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ABSTRACT

Thorough investigation of the glycine conjugation pathway has been neglected over the last 30 years.
Environmental factors, nutrition, and the chronic use of medications are increasing the exposure of humans to
benzoate and drugs that are metabolized to acyl-CoA intermediates. Glycine conjugation of mitochondrial acyl-
CoAs, catalysed by glycine N-acyltransferase (GLYAT, E.C. 2.3.1.13), is an important metabolic pathway
responsible for maintaining adequate levels of free coenzyme A (CoASH). However, because of the small
number of pharmaceutical drugs that are conjugated to glycine, the pathway has not yet been characterised in
detail. Therefore, one of the objectives of this thesis was to develop a better understanding of glycine
conjugation and its role in metabolism. In humans and animals a number of endogenous and xenobiotic
organic acids are conjugated to glycine. Glycine conjugation has generally been assumed to be a detoxification
mechanism, increasing the water solubility of organic acids in order to facilitate urinary excretion. However,
recently it was proposed that the role of the amino acid conjugations, including glycine conjugation, is to
regulate systemic levels of amino acids that are also utilised as neurotransmitters in the central nervous
systems of animals. The glycine deportation hypothesis was based on the observation that, compared to
glucuronidation, glycine conjugation does not significantly increase the water solubility of aromatic acids. A
thorough review of the literature for this thesis showed that the major role of glycine conjugation, however, is
to dispose of the end products of phenylpropionate metabolism. The review also introduced the new
perspective that mitochondrial glycine conjugation prevents the accumulation of benzoate in the
mitochondrial matrix by forming hippuric acid a less lipophilic conjugate that can be more readily transported
out of the mitochondria. Although organic anion transporters can export benzoate from the matrix, this
process would likely be futile because benzoic acid can simply diffuse back into the matrix. Hippurate,
however, is significantly less lipophilic and therefore less capable of diffusing into the matrix. It is therefore not
the transport out of the mitochondrial matrix that is facilitated by glycine conjugation, but rather the ability of
the glycine conjugates to re-enter the matrix that is decreased. Lastly, glycine conjugation of benzoate also
exacerbates the dietary deficiency of glycine in humans. Because the resulting shortage of glycine can
negatively influence brain neurochemistry and the synthesis of collagen, nucleic acids, porphyrins, and other

important metabolites, the risks of using benzoate as a preservative should not be underestimated.

To date, no defect of the glycine conjugation pathway has been reported and this, together with the fact that
GLYAT plays an important role in hepatic metabolism, suggests that this pathway is essential for survival.
GLYAT activity affects mitochondrial ATP production, glycine availability, COASH availability and the toxicity of
various organic acids. Therefore, variation in the glycine conjugation pathway could influence liver cancer,
musculoskeletal development and mitochondrial energy metabolism. Significant interindividual variation exists
in glycine conjugation capacity. The molecular basis for this variability is not known. The main aim of this thesis
was to investigate and characterise the genetic variation in the coding region of the GLYAT gene. This was
accomplished by firstly, investigating the influence of non-synonymous single nucleotide polymorphisms

(SNPs) on the enzyme activity of a recombinant human GLYAT and secondly, by analysing the level of genetic



variation in the coding region of the GLYAT gene using existing worldwide population data. To investigate the
influence of non-synonymous SNPs in the GLYAT gene on the enzyme activity, a recombinant human GLYAT
was prepared, and characterised. Site-directed mutagenesis was used to generate six variants of the enzyme
(K16N; S17T; R131H; N156S; F168L; R199C). The variants were expressed, purified, and enzymatically
characterised. The enzyme activities of the K16N, S17T and R131H variants were similar to that of the wild-
type, whereas the N156S variant was more active, the F168L variant less active, and the R199C variant was
inactive. The results showed that SNP variations in the human GLYAT gene can influence the kinetic properties
of the enzyme. The genetic variation data of the human GLYAT open reading frame (ORF) available on public
databases was investigated by formulating the hypothesis that due to the essential nature of the glycine
conjugation pathway, the genetic variation in the ORF of the GLYAT gene should be low and that deleterious
alleles will be found at low frequencies. Data from the i) 1000 Genome Project, ii) the HapMap Project, and iii)
the Khoi-San/Bantu Sequencing Project was downloaded from available databases. Sequence data of the
coding region of a small cohort of South African Afrikaner Caucasian individuals was also generated and
included in the analyses. In the GLYAT ORF of the 1537 individuals analysed, only two haplotypes (S;55 and
T175156) out of 14 haplotypes were identified in all populations as having the highest haplotype frequencies
(70% and 20% respectively). The Si156Ci99 and SiseH131 haplotypes, which have a deleterious effect on the
enzyme activity of a recombinant human GLYAT, were detected at very low frequencies. The results of this
study indicated that the GLYAT ORF is remarkably conserved, which supports the hypothesis that the glycine
conjugation pathway is an essential detoxification pathway. The findings presented in this thesis highlight the
importance that future investigations should determine the in vivo capacity of the glycine conjugation pathway

for the detoxification of benzoate and other xenobiotics.

Keywords: glycine N-acyltransferase; GLYAT; detoxification; xenobiotics; single nucleotide polymorphim; SNP;

enzyme activity; conserved open reading frame
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OPSOMMING

Deeglike ondersoek van die glisienkonjugeringsweg is oor die afgelope 30 jaar verwaarloos.
Omgewingsfaktore, voeding en die kroniese gebruik van medikasie verhoog die blootstelling van die mens aan
bensoaat en middels wat gemetaboliseer word tot asiel-KoA-tussengangers. Glisienkonjugering van
mitochondriale asiel-KoA-verbindings, wat gekataliseer word deur glisien N-asieltransferase (GLIAT, EC
2.3.1.13), is 'n belangrike metaboliese weg wat verantwoordelik is vir die handhawing van voldoende vlakke
van vrye koénsiem A (KoA). Die glisienkonjugeringsweg is nog nie goed gekarakteriseer nie as gevolg van die
klein aantal farmaseutiese middels wat aan glisien konjugeer. Daarom is een van die doelwitte van hierdie
studie om 'n beter begrip van glisienkonjugering en die rol van hierdie pad in die metabolisme te ontwikkel. In
mense en diere word 'n aantal endogene en xenobiotiese organiese sure aan glisien gekonjugeer en was dit
algemeen aanvaar dat die glisienkonjugeringweg "n detoksifiseringsmeganisme is wat die wateroplosbaarheid
van organiese sure verhoog om die uitskeiding in urine te fasiliteer. Onlangs is daar egter voorgestel dat die rol
van die aminosuurkonjugeringsreaksies, insluitend glisienkonjugering, is om sistemiese vlakke van aminosure
wat ook gebruik word as neurotransmitters in die sentrale senuweestelsel van diere, te reguleer. Die
glisiendeportasie hipotese is gebaseer op die waarneming dat, in vergelyking met glukuronidering,
glisienkonjugering nie beduidend die wateroplosbaarheid van aromatiese sure verhoog nie. 'n Deeglike
bestudering van die literatuur vir hierdie studie het getoon dat die primére rol van glisienkonjugering eerder is
om die eindprodukte van fenielpropionaatmetabolisme te verwyder. Hieruit het ook die nuwe perspektief na
vore gekom dat mitokondriale glisienkonjugering die opbou van bensoaat in die mitokondriale matriks
verhoed deur die vorming van hippuursuur ‘n minder lipofiele verbinding wat meer geredelik uit die
mitokondria vervoer kan word. Alhoewel organiese anioon transporters bensoaat uit die matriks kan vervoer,
sal hierdie proses waarskynlik nutteloos wees, aangesien bensoénsuur net eenvoudig weer terug in die matriks
kan beweeg. Hippuursuur, is egter aansienlik minder lipofiel en dus minder daartoe in staat om weer terug in
die matriks te diffundeer. Dit is dus nie die verwydering vanuit die mitokondriale matriks wat gefasiliteer word
deur glisienkonjugering nie, maar eerder die vermoé van die glisienkonjugering verbindings om terug in die
matriks in te beweeg. Laastens, glisienkonjugering van bensoaat vererger ook die dieét tekort van glisien in die
mens. Die risiko van die gebruik van bensoaat as 'n preserveermiddel moenie onderskat word nie, omdat die
gevolglike tekort aan glisien 'n negatiewe effek kan hé op brein neurochemie en die sintese van kollageen,

