian 

marsupial lens [1]. However its enzyme function was previously unknown. This research was also 

the first to suggest that thyroid hormones act to regulate the enzyme activity.  It was previously 

suggested that there exist two different mammalian ketimine reductases, one that was partially 

purified from porcine kidney [2] and one that was partially purified from bovine cerebellum [5]. 

However, only one ketimine reductase was able to be purified in this research from ovine 

forebrain. After exhaustive purification attempts a ketimine reductase was also purified from 

ovine cerebellum but it was also found to be -crystallin. 
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2.3 Supplementary material not included in publication 

2.3.1 Protein purification chromatograms 

 

 

Fig. S1. Chromatograms for lamb forebrain purification protocols. The blue trace represents the UV absorbance 

at 280 nm. The active region is highlighted by the red dotted line and the gradient by the black dotted line in 

each case. 

 

 

 

A. DEAE step: the column was washed with 95 

mM KCl, and protein eluted with 165 mM KCl. 

Ammonium sulfate (AS) was then added to the 

active fractions to 700 mM concentration. 

B. Phenyl sepharose HP step: protein was 

eluted with a 700-0 mM ammonium sulfate 

(AS) gradient elution. Active enzyme eluted 

with 0 mM AS. 

C. Flowthrough protocol. After buffer exchange 

protein was run through a hydroxyapatite and 

heparin column directly onto a blue sepharose 

column. Protein was then eluted from the blue 

sepharose column onto a Reseource Q anion 

exchange column. The chromatogram is the 

final step with elution off Resource Q with a 0-

500 mM KCl gradient.  
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2.3.3 Protein isoforms -Crystallin/ketimine reductase (Homo sapiens) 

 

The exons are represented by alternating colours. 
 

 
Isoform 1: NCBI Reference Sequence: NM_001888.3   Theoretical pI/Mw: 5.06 / 33775.59 

 

 

 

 

 

 

 

Isoform 2: NCBI Reference Sequence: NM_001014444.2 Theoretical pI/Mw: 5.16 / 29425.66 

 

 

 

 

 

 

 

The longer isoform 1 was purified from ovine forebrain as noted in the publication and the human 

protein expressed. As noted in the overview, after exhaustive attempts ketimine reductase/CRYM 

was purified from ovine cerebellum with the same protocols noted in the publication and it was also 

found to be the longer isoform 1. As noted in the publication the ketimine reductase activity in the 

cerebellum was however low compared to the forebrain. Currently the validity of the presence of the 

shorter isoform has been questioned and its NCBI record permanently suppressed due to insufficient 

evidence. The shorter isoform 2 is missing much of the dimerisation domain and it would only be 

expected to exist as a monomer. However, a SDS-PAGE gel from kangaroo lens clearly shows two 

bands when detected using a CRYM antibody with the upper band corresponding to the longer 

isoform and the lower band to the shorter isoform [1].  During attempts of enzyme purification it was 

observed that there was a second region of low enzyme activity which eluted early off the DEAE 
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anion exchange column in the wash (indicating a higher isolectric point (PI)), and when these 

fractions were subsequently run on a Superdex 200 HR column (Fig. S4) the active fractions eluted 

late corresponding to a Mr of ~ 30 kD may indicate the presence of the monomer (isoform 2). This 

was not pursued further and will need to be clarified in further research.  

Fig. S4. Gel filtration: Elution of partially 

purified ketimine reductase from ovine 

forebrain on a Superdex 200HR column run at 

0.4 mL/min. Enzyme activity is represented by 

the dotted red line and the thick black line 

represents the region where the homodimer 

of ketimine reductase/CRYM would elute. 

Active enzyme eluted in a region where it 

would have an apparent Mr of 30,000, 

suggesting that this partially purified enzyme 

may be the monomer (isoform 2).  

 

2.3.4 Bioinformatics 

 

Ketimine reductase/CRYM is homologous with ornithine cyclodeaminase (PDB: 1X7D, Pseudomonas 

Putida) as well as alanine dehydrogenase (PDB: 1OMO, Archaeoglobus fulgidus) as depicted in S5 and 

S6. Multiple sequence alignment of eukaryote ketimine reductase/CRYM was also performed in 

chapter 5 (supplementary material) highlighting catalytic residues. Ketimine reductase/CRYM has 

however been shown not to act as either an alanine dehydrogenase [3] or ornithine cyclodeaminase 

[4].  