nukleiensure, porferiene en ander belangrike metaboliete.

Geen defek van die glisienkonjugeringsweg is al beskryf nie en, dit tesame met die feit dat GLIAT 'n belangrike
rol speel in lewermetabolisme, dui daarop dat hierdie metaboliese weg noodsaaklik is vir oorlewing. GLIAT
aktiwiteit beinvloed mitokondriale ATP-produksie, glisien beskikbaarheid, KoA beskikbaarheid en die toksisiteit
van verskeie organiese sure. Daarom kan variasie in die glisienkonjugeringsweg lewerkanker, skeletale
ontwikkeling en mitokondriale energie-metabolisme negatief beinvloed. Beduidende interindividuele variasie
bestaan in die kapasiteit van die glisienkonjugeringsweg. Die molekulére basis vir hierdie variasie is nie bekend

nie. Die hoofdoel van hierdie studie was om die genetiese variasie in die koderingsgebied van die GLIAT geen
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te ondersoek en te karakteriseer. Om aan die hoofdoel te voldoen is ‘n tweeledige aanslag gevolg: i) die
invloed van nie-sinonieme enkel nukleotied polimorfismes (ENPs) op die ensiemaktiwiteit van 'n rekombinante
menslike GLIAT is bepaal; ii) die vlak van genetiese variasie in die koderingsgebied van die GLIAT geen is
ontleed deur van bestaande wéreldwye bevolkingsdata gebruik te maak. Om die invloed van nie-sinonieme
ENPs in die GLIAT geen op die ensiemaktiwiteit te ondersoek, is 'n rekombinante menslike GLIAT voorberei en
gekarakteriseer. Puntmutasies is geinduseer om ses weergawes van die ensiem te genereer (K16N; S17T;
R131H; N156S; F168L; R199C). Hierdie variante is uitgedruk, gesuiwer en ensiematies gekarakteriseer. Die
ensiem aktiwiteite van die K16N, S17T en R131H variante was soortgelyk aan dié van die wilde-tipe, terwyl die
N156S variant meer aktief was, die F168L variant minder aktief, en die R199C variant was onaktief. Die
resultate het getoon dat ENP verskille in die menslike GLIAT geen die kinetiese eienskappe van die ensiem kan
beinvioed. Die data ten opsigte van die genetiese variasie van die menslike GLIAT oop leesraam (OLR) wat
beskikbaar is in openbare databasisse is ondersoek deur die volgende hipotese te formuleer: as gevolg van die
noodsaaklike aard van die glisienkonjugeringsweg, sal die genetiese variasie in die OLR van die GLIAT geen laag
wees en skadelike allele sal teen lae frekwensies gevind word. Data van die i) 1000 Genoomprojek, ii) die
HapMapprojek, en iii) die Khoi-San / Bantoe Projek is afgelaai van beskikbare databasisse. Volgorde data van
die kodering gebied van 'n klein groep van die Suid-Afrikaanse blanke Afrikaner individue is ook gegenereer en
ingesluit in die ontleding. In die GLIAT OLR van die 1537 individue wat ontleed is, is slegs twee haplotipes (Sis¢
en T15S:56) uit 14 haplotipes in alle bevolkings geidentifiseer met die hoogste haplotipe frekwensies (70% en
20% onderskeidelik). Die S;56C199 €N S156H13;, haplotipes, wat 'n nadelige uitwerking op die ensiemaktiwiteit van
'n rekombinante menslike GLIAT het, is teen baie lae frekwensies teenwoordig. Die resultate van hierdie studie
het aangedui dat die GLIAT OLR merkwaardig gekonserveerd is, wat die hipotese ondersteun dat die
glisienkonjugeringsweg 'n noodsaaklike detoksifiseringsweg is. Die bevindinge van hierdie studie bevestig die
belangrikheid dat toekomstige ondersoeke die in vivo kapasiteit van die glisienkonjugeringsweg moet bepaal

vir die detoksifisering van bensoaat en ander xenobiotika.

Sleutelwoorde: glisien N-asieltransferase; GLIAT; detoksifisering; xenobiotika; enkel nukleotied polimorfismes;

ENP; ensiem aktiwiteit; gekonserveerde oop leesraam
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Chapter 1

CHAPTER 1: PREFACE

11 STUDY MOTIVATION AND RATIONALE

In humans, a diverse array of enzymes evolved in order to process endobiotics and to protect organisms from
xenobiotics. These enzymes are distributed in many tissues, but are most prevalent within the liver, the major
drug-metabolizing organ. In most cases the metabolites that form as a result of drug metabolism are more
water soluble than the parent molecules, and more readily excreted in the bile or urine (Bock, 2014). The
cytochrome P450 enzymes account for the biotransformation of the majority of existing pharmaceutical drugs.
Other oxidative enzymes, though certainly important in the biotransformation of some drugs (e.g. xanthine
oxidase contribute to the overall metabolism of substances such as caffeine and theophylline), are not
responsible for the metabolism of many pharmaceutical drugs compared to the CYP enzymes (Dorne et al.,
2004). Synthetic or Phase Il biotransformation reactions consist of either conjugation or nucleophilic trapping
in which moieties such as acetate, sulphate, glucuronic acid (conjugations), or glutathione (nucleophilic
trapping) are added to either pre-existing functional groups or functional groups arising from oxidative
biotransformation reactions. It is now also possible to evaluate the genotypes and to perform detoxification
profiling for some drug metabolizing enzymes. New polymorphisms are being discovered continuously, and
genotype alone does not always predict phenotype. Nevertheless, the emerging strategies for assessing both
genotype of drug-metabolizing enzymes and the phenotypic expression of their activity is bringing the era of

personalised medicine closer (Abul-Husn et al., 2014).