Fig.S5. -Crystallin homologues superimposed using 

MOE software illustrating the structural homology:  

the protein secondary structure is represented in 

ribbon form. Red, ketimine reductase/-crystallin 

(CRYM: PDB 2I99 ); green, alanine dehydrogenase 

(AlaDH: PDB 1OMO); blue, ornithine cyclodeaminase 

(OCD: PDB 1X7D). 
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be age-related and the second enzyme may not be highly expressed in the lamb brains that were 

used. In future adult bovine cerebellum will be used. 

 

 

 

2.3.7 Erratum 

In Fig. 7 of the published paper the Y axis legend is missing a factor (× 10-1). 
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CHAPTER 3 

REVIEW: IMINE REDUCTASES AND THEIR MECHANISMS 

Overview 

Chapter 3 is a published review highlighting historical references to the discovery of ketimine 

reductases and a comparison to glutamate dehydrogenases.  The catalytic mechanism of 

glutamate dehydrogenase is known to proceed via an imine intermediate. The catalytic 

mechanisms are discussed in relation to imine bond reduction.  The importance of ketimine 

reductase in the context of brain biochemistry and the potential neuro-active role of the enzyme 

substrates is stressed. The discovery of -crystallin (CRYM) as a mammalian ketimine reductase 

was a major discovery, however as noted in this review, research into mammalian ketimine 

reductases had  been undertaken for decades prior to this discovery as documented in chapter 2. 

The novel interactions between ketimine reductase/CRYM and thyroid hormones documented in 

chapter 2, and later in chapter 5, are also discussed as they represent a potential regulatory 

mechanism for enzyme catalysis as well as potentially being of importance in the bioavailability 

of intracellular thyroid hormones. 

NOTE: Reference: Garweg et al. [60] is incorrectly referenced and should be numbered [62] 
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CHAPTER 4 

REVIEW: LYSINE METABOLISM IN MAMMALIAN BRAIN 

 

 

 

 

 

OVERVIEW 

Chapter 4 is a published review on lysine metabolism in mammalian brain. This review describes 

the important differences in mammalian lysine catabolism in the brain as compared to the rest of 

the body. Lysine is broken down primarily through the saccharopine pathway in the body 

whereas in the adult brain the pipecolate pathway predominates. This difference suggests a 

potential importance in brain development and functioning. The critical enzymes are described 

and their relationship to brain functioning and pathology highlighted. The compartmentalization 

of lysine catabolism is discussed with catabolism occurring in cytosol, peroxisomes, as well as 

mitochondria. The potential regulation of the pipecolate pathway by thyroid hormones as well as 

the relationship with the catabolism of tryptophan may also be of significant importance. 

Ketimine reductase/CRYM is a critical enzyme in the pipecolate pathway and therefore of 

particular importance. Furthermore research presented in chapter 5 suggests that under 

physiologically neutral conditions the enzyme predominantly functions as a 1-piperideine-2-

carboxylate (P2C)/1-pyrroline-2-carboxylate (Pyr2C) reductase.  
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A. Enzyme assays 
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Suppl. Material Fig. 1.  Michaelis-Menten kinetic plots for cyclic ketimine substrates of ketimine 

reductase/CRYM: (A) S-2-aminoethylcysteine ketimine (AECK), Km 28 ± 4 M, Vmax 0.36 mol/min/mg;  

(B) 1-piperideine-2-carboxylate (P2C), Km 13 ± 1 M, Vmax 7.36 ± 0.2 mol/min/mg (C) 1-pyrroline-

2-carboxylate (Pyr2C), Km 45 ± 2.6  M, Vmax 11.1  ± 0.2 mol/min/mg, and (D) 2-thiazoline-2-

carboxylate (T2C), Km 21 ± 1 M, Vmax 2.8 ± 0.06 mol/min/mg. Assays were performed at 37◦ C with 

six replicates at each substrate concentration used. A fixed concentration of 8 M NADPH was used 
for all assays and kinetic constants are therefore apparent constants. Assays were performed at pH 
7.2 in a potassium phosphate buffer (200 mM), which included 20% glycerol as well as 1 mM DTT. 
Data are fitted using non-linear regression with GraphPad Prism 5 and results are tabulated in Table 
1 of the main text. Of the four substrates assayed here only AECK is predominantly in the enzyme 
unfavorable enamine form at neutral pH, and this is reflected in the lower activity observed in 
comparison with its non-sulfur containing analogue P2C, and as such it is not likely to be a preferred 
substrate in vivo at neutral pH. 
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B. Inhibitor assays 
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Suppl. Material Fig. 2. Inhibition plots obtained with thyroid hormones and analogues. The low 
apparent inhibition constants necessitated that experimental data be fitted using non-linear 
regression to Morrison’s quadratic equation for tight binding inhibition for the thyroid hormones: A. 
L-thyroxine (T4), Ki 0.60 ± 0.05 nM; B. 3,5,3’-triiodothyronine (T3), Ki 0.75 ± 0.05 nM; C. 3,3’,5’-
triiodothyronine (rT3), Ki  35 ± 3 nM; and D. 3,5-diiothyronine (T2), Ki 32 ± 1.7 nM. Experimental data 
for 3,5-diiotyrosine (DIT) were fitted using non-linear regression to the equation for competitive 