Even though the glycine conjugation pathway was one of the first metabolic pathways to be discovered, in
1841 (Ure, 1841), the biggest challenge regarding the investigation of the glycine conjugation pathway remains
the fact that this pathway is still very poorly characterised. This becomes clearly evident when comparing the
number of publications available on Pubmed (http://www.ncbi.nlm.nih.gov/pubmed September 2014) on the
cytochrome P450 (CYP450) phase | detoxification enzymes (79 890) to those on N-acyltransferase (NAT)
(18 387) and glycine N-acyltransferase (GLYAT) (47) both phase Il detoxification enzymes. This may be because
of the small number of pharmaceutical drugs that are metabolised to glycine conjugates and the difficulty in
obtaining human liver samples and xenobiotic acyl-CoA substrates for research (for reviewe see Knights et al.,
2007). There is now a growing realisation that glycine conjugation is one of the fundamentally important
homeostatic mechanisms in animal physiology (Beloborodova et al., 2012; Beyoglu and Idle, 2012; Fedotcheva

et al., 2008; Park et al., 2013; Wu et al., 2013).

A range of xenobiotic acylglycines are excreted in urine, indicating that either the parent xenobiotic or a
carboxylate metabolite is a substrate for esterification to CoASH, and that the acyl-CoA is a substrate for
glycine conjugation (Campbell et al., 1988; Duffy et al., 1995; Huang et al., 1994; Kasuya et al., 2000; for review
see Knights and Miners, 2012; Rechner et al., 2002; Sakuma, 1991; Tanaka and Isselbacher, 1967). The toxicity

of xenobiotic carboxylates is partially determined by the extent to which an acyl-CoA, that cannot be
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conjugated to glycine or some other acceptor, is formed (Begriche et al., 2011; Fromenty and Pessayre, 1995;
for reviewe see Knights and Miners, 2012; for reviewe see Knights et al., 2007). This leads to accumulation of
the acyl-CoA, which can have several toxic effects in addition to disrupting mitochondrial energy production
(Begriche et al., 2011; Pessayre et al., 2012). In severe cases, this can lead to hepatic steatosis and death
(Knights et al., 2007; Mitchell et al., 2008). Since the glycine conjugation pathway is saturable, variation in the
rate of glycine conjugation influences the clearance of xenobiotics and thus toxicity (Knights et al., 2007;
Temellini et al., 1993). If the rate of conjugation by GLYAT is low, glycine conjugation may not prevent the
toxicity of an acyl-CoA, even if it is a substrate for the enzyme (Bartlett and Gompertz, 1974; Fenton et al.,

2013; Knights et al., 2007; Sweetman and Williams, 2013).

Glycine conjugation is a two-step process and the overall rate of glycine conjugation can be influenced by
several factors, including the availability of ATP, CoASH, and glycine; genetic variation in the ACSM2B
(encoding HXMA) and GLYAT genes as well as variable expression of HXMA and GLYAT (Gregus et al., 19933,
b; Knights and Miners, 2012; Knights et al., 2007; Krieger and Tanaka, 1976). Existing publications on
interindividual variation in the glycine conjugation pathway do not discriminate between variation in acyl-CoA
formation (HXMA) and variation in glycine conjugation (GLYAT). Previous investigators did not design
experimental strategies that account for all or even some of these factors. An example of this is the study
wherein Temellini and co-workers demonstrated significant interindividual variation in the ability of human
liver homogenates to synthesise hippurate from benzoate, ATP, CoASH, and glycine (Temellini et al., 1993).
This study did not, however, account for the genetic variation or for the possible variable expression of HXMA
and GLYAT. It is also very difficult to compare studies presented in the literature due to differences in the
quality of the enzyme preparations from liver samples studied as well as differences in the experimental
conditions that were used. Therefore, the kinetic parameters reported in the literature for human GLYAT vary
substantially, and cannot be compared (Bartlett and Gompertz, 1974; Gregersen et al., 1986; Kelley and
Vessey, 1994; Kelley and Vessey, 1993; Kolvraa and Gregersen, 1986; Mawal and Qureshi, 1994; van der
Westhuizen et al., 2000). The genetic variation in the GLYAT gene and its effect on enzyme activity was also
not taken into account in these studies. Very little is currently known about the influence of genetic variation
in the ACSM2B and GLYAT genes on the glycine conjugation pathway. Interindividual variation in
responsiveness to administration of glycine and benzoate, respectively, was observed in both isovaleric
acidemia and hyperammonemia (Dercksen et al., 2012; Itoh et al., 1996; Sweetman and Williams, 2013; Vest
and Salzberg, 1965). It was suggested that interindividual variation in GLYAT activity may partly account for
this. The GLYAT gene has also been linked to the development of liver cancer (Matsuo et al., 2012) and
musculoskeletal development (Guo et al., 2013), although the mechanism behind this is still unclear at

present.

Therefore, it is important to study the relationships between genetic variation in the GLYAT gene, GLYAT
enzyme activity, the in vivo rate of glycine conjugation, and physiological consequences of variation in the
glycine conjugation pathway. Very little is currently known regarding the genetic variation in the GLYAT gene

as well as the effect of these polymorphisms on the activity of GLYAT. Expression and characterisation of a
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recombinant human GLYAT enzyme and its variants can make an important contribution to our understanding

of variation in glycine conjugation, given the difficulty in obtaining human liver tissue samples for research.

1.2  AIMS AND SPECIFIC OBJECTIVES OF THIS STUDY

1.2.1 Main aims

a. To generate a recombinant human GLYAT enzyme in order to investigate the influence of non-
synonymous polymorphisms on enzyme activity.

b. To characterise the genetic variation in the coding region of the GLYAT gene using worldwide
population data.

1.2.2 Specific Objectives

a. To investigate a variety of expression systems to find one that can express high levels of a biologically
active recombinant human GLYAT. These will include bacterial systems that have fusion proteins to

increase solubility, cold shock promoters and chaperones.

b. To purify the recombinant human GLYAT using purification systems applicable to each expression
system.
c. To determine the enzyme kinetics of the recombinant human GLYAT in vitro and establish whether the

recombinant enzyme kinetics is comparable to what is reported in the literature.

d. To establish if the catalytic residue (Glum) identified in bovine GLYAT is also the catalytic residue in

human GLYAT through the construction of a site-directed mutant (E227Q).

e. To compare the relative enzyme activity of the variants (K16N; S17T; R131H; N156S; F168L; R199C) to
that of the wild-type human GLYAT.

f. To investigate whether human GLYAT activity is regulated by reversible acetylation on Lys19 as was
shown for the paralogue GLYATL2 (Waluk et al., 2012). The corresponding K20Q and K20R mutants of

GLYAT will be expressed, purified, and assayed as for the other variants in this study.

g. To characterise the SNPs and haplotypes in the coding region of the GLYAT gene using worldwide
population data. To generate sequence data for the coding region of the GLYAT gene of 61 healthy

South African Afrikaner Caucasian individuals.
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13 STRUCTURE OF THIS THESIS

This thesis is presented in five chapters that include three peer-reviewed articles.

Chapter 2: Literature review
A review of the literature on glycine conjugation and GLYAT was compiled by combining the information of the
relevant parts in two peer reviewed articles published from this thesis (Paper | - Appendix A; Paper Il —

Appendix B) together with additional relevant information not covered in the two review papers.

. Paper|: Glycine conjugation: Importance in metabolism, the role of glycine N-acyltransferase, and

the factors that influence interindividual variation

Christoffel Petrus Stephanus Badenhorst, Rencia van der Sluis, Elardus Erasmus, and Alberdina

Aike van Dijk

Published in: Expert Opinion on Drug Metabolism and Toxicology (2013) 9: 1139-1153

. Paper ll: A new perspective on the importance of glycine conjugation in the metabolism of aromatic

acids.

Badenhorst CP, Erasmus E, van der Sluis R, Nortje C, van Dijk AA.

Published in: Drug Metabolism Reviews. 2014 46 (3): 343-361

Chapter 3: Generation of a recombinant human GLYAT and the analyses of the influence of genetic
variations on the enzyme activity of a recombinant GLYAT
This chapter consists of a paper describing the effect of genetic variations on the enzyme activity of a

recombinant human GLYAT.

. Paper lll: Characterisation of the influence of genetic variations on the enzyme activity of a

recombinant human glycine N-acyltransferase

Rencia van der Sluis, Christoffel Petrus Stephanus Badenhorst, Francois Hendrikus van der

Westhuizen, and Alberdina Aike van Dijk

Published in: Gene (2013) 515: 447-453


http://www.ncbi.nlm.nih.gov/pubmed/24754494
http://www.ncbi.nlm.nih.gov/pubmed/24754494

Chapter 1

Chapter 4: Characterisation and haplotype analyses of non-synonymous polymorphisms in the glycine
N-acyltransferase gene using data from worldwide populations

This chapter consists of a submitted manuscript in which the allele and haplotype frequency of the non-
synonymous SNP in the human GLYAT gene were analysed using worldwide population data. Sequencing data

of the coding region of the GLYAT gene was also generated for a co-hort of 61 South African individuals.

e  Submitted manuscript to Pharmacogenetics and Genomics (Manuscript number: PGEN-2014-114):
Conservation of the coding regions of the glycine N-acyltransferase gene and its implications for the

detoxification of xenobiotics in humans

Rencia van der Sluis, Christoffel P. Badenhorst, Elardus Erasmus, Etresia van Dyk, Francois H. van der

Westhuizen, Alberdina A. van Dijk.

Chapter 5: Summary and conclusion

This chapter includes the general discussion, recommendations and conclusions of this study.

References
References are provided at the end of the thesis. The references used in Chapter two, four and five are listed
according to the requirement stipulated in the manual for post-graduate studies of the NWU. The references

used in Chapter three are provided as specified by each journal in which the articles were published.

Materials and Methods
The materials and methods used in this study are described in the Materials and Methods sections of the

published paper lll and submitted manuscript IV.

1.4  APPENDIXES

Appendix A: Paper |

Appendix B: Paper Il

Appendix C: An example of the consent form used for the submitted manuscript (Chapter 4)
Appendix D: The recombinant therapeutic GLYAT patent application, PCT/IB2011/053721

Appendix E: List of publications and scientific posters
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CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

During the 20th century great progress was made regarding therapies against all major diseases. However,
drug therapy often fails to be curative and may in fact cause substantial adverse effects. Moreover, worldwide
use of these drugs has revealed substantial interindividual differences in therapeutic response. Recognition of
interindividual differences in drug response is an essential step towards optimizing therapy. A substantial
portion of the variability in drug response is genetically determined, with age, nutrition, health status,
environmental exposure, and concurrent therapy playing important contributory roles. These observations of
highly variable drug response, which began in the early 1950s, have ushered in the era of personalised
medicine and have led to the birth of a new scientific discipline called pharmacogenetics. Pharmacogenetics
focuses on drug response as a function of genetic differences among individuals. Applied to non-therapeutic

foreign substances (xenobiotics), the equivalent term "toxicogenetics" is used (Mancinelli et al., 2000).

Lipophilic drugs, dietary phytochemicals, environmental pollutants and many endobiotics have to be
detoxified, eliminated or homeostatically controlled by drug-metabolizing enzymes (DMEs) (Chawla et al.,
2001; Nebert, 1991; Omiecinski et al., 2011). Drug-metabolizing Phase| and Il enzyme families, drug
transporters (Phase IllI) and their ligand activated transcription factors probably evolved as a system necessary
for homeostatic control of lipophilic endobiotics and detoxification of xenobiotics (Bock, 2014). DMEs have
been found to be well developed very early in evolution, for example, in the echinoderm sea urchin (Goldstone
et al., 2006). In contrast to other enzyme systems, DMEs exhibit broad substrate specificity for lipophilic

compounds, which is why they are able to metabolise developed drugs.

2.2. BIOTRANSFORMATION REACTIONS

The study of drug metabolism (also referred to as detoxification or biotransformation) is important in the
understanding of the clearance kinetics of pharmaceutical drugs, the structuring of dosage regimens, the
pharmacology and toxicology of drug metabolites, and the interactions of multivalent drug combinations.
Drugs are eliminated from the body through the biotransformation of hydrophobic drug molecules to more
hydrophilic molecules (Bachmann, 2009). The first human study of drug metabolism occurred in 1841 when
Ure noted that hippuric acid could be isolated from the urine after the ingestion of benzoic acid (Ure, 1841).
Hoffman reported the first metabolic interaction between drugs in 1877 when he found that quinine could
decrease the formation of hippuric acid from benzoic acid (Gibson and Skett, 2001). In the mid-nineteenth
century the role of biotransformation on drug action was recognized after the discovery and characterisation
of a red liver pigment as a cytochrome (Gibson and Skett, 2001; Klingenberg, 1958; Omura et al., 1965).
Although the enzymes that mediate drug metabolism are found in many tissues, it is within the liver and the

epithelial cells of the upper portion of the intestines where most drug metabolism occurs. In mammals, the
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liver is the principal organ responsible for xenobiotic biotransformation. A xenobiotic, such as a drug, is a

molecule that is foreign to the body, whereas an endobiotic is a molecule that is normally found in the body.

Xenobiotic elimination requires the combined processes of metabolism and transport and is divided into four
phases (Phase 0, l, I and 1) (Doring and Petzinger, 2014) (