inhibition: E. 3,5-diiotyrosine (DIT), Ki 313 ± 28 M, EB. Double reciprocal plot to illustrate competitive 

inhibition by DIT. No inhibition was observed for L-tyrosine at a concentration of 800 M. Assays 

were conducted at 37◦ C using an enzyme concentration of 2.61 nM (17.6 ng enzyme in a 200 L 
volume in a microplate well), varying concentrations of substrate (P2C), fixed NADPH concentration 

of 8 M, pH 7.2 potassium phosphate buffer (200 mM) containing 20% glycerol and 1 mM DTT. 
Experiments were done with six replicates.  
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C. Multiple sequence alignment 

 
                                              

 
Supp. Material Fig. 4. Multiple sequence alignment of eukaryote ketimine reductase/CRYM protein 
sequences. Non-conserved residues are shaded in red. The conserved residues Arg118 and Lys75 
interact with the carboxylate of the docked substrates and bound pyruvate in the crystal structure 
(PDB: 4BV9). We postulate that the conserved Arg47 and Glu256 residues form a charge relay 
necessary for enzyme catalysis with the Arg47 residue responsible for proton donation. The Glu256 
residue is solvent exposed. The conserved Arg229 residue may also from part of the charge relay via 
a water intermediate that it is H-bonded to. Uniprot accession numbers: Q14894, Homo sapiens 
(Human); E2RCL5, Canis familiaris (Dog); F6ZUA1, Equus caballus (Horse);   Q28488, Macropus 
fuliginosus (Western gray kangaroo); Q3UPX0 , Mus musculus (Mouse); E1C5W9, Gallus gallus 
(Chicken), Q66KY1, Xenopus laevis (African clawed frog), B9EMX9, Salmo salar (Atlantic salmon); 
A8WGR2, Danio rerio (Zebrafish); R7TKQ5, Capitella teleta (Polychaete worm); K1QAQ4, Crassostrea 
gigas (Pacific oyster); T1IW72, Strigamia maritima (European centipede); F6T3G6, Ciona 
intestinalis (Transparent sea squirt).  
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D. In silico docking  

 

 

    

 

Supp. Material Fig. 5. Docked ligands in the active site of human ketimine reductase/CRYM: Left: The 
top ranked docked pose of P2C into the active site (PDB: 4BV9) using the flexible docking protocols. 
P2C docks in the same pose as that observed using the rigid docking protocols, and is an indication 
that the protocols used in preparation and docking do not introduce a bias. Right: The highest ranked 
small inhibitors docked in the active site of ketimine reductase/CRYM (PDB: 4BV9) (pyrrole-2-
carboxylate, red; 4,5-dibromopyrole-2-carboxylate, yellow; picolinate, blue). The docked pyrrole-2-
carboxylate and its dibromo analogue can potentially form a hydrogen bond to the Leu292 residue 
backbone carbonyl. This hydrogen bond arrangement was not observed for the docked substrates. 
The docking scores do not provide information on the inhibitory strengths of the small inhibitors but 
do provide an indication as to how they may bind in the active site. 
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E. Organic synthesis 


2-Thiazoline-2-carboxylate (T2C) 

The ethyl ester of T2C was synthesized by substantial modifications of a published method [1,2]. In 
our hands, the method outlined in reference 2 was unusable due to possible typographical errors. 
Our synthetic method requires fewer steps, with comparable overall yields, and is therefore an 
improvement over the original synthetic method published in reference 1. Our method is therefore 
presented in full with accompanying analytical data. 

Cysteamine hydrochloride (10 mmol/1136 mg), dissolved in absolute ethanol (10 mL), was 
slowly added over 3 h to a solution of ethyl cyanoformate (10 mmol /991 mg) in absolute ethanol (4 
mL), with constant stirring under nitrogen for an additional 1 h at room temperature. Water (20 mL) 
was added and the product was extracted with dichloromethane (4 × 10 mL). The organic layer was 
washed with brine (5 mL), dried using magnesium sulfate, rotary evaporated, and the resulting 
yellow oil was distilled under vacuum (85 °C, 0.25 mPa) to yield T2C ethyl ester as a colorless oil (798 
mg; 50%).  

T2C ethyl ester was hydrolyzed to T2C according to a published method [3] to form the solid 
T2C sodium salt.  Briefly T2C ethyl ester (798 mg, 5 mmol) was dissolved at room temperature in 20 
mL dry dichloromethane/methanol (9:1) which included NaOH (100 mM).  Under these anhydrous 
conditions hydrolysis was complete in 5 minutes with constant stirring. The pure sodium salt of T2C 
was isolated by vacuum filtration, washed with dichloromethane (10 mL), and dried under vacuum 
(655 mg; 86%). Analytical data for both the ethyl ester of T2C and sodium salt of T2C are similar to 
those previously reported by Naber et al [2]. No analytical data were presented for either compound 
by Afeefy and Hamilton [1]. Our analytical data are consistent with the proposed structures. 

 

2-Thiazoline-2-carboxylate ethyl ester (MW 159.20): 1HNMR (CDCl3, 400 MHz):  1.35 (t, J = 7.32 Hz, 
3H), 3.38 (t, J = 8.96 Hz, 2H), 4.34 (q, J = 7.32 Hz, 2H), 4.46 (t, J = 8.96 Hz, 2H). 13C NMR (CDCl3, 400 

MHz):  13.91, 33.36, 62.75, 65.45, 159.91, 163.32; MS (ESI positive mode) m/z 160 (M+H+).  

UV in PBS (pH 7.4): λmax 290 ( 1770 M-1) nm.  IR (ATR): νmax 1746, 1722, 1606, 1246, 1060, 998 cm–1.  

2-Thiazoline-2-carboxylate (MW 130.14): 1H NMR (D2O, 400 MHz):  3.24 (t, J = 8.78 Hz, 2H), 4.18 (t, 

J = 8.78 Hz, 2H).13C NMR* (D2O-acetone-d6, 400 MHz):  33.41, 64.44, 166.68, 171.49.  MS (ESI 

negative ion mode) m/z 130 (M–H+).  UV in PBS (pH 7.4): λmax 269 ( 1630 M-1) nm. IR (ATR): νmax 
1630, 1609, 1383, 1070, 1009, 797, 784 cm–1. 

* 13C NMR data as reported by Naber et al. [1] are incorrectly referenced and all the peaks in the 13C 
NMR spectrum reported by these authors are shifted downfield by 12.61 ppm.  
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Supp. Material fig. 6. 1H NMR (upper) and 13C NMR (lower) for 2-thiazoline-2-carboxylate ethyl ester 
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Supp. Material fig. 7. 1H NMR (upper) and 13C NMR (lower) for 2-thiazoline-2-carboxylate  
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CHAPTER 6 

SYNTHESIS OF N-ALKYLAMINO ACIDS BY KETIMINE 

REDUCTASE/CRYM 

Overview 

A pyruvate molecule was observed bound in the active site of the solved x-ray structure of 

ketimine reductase/CRYM (Borel et al 2014). Docking studies described in chapter 3 used the 

monomer with bound pyruvate. Although bound in the active site it was not found to be an 

inhibitor or substrate. In this chapter the function of ketimine reductase/CRYM is further 

investigated. Its role in reductive alkylamination is described where the enzyme reduces the imine 

intermediate formed by the reaction of alkyl amines (e.g. methylamine) and -keto acids (e.g. 

pyruvate). This research further confirms the function of ketimine reductase/CRYM as an imine 

reductase. Although formation of N-alkylamino acids is not likely to occur in vivo the reaction may 

be of some importance in the commercial synthesis of these compounds. 

The following chapter is a short communication in Amino Acids journal. 



Pages 100-103 of this thesis have been removed as they contain published 
material under copyright. Removed contents published as: 

Hallen, A., Cooper, A.J.L., Smith, J.R. et al. (2015) Ketimine reductase/CRYM 
catalyzes reductive alkylamination of α-keto acids, confirming its function as an 
imine reductase. Amino Acids, vol. 47, pp. 2457–2461.  
https://doi.org/10.1007/s00726-015-2044-8  
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Supplementary material (LC-MS data) 

Fig. S1. LC-MS data for sarcosine. Left: base peak chromatogram, positive ion mode. Right: mass 
spectrum, positive ion mode.  