Figure 2.1). Phase 0 carrier-mediated uptake occurs at the blood-facing basolateral membrane and is
histologically separated from the bile-facing canalicular membrane and the urine-facing tubule brush border
membrane (Petzinger and Geyer, 2006). Phase 0 transporters mainly belong to the solute carrier (SLC)21/SLCO
family of organic anion transporting polypeptides (OATPs) (Doring and Petzinger, 2014). In the middle of the
twentieth century R. T. Williams proposed the dichotomous scheme of drug metabolism consisting of an initial
phase (Phase ) followed by a second (Phase Il) (Williams, 1959). In Phasel, a drug is either activated or
inactivated by one of three types of irreversible chemical modifications or biotransformation reactions, namely
oxidation, reduction or hydrolysis. Williams characterized Phase Il as a synthetic phase, which is an additional
inactivation step. Josephy et al. (2005) stated that Williams’s dichotomous scheme of drug metabolism is
dated and should be supplemented by terminology that groups metabolic reactions into four simple
categories. Fundamentally all drug metabolism falls into one of the following four categories: i) Oxidative
reactions that are catalysed by cytochromes P450 (CYPs), monamine oxidases (MAOQOs), peroxidases, xanthine
oxidase (XO), or alcohol dehydrogenase; ii) Reductive reactions that typically involve either azo or nitro-
reductions; iii) Conjugation reactions in which electrophilic adenosine-containing cofactors such as ATP,
phosphoadenosine phosphosulfate (PAPS), Acetyl coenzymeA (acetyl-CoA), uridine diphosphateglucuronic acid
(UDPGA), or
S-adenosylmethionine(SAM) react with nucleophilic groups such as —OH or —NH,; and iv) Nucleophilic trapping
in which water, glutathione or other nucleophiles react with electrophiles (Josephy et al., 2005). Ishikawa et al.
(1992) introduced the term Phase lll, which is the next sequential step of drug metabolites awaiting

elimination and having passed Phase | and Phase Il metabolism (Ishikawa, 1992). Phase Il refers to substrate
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transport across the plasma membranes of mammalian cells without any chemical modification. Phase Ill drug
elimination pumps belong to the class of ABC carriers, including the GS-X pump, named multidrug resistance-
associated protein 1 (MRP1) and P-gp (Doring and Petzinger, 2014). Only Phasel and Phasell

biotransformation will be discussed in detail in Sections 2.3. and 2.4.

Figure 2.1: Sequential phases of drug elimination by metabolism and membrane transport. The
diagram is a representation of the situation in the liver. Phase 0 delivers drugs by carrier-
mediated uptake from the blood into a liver cell. In Phasel, drugs are either activated or
inactivated by oxidation, reduction or hydrolysis. Phase Il is a synthetic phase. The excretion
phase Ill of metabolite conjugates is achieved by transporter pumps such as MRP2, MDR1/P-gp
and BCRP at the canalicular hepatocyte membrane. Adapted from (Doring and Petzinger, 2014;

Liska, 1998).

In Phase |, drugs with ester and amide bonds are subject to hydrolysis by esterase or amidase enzymes,
respectively. A few drugs are subject to reductive reactions. Drug oxidations are among the most prominent
type of biotransformation reactions, and can encompass aliphatic or aromatic hydroxylations, N-oxidations,
N-dealkylations, O-dealkylations, S-dealkylations, sulfoxidations, deaminations, or desulfurations (Gibson and

Skett, 2001) (Table 2.1).

The Phasell conjugation reactions include glucuronidation of hydroxyl, carboxyl, and amino groups;
sulfonation of aromatic phenolic groups, alcohols, and amino groups; acetylation of aliphaticamines, aromatic

amines, and hydrazino groups; glycine conjugation with carboxylic acids; glutathione conjugation with
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electrophiles; and methylation of aliphatic amines, N-containing heterocycles, phenols, and thiols (Gibson and

Skett, 2001) (Table 2.2).
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Table 2.1: Phase | Biotransformation reactions

Reaction Type Type of Enzyme Representative Substrates
Hydrolysis
Cocaine, esmolol, aspirin, enalapril,
Ester Esterase L . .
capecitabine, succinylcholine
. . Procainamide, loperamide, pyrazinamide,
Amide Amidase . .
indapamide
Reduction

Nitro reduction

Cytochrome P450,

cytochrome P450 reductase

Chloramphenicol

Hydration

Epoxide hydrolase

Benzo[a]pyrene 4,5-epoxide

Oxidation

Aromatic hydroxylation

Mixed function oxidase
(cytochromes P450),

Xanthine oxidase

Phenytoin, warfarin, midazolam, carvedilol

Caffeine, theophylline

Aliphatic hydroxylation

Mixed function oxidase
(cytochromes P450)

Midazolam, cyclosporine, ibuprofen, valproic
acid

O-dealkylation

Mixed function oxidase
(cytochromes P450)

Dextromethorphan, codeine, fluvoxamine

N-dealkylation

Mixed function oxidase
(cytochromes P450)

Fluoxetine, imipramine, diazepam, flurazepam,
olanzapine

N-oxidation

Mixed function oxidase
(cytochromes P450)

Acetaminophen, quinidine

S-oxidation

Mixed function oxidase
(cytochromes P450)

S-omeprazole, cimetidine, thioridazine

Deamination

Mixed function oxidase
(monoamine oxidase)

Amphetamine, epinephrine

Table 2.2: Phase Il Biotransformation reactions

Adapted from (Bachmann, 2009).

Reaction Type

Type of Enzyme

Representative Substrates

Glucuronidation

Glucuronosyl transferase

Acetaminophen, lorazepam, morphine,
chloramphenicol

Acetylation

N-acetyltransferases

Isoniazid, procainamide

Sulfation

Sulfotransferases

Acetaminophen

Glutathione conjugation

Glutathione-S-transferases

Acetaminophen

Adapted from (Bachmann, 2009).
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2.3. PHASE | BIOTRANSFORMATION REACTIONS

2.3.1. Introduction

Mixed function oxidases catalyse the oxidation of a diverse array of lipophilic drug substrates as well as
endobiotics such as steroid and thyroid hormones, fatty acids, and arachidonic acid metabolites. The most
widely studied gene family of mixed-function oxidases and the one that participates more than any other in
the oxidation of pharmaceutical drugs is the cytochrome P450 family (Bachmann, 2009). It has been estimated
that about 75% of all currently marketed drugs are processed by the cytochrome P450 enzymes. The
cytochrome P450 (CYP) enzymes are incredibly important in terms of the number of existing drugs that they
process, their substrate specificity, polymorphisms, and propensity to be determinants in drug—drug

interactions (loannides, 1996).

2.3.2.  Evolution and cytochrome P450 classification

After the recognition of the important role of the cytochrome P450s in drug oxidations dating back to the
1950s and 1960s, there was a relatively sharp scientific interest in these enzymes. It is thought that the original
ancestral P450 gene arose approximately 3 billion years ago followed by rounds of expansion associated with
gene and genome duplication. Although the cytochrome P450 family is mainly seen as xenobiotic processing
enzymes, this gene superfamily likely originated to process endobiotics. There are hundreds of P450 gene
families among animals, plants and bacteria. Only 15 enzymes from three gene families are involved
extensively in human drug metabolism. The enzyme families are identified by Arabic numbers after the prefix
CYP, a shorthand reference to cytochrome P450. The three key cytochrome P450 or CYP families responsible
for pharmaceutical drug metabolism in humans are CYP1, CYP2 and CYP3. Subfamilies are denoted with
uppercase letters (e.g., CYP1A). Individual enzymes are identified with the family designation, subfamily
designation and another Arabic numeral (e.g., CYP1A2). CYP encoding genes are designated in italics (e.g.

CYP1A2) (loannides, 1996).