Fig. S2. LC-MS data for N-methyl-L-alanine. Left: base peak chromatogram, positive ion mode.  Right: 
mass spectrum, positive ion mode.  
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Fig. S3. LC-MS data for N-ethyl-L-alanine: left base peak chromatogram, positive ion mode. Right: 
mass spectrum positive ion mode. 

 
Fig. S4. LC-MS data for N-methyl-L-phenylalanine: left base peak chromatogram, positive ion mode. 
Right: mass spectrum, positive ion mode. 
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CHAPTER 7 

 

EXPERIMENTAL 

  

This chapter consists of experimental methods not included in the published papers. 
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7.1.3 Protein concentration 

The enzyme concentration was measured by using a Bradford assay (A595nm) by interpolating values 

using the linear regression curve of standard concentrations of bovine serum albumin (BSA). For 

example a stock equation solution was found to have a concentration of 0.55 mg/ml (Fig. 7.2). 2 L of 

this stock enzyme solution was diluted 0.8 × 10-4 equating to 17.6 ng (1.76 × 10-5 mg) in a 200 L 

assay (2.61 nM).  

Bradford assays
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7.1.4 Catalytic rate 

The rate of decrease in FI is measured from the reaction progress curve of FI against time (e.g. Fig. 

7.3 using 62 M Pyr2C as substrate at pH 5). The initial rate is determined by fitting the reaction 

progress curve to a 2nd order polynomial (FI = at2 + bt+ c, where t = time(s)) as the initial rate is the b 

coefficient as: 

 lim𝑡→0
𝑑

𝑑𝑡
(𝑎𝑡2  +  𝑏𝑡 +  𝑐) = lim

𝑡→0
 2𝑎𝑡 + 𝑏 = 𝑏  

𝑑𝐹𝐼

𝑑𝑡
=

𝑑

𝑑𝑡
0.23𝑡2 − 100.3𝑡 + 47620 = −100.3/s (R2 = 0.995). 

Therefore the catalytic rate = 100.3 FI/s. Therefore using the conversion factor from 7.1.2 where 1 

unit change in FI = 3.51 × 10-8 mol change in substrate: 100.3 FI/s therefore equates to a change of  

3.51 × 10-8 × 100.3 × 60 mol/min = 2.1 × 10-4 mol/min. 

 

7.1.5 Specific activity 

Specific activity = 
𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑟𝑎𝑡𝑒

𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 = 

2.1 × 10 −4

1.76 × 10−5 = 11.9 mol/mg/min 

 

Fig. 7.2 Bradford protein concentrations. Standard 

solutions of BSA were prepared and absorbance 

readings at 595 nm obtained. The stock protein 

concentration was obtained by interpolation from 

its absorbance (0.41) as depicted by the dotted 

lines. 
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7.2 Organic synthesis 

Chemical reagents were purchased from Sigma Aldrich (Castle Hill, Australia) and organic solvents 

purchased from ChemSupply (Australia).  

1H NMR and 13C NMR spectra were recorded on Bruker Avance DPX400 400 MHz and AVII600 

600 MHz spectrometers at 25oC and processed using MestreNova software (v. 8.1, Mestrelab 

Research, Santiago de Compostela, Spain).  

 

7.2.1 S-2-Aminoethylcysteine ketimine (AECK)  

Firstly AECK ethyl ester was synthesized by an adaption of the method of Rossi et al. (1962) [1].   

Cysteamine hydrochloride (5 mmol/568 mg) was added to dry dichloromethane (40 mL) in a round 

bottom flask and stirred with a magnetic follower under nitrogen. Triethylamine (10 mmol/1.4 mL) in 

10 mL dichloromethane and ethylbromopyruvate (5 mmol/630 L) in 10 mL dichloromethane were 

simultaneously slowly added dropwise over 2 hours. The reaction was allowed to proceed to 

completion at room temperature (~ 4 hours). The reaction mixture was filtered to remove 

trimethylamine hydrobromide and hydrochloride crystals and then placed overnight in a freezer at -

20oC. Remaining crystals were subsequently removed by filtration, the reaction mix dried with 

magnesium sulphate, and the solvent evaporated using a rotary evaporator resulting in a yellow oil 

of crude product (632 mg, 73%). A Biotage Isolera flash chromatography system (Biotage AB, 

Uppsala, Sweden) was used to purify the product. The pure product was eluted from a Biotage silica 

column (50g) using a 100-70% gradient (hexane/ethylacetate) over 12 column volumes and the 

elution of pure product was monitored by UV absorbance (300 nm). Solvent was evaporated from 

pooled fractions using a rotary evaporator resulting in a pure pale yellow liquid (433 mg, 50%).   

AECK ethyl ester (enamine): 1H NMR (600 MHz, MeOD)  6.17 (s, 1H), 4.21 (q, 2H), 3.53 (m, 2H), 2.97 

(m, 2H), 1.29 (t, 3H). 13C NMR (600 MHz, MeOD)  162.77, 129.05, 101.98, 61.12, 41.34, 25.94, 14.35.  

Fig. 7.3. Enzyme catalytic progress curve using 

Pyr2C as substrate (62 M) and 8 M NADPH at 

pH 5. The decrease in fluorescence intensity (FI) 

is used to measure the decrease in fluorescence 

of NADPH. The initial rate is determined by 

fitting a 2nd order polynomial to the curve and 

deduced as described in the text. 
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The AECK ethyl ester was hydrolysed under anhydrous conditions resulting in a pale yellow solid 

AECK sodium salt (313 mg, mols, 38% overall yield), in a similar manner as described in chapter 3 

(Supplementary material) for the synthesis of T2C sodium salt  

AECK sodium salt (enamine): 1H NMR (600 MHz, MeOD)  5.84 (s, 1H), 3.46 (m, 2H), 2.90 (m, 2H). 13C 

NMR (600 MHz, MeOD)  170.33, 136.06, 96.83, 42.75, 26.37. MS (ESI) m/z: 146 (M+ H). 

 

 

Figure 7.4a.  1D 1HNMR spectrum of AECK ethyl ester (600 Mhz/MeOD). 
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No 
1
H-Chemical Shift (ppm) Multiplicity 

13
C- Chemical Shift (ppm) 

5 6.17 s 101.98 

2 3.53 m 41.34 

1 2.97 m 25.94 

3 1.29 t 14.35 

6 4.21 q 61.12 

4 
  

129.05 

7 
  

162.77 

 

 

Figure 7.4d. 1D 1HNMR spectrum of AECK sodium salt. (600 Mhz/MeOD). 
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No 
1
H-Chemical Shift (ppm) Multiplicity 

13
C- Chemical Shift (ppm) 

5 5.84 s 96.83 

2 3.46 m 42.75 

1 2.90 m 26.37 

4 
  

136.06 

7 
  

170.33 

 

AECK was also synthesized as its hydrobromide salt based on a published method by Cavallini et 

al. (1983) [2]. Solutions of 3-bromopyruvic acid (1 g, 5.99 mmol) and cysteamine hydrochloride 

(0.668 g, 6 mM) were each prepared separately in 5 mL glacial acetic acid in 15 mL falcon tubes. 

The cysteamine hydrochloride solution was slowly added to the bromopyruvate solution with 

vigorous shaking. After 30 min the resulting emulsion was broken with a glass rod, washed with 

glacial acetic acid (3 × 10 mL), and collected by centrifugation.  The resulting AECK hydrobromide 

salt was flash frozen with liquid nitrogen and dried under vacuum pump over NaOH. The dried 

product (0.410 g, 30 %) was stored under nitrogen at -20oC. m.p. 111-113oC, (Lit. m.p. = 113-114oC 

[2]). The concentrations used in assays were determined by using the molar extinction coefficient 

at pH 8.5 (296nm = 6200 M-1 cm-1) [2].  

 

    

7.2.2 Lanthionine ketimine (LK) 

The synthesis of LK was based on a published method [2]. L-Cysteine hydrochloride (6 mmol, 0.946 g) 

dissolved in 2.5 mL water was added to a solution of 3-bromopyruvic acid (6 mmol, 1 g) in 2.5 mL of 

water, and the reaction constantly stirred. After 15 min the resulting precipitate was collected under 

vacuum and washed with ice-cold water (3 × 5 mL). The resulting pale yellow crystals (660 mg, 

40.9%) were dried on a freeze-dryer and stored at -20oC under nitrogen. The concentrations used in 

assays were determined by using the molar extinction coefficient at pH 8.5 (296nm = 6200 M-1 cm-1) 

[2] 

 

Lanthionine ketimine hydrobromide salt (enamine): 1H NMR (600 MHz, MeOD)  6.14 (s, 1H), 4.27 (m, 

1H), 3.10 (m, 2H). 13C NMR (600 MHz, MeOD)  173.85, 165.42, 129.72, 101.84, 54.21, 27.52. MS 

(ESI) m/z: 190 (M + H). 
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Figure 7.5a. 1D 1HNMR spectrum of lanthionine ketimine (LK). 