2.3.3. Cytochrome P450 polymorphisms

Pharmacogenetics is a term that is used frequently with reference to sequence variations in the alleles of
individual CYP enzymes. Although exposure of individuals to a wide array of substances (including drugs and
environmental chemicals) and/or conditions (such as infection and liver dysfunction) can alter the expression
or activity of their CYP enzymes, genetically based variation in the amino acid sequences of the CYP enzymes
also has been shown to be responsible for significant interindividual variations in rates of drug metabolism.
Often, individuals who express a variant form of the enzyme, metabolize drug substrates much more slowly
than normal. Even a single nucleotide polymorphism (SNP) in a CYP gene may result in altered rates of drug
metabolism. Some alleles may be duplicated or multiplied even more, giving rise to higher than normal levels

of enzymatic activity and ultra-rapid metabolic phenotypes. A good example of this is CYP2D6*2XN, where the
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N denotes the number of copies of the active gene. The frequency of occurrence of CYP allelic variants among
various ethnic and other subgroups continue to be characterized. CYP2D6, CYP2C9, and CYP2C19 are among
the most highly polymorphic of all CYP enzymes. Of these, the polymorphism of CYP2D6, which is responsible
for the metabolism of 25% of known drugs, has been studied most extensively. In theory, knowledge of CYP
genotypes should be useful in predicting individual phenotypes that will help in the selection of the most
appropriate drug dosages for each person. Moreover, CYP genotyping is now commercialized for clinical
application; that is, for predicting who might be candidates for high, normal or low doses of certain drugs, or

who might not be candidates for certain drugs at all (Houston et al., 2003).

In 2006 the U.S. Food and Drug Administration approved Roche’s AmpliChip genotyping device. This device,
coupled with microarray instrumentation of Affymetrix, is currently available to assist physicians and other
healthcare providers to genotype a patient’s CYP2D6 or CYP2C19 using a sample of blood. The patient’s
CYP2D6 or CYP2C19 genotype is reported to the physician to aid in decisions about dosing drugs that are
processed by CYP2D6 or CYP2C19. The simplest example of this can be shown for CYP2C19. Suppose the
normal allele is designated as *1 (CYP2C19*1), and the two variant alleles that can be expressed are *2 and *3,
respectively. An individual could express one of the following combinations of two of these alleles: *1*1; *1*2;
*¥1%3; *2%2;*2*3; or *3*3. From a single blood sample, the Ampli-Chip technology would determine which
allelic combination of CYP2C19 an individual has, and also whether or not a particular combination was likely
to mean that the individual is a poor metabolizer of substrates for CYP2C19 or an extensive (i.e. normal)
metabolizer of CYP2C19 substrates. As it turns out, as long as an individual has one *1 allele, regardless of
whichever other allele (s)he possesses, then (s)he will be an extensive (normal) metabolizer of CYP2C19
substrates. So, for example, if a patient had the CYP2C19*2*3 allele, then the patient’s physician would learn
that the patient is a poor metabolizer of CYP2C19 substrates. If the patient required treatment with, for
example phenytoin, it would be known from the outset that the safe and effective dose of phenytoin would

likely be smaller than for most other patients (Bachmann, 2009).

However, in spite of the promise for individualizing drug therapy for substrates of CYP2C19 and CYP2D6,
detecting correlations between single SNPs, diplotypes or haplotypes of CYPs and phenotypic variations in
drug metabolism will likely remain an important challenge in clinical pharmacology and drug metabolism for
some time to come. Several issues that hamper establishing predictive correlations include: i) The growing
number of genetic variants for each CYP that are continually being discovered; ii) The growing recognition that
genomics is currently not a particularly good predictor of proteomics; iii) Lack of uniform agreement on the
methods for clinically phenotyping CYP activities; and iv) The relatively large sample sizes (i.e. populations) that

must be simultaneously genotyped and phenotyped (Bachmann, 2009).
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2.4. PHASE Il BIOTRANSFORMATION REACTIONS

Phase Il biotransformation reactions generally serve as a detoxification step in drug metabolism through
conjugation reactions namely glucuronidation, sulfation, methylation, acetylation, glutathione and amino acid
conjugation. Phasell drug metabolising enzymes are mainly transferases including UDP-
glucuronosyltransferases (UGTs), sulfotransferases (SULTs), N-acetyltransferases (NATs), glutathione
S-transferases (GSTs) and methyltransferases (Jancova et al., 2010). Examples of Phase Il reactions are shown

in Table 2.2.

Phase Il drug metabolising enzymes play an important role in the biotransformation of endogenous
compounds and xenobiotics to more easily excretable forms as well as in the metabolic inactivation of
pharmacologically active compounds. Phasell enzymes have attracted much less attention in clinical
pharmacology than cytochrome P450 because drug interactions involving these enzymes are relatively rare. A
decrease in the metabolising capacity of Phase Il enzymes can lead to toxic effects of clinically used drugs
(Jancova et al., 2010). Although Phase Il reactions are generally seen as detoxifying reactions, the conjugates
formed might mediate adverse effects. An example of this is conjugates acting as carriers for potentially
carcinogenic compounds in the activation of benzylic alcohols, polycyclic aromatic hydrocarbons, aromatic
hydroxylamines, hydroxamic acid and nitroalkanes by sulfotransferases (Glatt, 2000). Interindividual
differences exist in the metabolic response of Phase Il enzymes. External (smoking, medication, nutrition and
environmental effects) and internal (age, sex, diseases and polymorphisms) factors can influence the activity of

Phase Il enzymes. For the purpose of this literature review only glycine conjugation will be discussed in detail.

Note: i) To prevent repetition of the contents of Paper | (Appendix A) and Paper Il (Appendix B)
parts relevant to the motivation of this thesis were rearranged and summarised for the purpose

of this Chapter. Some of the paragraphs were taken verbatim from these two papers.

ii) The literature review of the genetic variation of the ACSM2B and GLYAT genes and its effect on
the enzyme activity of the respective proteins (HXMA and GLYAT) will be discussed in more detail

in this Chapter as this was not extensively covered in Paper | and Il.

2.4.1. The history of glycine conjugation

The study of drug metabolism started with the discovery of glycine conjugation. The excretion of hippuric acid
after ingestion of benzoic acid was discovered in 1841 by Alexander Ure (Ure, 1841). This was later confirmed
by Wilhelm Keller in 1842 who ingested 32 grains of benzoic acid and isolated hippuric acid from his urine the
next morning (Keller, 1842). In 1845 it was demonstrated by Dessaignes that hippuric acid was in fact an amide
conjugate between glycine and benzoic acid, making this the first conjugation reaction to be discovered. Since

this epic discovery, interest in glycine conjugation has faded significantly. The small range of substrates for
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glycine conjugation, when compared with glucuronidation, may have contributed to the relatively little

research that has been done on the glycine conjugation pathway (Knights et al., 2007).