 

 

Figure 7.5b 1D 13CNMR spectrum of lanthionine ketmine (LK). 
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7.2.4 
1-Pyrroline-2-carboxylate (Pyr2C)  

Pyr2C methyl ester was synthesised based on a published method by Szollosi et al. [5]. Briefly L-

proline methyl ester hydrochloride (7 g, 42 mmol) was suspended in dry diethyl ether (40 mL) and 

trimethylamine (7 mL, 50 mmol) was added with constant stirring at room temperature. After 2.5 h 

the mixture was stored overnight at -20oC. The trimethylamine hydrochloride crystals were removed 

by filtration and the diethyl ether evaporated resulting in a yellow oil which after vacuum distillation 

(30 mM Hg: 85oC) resulted in a colourless liquid of L-proline methyl ester (5 mL, 85%). tert-Butyl 

hypochlorite (1 mL) and L-proline methyl ester (1 mL) were simultaneously added dropwise over 15 

min to dry diethyl ether (20 mL) at -50oC. tert-Butyl hypochlorite was synthesized from 4% sodium 

hypochlorite and tert-butanol by a published method [6]. After stirring for 30 min the solution was 

warmed to room temperature and trimethylamine (2 mL) was slowly added. The solution was 

shielded from light and allowed to stir for a further 2 days under an atmosphere of nitrogen, after 

which the triethylamine hydrochloride crystals were removed by filtration. The filtrate was 

evaporated leaving a yellow oil of crude product which was further purified by vacuum distillation to 

a colourless liquid (0.5 mL, 50%). In contrast to the method used by Szollosi, who subsequently 

hydrolysed the esters to form sodium salts under aqueous conditions, the esters were instead 

hydrolysed under non-aqueous conditions in a similar manner as described in chapter 3 

(Supplementary material) for the synthesis of T2C sodium salt.  

 

Pyr2C methyl ester (imine): 1H NMR (400 MHz, CDCl3)  1.87 (m, 2H), 2.71 (m, 2H), 3.75 (s, 3H), 3.99 

(m, 2H). 13C NMR (400 MHz, CDCl3)  21.95, 35.14, 52.40, 62.33, 162.99, 168.10.  

 

Pyr2C sodium salt (imine): 1H NMR (400 MHz, MeOD)  1.93 (m), 2.78 (m), 3.87 (m) of equal intensity. 

13C NMR (400 MHz, MeOD)  23.22, 36.93, 61.56, 171.71, 177.55. MS (ESI) m/z: 114 (M + H).  
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Figure 7.6a. 1D 1HNMR spectrum of Pyr2C methyl ester (400 MHz, CDCl3).  

 

Figure 7.6b. 1D 13CNMR spectrum of Pyr2C methyl ester (400 MHz, CDCl3).  
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Figure 7.6c. 1D 1HNMR spectrum of Pyr2C sodium salt (400 MHz, MeOD). 

 

Figure 7.6d. 1D 13CNMR spectrum of Pyr2C sodium salt (400 MHz, MeOD). 
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7.2.5 
1-piperideine-2-carboxylate (P2C)  

P2C methyl ester was synthesised in a similar method as Pyr2C methyl ester (7.2.4), using L-

pipecolate methyl ester hydrochloride as starting material. The ester was hydrolysed under 

anhydrous conditions in an identical manner as previously reported, and the product recrystallized 

(EtOH/Hexane) to yield a fine white powder (610 mg, 52%). The P2C ester and sodium salt were 

found to be more unstable than their corresponding Pyr2C analogues, and consistent with literature 

data [7,8] were a mixture of enamine and imine tautomers in contrast to Pyr2C which was only an 

imine (7.2.4). The 13CNMR spectrum shows evidence of some decomposition due to the lengthy 

acquisition time (3 hr). The 1HNMR data for P2C sodium salt was consistent with the literature data 

[7,8]. The concentration of P2C used in the enzyme assays was standardized by using the molar 

extinction coefficient in 0.1 M NaOH (256nm = 725 M-1 cm). 

P2C sodium salt: 1HNMR (600 MHz, D2O)  (enamine) 5.67 (s, 1H, J = 4.1 Hz), 3.02 (m, 2H), 2.13 (m, 

2H), 1.74 (m, 2H)  imine) 1.58 (m, 2H), 1.67 (m, 2H), 2.36 (m, 2H), 3.51(m, 2H).  13CNMR (600 MHz, 

D2O)  (enamine), 175.93*, 139.72, 111.30, 42.78, 23.16, 22.54; imine) 171.59*,  173.72*, 49.37, 

28.03, 22.25, 19.54. MS (ESI) m/z: 128 (M + H). 