2.4.2. The metabolic significance of glycine conjugation is not yet well understood

Collectively, conjugation reactions have traditionally been referred to as phase Il biotransformation processes,
indicating that the conjugates formed are less toxic or more readily excreted than the parent metabolites
(Caldwell, 1982, 1984). Although the more recent discovery of reactive conjugates such as some
acylglucuronides has led some researchers to abandon the concept of phase Il biotransformation, it is still
generally useful to think of conjugation reactions as mechanisms to accelerate excretion of a vast number of
bioactive compounds (Caldwell, 1982; Ritter, 2000). What is unclear, however, is whether the glycine
conjugation of benzoic acid should be viewed as a detoxification process. Recently an alternative to the
“detoxification hypothesis” of glycine conjugation, the “glycine deportation hypothesis”, was introduced. This
hypothesis states that the primary purpose of amino acid conjugation reactions is to regulate levels of amino
acids that are also utilised as neurotransmitters. This is because benzoate is usually conjugated to glycine,
glutamine, glutamate, arginine, ornithine, or taurine, amino acids that are also utilised as neurotransmitters in
the central nervous system (CNS) of animals. According to the glycine deportation hypothesis, accumulation of
these neurotransmitters in the CNS, which would be neurotoxic, is avoided by the irreversible urinary
excretion of these amino acids as conjugates to aromatic acids such as benzoic acid. The basis of this argument
is that amino acid conjugation does not significantly increase the water solubility of aromatic acids, as has
generally been assumed. For example, the solubility of benzoic acid in water is 3.4 g/, and that of hippuric acid
is only 3.75 g/l. In the case of phenylacetic acid, water solubility decreases from 16.6 g/l to 7.3 g/l or 2.12 g/I,
when conjugated to glycine or glutamine, respectively. In contrast, the glucuronidation of benzoate increases
water solubility to 263 g/I. According to the glycine deportation hypothesis, glucuronidation would thus be a
better choice of conjugation reaction if the goal was to increase water solubility and facilitate urinary excretion

(Beyoglu and Idle, 2012; Beyoglu et al., 2012).

2.4.3. The glycine conjugation of benzoic acid

Several xenobiotic organic acids are metabolised by conjugation to glycine in the mitochondrial matrix in
mammalian liver and kidney, followed by urinary excretion (for review see Knights and Miners, 2012; Knights
et al.,, 2007). The most abundant amino acid conjugate excreted in the urine of almost all mammals is
hippurate, the glycine conjugate of benzoate (Lees et al., 2013). Hippurate is formed from benzoate in two
steps (Figure 2.2). First, benzoate is activated to benzoyl-CoA by the action of a mitochondrial ATP dependent
acid:CoA ligase, which in humans has been identified as HXM-A (E.C. 6.2.1.2), encoded by the ACSM2B gene
(Knights, 1998; Knights and Drogemiller, 2000; Schachter and Taggart, 1953; Vessey et al., 1999; Vessey et al.,
2003). Second, the enzyme glycine N-acyltransferase (GLYAT, E.C. 2.3.1.13) binds benzoyl-CoA and catalyses
the acylation of glycine to form hippurate and CoASH (Schachter and Taggart, 1953, 1954a).
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2.4.4.

Substrate specificity
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Figure 2.2: Glycine conjugation of benzoic acid. The glycine conjugation pathway consists of two
steps. First benzoate is ligated to CoASH to form the high energy benzoyl-CoA thioester. This
reaction is catalysed by the HXM-A medium chain acid:CoA ligase and requires energy in the
form of ATP. Some acyl-CoA esters can competitively inhibit the ligase enzymes. The benzoyl-
CoA is then conjugated to glycine by GLYAT to form hippurate, releasing CoASH. In addition to
the factors listed in the boxes, the levels of ATP, CoASH, and glycine may influence the overall
rate of the glycine conjugation pathway. The black circles indicate the ligase and GLYAT enzymes.
Abbreviations: ATP, adenosine triphosphate; AMP, adenosine monophosphate; PPi,
Pyrophosphate; GLYAT, glycine N-acyltransferase; CoASH, coenzyme A (Paper |, Appendix A,

Figure 1).

Glycine conjugation is part of the phenylpropionate catabolism pathway

The natural substrates for glycine conjugation include benzoate, salicylate, 4-hydroxybenzoate,

3-hydroxybenzoate, 4-aminobenzoate, and 2-furoate. However, the major source of glycine conjugation
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substrates seems to be the metabolites of dietary polyphenols produced by microorganisms in the gut

(Figure 2.3) (for review see Knights and Miners, 2012; Rechner et al., 2002).

The major families of polyphenols in food are the flavan-3-ols, flavonols, flavanones, anthocyanins, and
hydroxycinnamates. These are metabolised by the gut microbiota to simpler aromatic compounds such as
phenylpropionate, 3-hydroxyphenylpropionate, and 4-hydroxyphenylpropionate (Bravo, 1998; Jenner et al.,
2005; Rechner et al., 2002; Tsao, 2010). Phenylpropionate is transported to the liver where it is first activated
to phenylpropionyl-CoA, although it is not clear which enzyme catalyses this reaction. Since phenylpropionyl-
CoA is a good substrate for medium-chain acyl-CoA dehydrogenase (MCAD), it is rapidly converted to
cinnamoyl-CoA (Mao et al.,, 1994). This is why phenylpropionyl-CoA is used in enzyme assays for the
confirmation of MCAD deficiency (Rinaldo et al., 1990). Cinnamoyl-CoA continues through the B-oxidation
cycle to yield acetyl-CoA and benzoyl-CoA (Dakin, 1908; Knoop, 1904; Saltzman and Caraway, 1953). Benzoyl-
CoA cannot be further catabolised, and is conjugated to glycine instead. This results in hippurate being the
major urinary metabolite of polyphenol metabolism and phenylpropionate catabolism (Dakin, 1908; Knoop,

1904; Rechner et al., 2002).

It is now known that the amount of glycine conjugates excreted in the urine largely depends on the dietary
intake of polyphenolic compounds, and the extent to which the polyphenols are fermented in the colon (Lees
et al., 2013; Phipps et al., 1998; Rechner et al., 2002). The polyphenol fermentation products produced in the
colon depend on the type and amount of food consumed, its transit time through the digestive system, and
the composition of the gut microbiome (Bravo, 1998; Fedotcheva et al., 2008; Jenner et al., 2005; Lees et al.,
2013; Rechner et al., 2002; Smith and Macfarlane, 1996). Suppression of microbial activity, by antibiotic use for
example, results in decreased production of compounds like phenylpropionate and consequently lower urinary
hippurate excretion (Lees et al., 2013). This is further supported by the observation that germ free mice, bred
under sterile conditions, excrete about one-seventeenth the amount of hippurate excreted by conventional
mice fed the same diet. Exposure of germ free mice to a normal laboratory environment results in microbial
colonisation of the colon and normalisation of urinary hippurate levels after about three weeks (Wikoff et al.,