 * Reference [8] notes the imine carbon resonance being downstream from the carbonyl so this is only a possible 

assignment. An internal standard was not used for 13CNMR however the results obtained were found to be similar to those 

found by [8] using TSP as a standard. 
13

CNMR was primarily used to assist to making imine/enamine assignments for 

comparisons with lit. values [7,8]. 

 

Figure 7.7a. 1D 1HNMR spectrum of P2C (600 MHz, D2O). 
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Figure 7.7b. 1D 13CNMR spectrum of P2C (600 MHz, D2O). Note there is some evidence of 

decomposition due to the lengthy acquisition time. 

 

 

Figure 7.7c. 2D HCOSY of P2C (600 MHz, D2O). 
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Figure 7.7d. 2D HSQC of P2C (600 MHz, D2O). 

     

No 1H-Chemical Shift (ppm) 
 

13C- Chemical Shift (ppm) 

14 5.67 
 

111.30 

2 3.51 
 

49.37 

11 3.02 
 

42.78 

5 2.36 
 

28.03 

15 2.13 
 

23.16 

10 1.74 
 

22.54 

6 1.66 
 

19.54 

1 1.58 
 

22.25 

4 
  

173.72 

16* 

  
175.93 

13* 

  
139.78 

7* 

  
171.59 

*Only possible assignments as mentioned earlier. 
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CONCLUSIONS AND FUTURE DIRECTIONS 
 

During the course of my PhD candidature I have successfully purified and characterised an important 

enzyme in brain amino acid metabolism. Prior to this research -crystallin (CRYM) was not known to 

be an enzyme but rather known as an important cytosolic thyroid hormone binding protein and a 

structural protein in diurnal marsupial lens. I have characterised its enzyme action as a ketimine 

reductase responsible for the reduction of the imine bond in cyclic ketimines. I have demonstrated 

that the enzyme catalyses the reduction of monocarboxylate cyclic ketimines such as S-2-

aminoethylcysteine ketimine (AECK), 1-piperdeine-2-carboxylate (P2C), 1-pyrroline-2-carboxylate 

(Pyr2C), and 2-thiazoline-2-carboxylate (T2C) but is not very active towards the dicarboxylate 

substrates such as lanthionine ketimine (LK). Under physiological neutral conditions I have 

demonstrated that the enzyme is primarily involved in the reduction of P2C, Pyr2C and T2C. It may 

thus be referred to as a P2C/Pyr2C reductase which is an important enzyme in the pipecolate 

pathway of lysine degradation. I have also shown that the enzyme is capable of synthesising N-

alkylamino acids from -keto acids (e.g. pyruvate) and alkylamines (e.g. methylamine) through 

reduction of the intermediate imine formed by the condensation of the two co-substrates. This 

reaction is unlikely however under physiological conditions but does have potential commercial 

applications. In silico docking of substrates and inhibitors suggests a novel catalytic mechanism 

involving an arginine active site residue as a proton donor. I have also characterised the 

inhibition/regulation of the enzyme by thyroid hormones as well as small substrate analogues. This 

research suggests that only the thyroid hormones 3,5,5’-triiodothyronine (T3) and thyroxine (T4) can 

be regarded as in vivo regulators of enzyme activity. Under physiological neutral conditions both T3 

and T4 have apparent sub-nanomolar inhibition constants. The interaction of thyroid hormones and 

ketimine reductase inhibition is an important aspect of this research and suggests that enzyme 

catalysis is directly related to intracellular thyroid hormone bioavailability.  

 

Future directions:  

1. Synthesis of additional potential enzyme substrates and inhibitors. 

2. Purification of the monomer of ketimine reductase/CRYM from mammalian brain and its 

characterisation. 

3. Purification of a second ketimine reductase from bovine cerebellum and its characterisation 

and identification. 

4. Site-directed mutagenesis of ketimine reductase/CRYM to verify the in silico docking results. 
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APPENDICES 
 

 

  

Overview 

The appendices consist of two co-authored papers and a letter to the editor: 

A1. A research paper on glutamine transaminase. 

A2. A book chapter on glutamine transaminases. 

A3. Letter to the editor re: the inhibition/regulation of ketimine reductase/CRYM by thyroid 

hormones 
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V. (eds) Glutamine in Clinical Nutrition. Nutrition and Health. Humana Press,
New York, NY.
https://doi.org/10.1007/978-1-4939-1932-1_3

https://doi.org/10.1007/978-1-4939-1932-1_3
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