2009).
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Figure 2.3: A schematic representation of the glycine conjugation pathway. The part of the
pathway on the pink background depicts the natural glycine conjugation pathway, as it is
described in this paper. 1) Dietary polyphenols are converted by the gut microbiota to simple
aromatic acids such as phenylpropionate, cinnamate, and benzoate. 2) After absorption and
transport to the liver, the aromatic acids are activated to acyl-CoA thioesters by ATP dependent
acid:CoA ligases. The consumption of ATP is demonstrated by red. 3) Phenylpropionyl-CoA is
converted to cinnamoyl-CoA by medium-chain acyl-CoA dehydrogenase, the first step of the
B-oxidation cycle. 4) Cinnamoyl-CoA is further oxidised to benzoyl-CoA and acetyl-CoA.
5) Benzoyl-CoA is converted to hippurate by glycine N-acyltransferase. 6) The B-oxidation of
phenylpropionate generates FADH,, NADH, and acetyl-CoA, which are used by the Krebs cycle
and the electron transport chain to produce ATP. The production of ATP is demonstrated by
blue. 7) When the capacity of the glycine conjugation pathway is exceeded benzoyl-CoA
accumulates, resulting in CoASH sequestration. Hydrolysis of benzoyl-CoA, by thioesterases with
high affinity for benzoyl-CoA, releases benzoate and CoASH. 8) In individuals with a deficiency of
medium-chain acyl-CoA dehydrogenase, phenylpropionyl-CoA accumulates and is converted by

glycine N-acyltransferase to phenylpropionylglycine (Paper I, Appendix B, Figure 1).
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2.4.5. The toxicity of benzoate and other aromatic acids

2.4.5.1. The toxicity of benzoate and phenylacetate to animals and cultured cells

Conjugation of large doses of benzoate or phenylacetate results in significant decreases in plasma glycine,
which is associated with neurological symptoms in rats, dogs, and humans (Abdo et al., 1998; Beyoglu and Idle,
2012; Beyoglu et al., 2012; de Vries et al., 1948). High doses of benzyl acetate result in severe brain damage in
rats as a result of glycine depletion, an effect cancelled out by the administration of glycine but not alanine
(Abdo et al., 1998). When glycine is depleted, the detoxification of benzoate is significantly impaired, and
significant damage occurs to the livers and kidneys of rats and dogs (Abdo et al., 1998; Griffith et al., 1989;
Sherwin and Kennard, 1919; White, 1941). Plasma concentrations of aspartate aminotransferase and alkaline
phosphatase, markers of liver damage, are increased in rats following benzoate administration. There is also
evidence that benzoate and phenylacetate are neurotoxic (Batshaw and Brusilow, 1981; Praphanphoj et al.,
2000). In addition to gut abnormalities, defects of pronephric tubes, cardiac oedema, and misalighment of
muscle fibres, sodium benzoate also causes motor neuron innervations and abnormal expression of the
acetylcholine receptor, tyrosine hydroxylase, and a dopamine transporter in zebrafish embryos and larvae
(Bichara et al., 2014; Chen et al., 2009; Tsay et al., 2007). In human and mouse neurons and astrocytes,
benzoate increases the expression of DJ-1, a protein with neuroprotective properties in Parkinson’s disease
(Khasnavis and Pahan, 2012). Benzoate can directly inhibit brain enzymes and can also increase the turnover of
serotonin in the brains of mice and humans by competing with tryptophan for binding to albumin (Batshaw et
al., 1988; Ross and Wootton, 1964). Phenylacetate causes permanent disruption of neurological development
if administered to newborn rats (Wen et al., 1980). Similarly, abnormal neurological development of the foetus
has been reported in cases of untreated maternal phenylketonuria, which is characterised by increased
phenylacetate levels (Fulton et al.,, 1980). A potential mechanism of pathogenesis is the formation of
phenylacetyl-CoA in the brain, where it strongly inhibits choline acetyltransferase and disrupts neuronal

utilisation of acetyl-CoA (Loo et al., 1980; Loo et al., 1979; Loo et al., 1985).

Incubation of cultured primary rat hepatocytes with benzoate results in dose-dependent depression of protein
and DNA synthesis and decreased activities of ornithine transcarbamylase and tyrosine aminotransferase
(Oyanagi et al., 1987). Incubation of human leukocytes with benzyl acetate, benzyl alcohol, benzaldehyde, or
benzoate results in significant DNA damage, reflecting the genotoxicity of these compounds (Abe and Sasaki,
1977; Demir et al., 2010; Yilmaz et al., 2009; Zengin et al.,, 2011). Benzoate influences the mitochondrial
membrane potential and matrix calcium levels in cultured rat cortical neurons and human clonal epithelial
cells, and induces cell death in a dose-dependent manner (Park et al., 2011; Park et al., 2013). The mechanisms
of toxicity of aromatic acids like benzoate and cinnamate have not been clearly defined, but involves
sequestration of CoASH, formation of toxic acyl-CoA thioesters, and disruption of mitochondrial integrity by

interaction of the aromatic acids with the inner mitochondrial membrane.
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2.4.5.2. Toxicity mediated by acyl-CoA formation

Comprehensive understanding of coenzyme A metabolism was advanced by the introduction of the concept of
CASTOR disorders (Coenzyme A Sequestration, Toxicity, and Redistribution). In CASTOR disorders the synthesis
of CoASH or the degradation of acyl-CoA thioesters is impaired, resulting in a combination of CoASH
sequestration and accumulation of toxic acyl-CoAs (Mitchell et al., 2008). Therefore, it is very useful to keep in
mind that the toxicity of an organic acid is largely determined by the extent to which an acyl-CoA is formed
that cannot be further metabolised (Figure 2.4) (for reviewe see Knights and Miners, 2012; Knights et al., 2007;
Mitchell et al., 2008).

2.4.5.2.1. The metabolic consequences of CoASH sequestration

The first step in the metabolism of several organic acid xenobiotics is the ATP dependent activation to an
acyl-CoA thioester by hepatic acid:CoA ligases (Caldwell, 1982; for reviewe see Knights et al., 2007; Schachter
and Taggart, 1953). In addition to the toxicity of the thioesters, acyl-CoA formation can cause sequestration of
CoASH, which negatively impacts metabolism on many levels (Knights and Drogemiller, 2000; Knights et al.,
2007; Mitchell et al., 2008; Zhang et al., 2007b). Coenzyme A is perhaps one of the most important molecules
in biochemistry, participating in B-oxidation, ketogenesis, lipogenesis, glucose catabolism, gluconeogenesis,
and several other metabolic processes such as amino acid metabolism and the Krebs cycle (Figure 2.4).
Sequestration of CoASH can therefore inhibit these vital metabolic processes (Mitchell et al., 2008; Zhang et
al., 2007b). Oxidation of propionate by bovine liver tissue is inhibited by phenylpropionate, cinnamate, and
benzoate (Cremin Jr et al., 1994). Sequestration of CoASH by benzoate also inhibits B-oxidation, lipogenesis,
ureagenesis, gluconeogenesis, ketogenesis, and the utilisation of ketone bodies in cultured rat hepatocytes
and isolated mitochondria (Beynen and Geelen, 1982; Cyr et al., 1991; Griffith et al., 1989; Kalbag and Palekar,
1988; Palekar and Kalbag, 1991; Yao et al.,, 1994). The levels of ATP and acetyl-CoA in the brains of
hyperammonemic rats treated with benzoate also decrease as a result of CoASH sequestration (Ratnakumari
et al.,, 1993). The main routes for regeneration of free CoASH from xenobiotic acyl-CoAs are carnitine
conjugation, hydrolysis, and glycine conjugation (Figure 2.4) (Knights and Drogemiller, 2000; Knights et al.,
2007; Mitchell et al., 2008).
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Figure 2.4: An overview of coenzyme A and acyl-CoA metabolism. The main pathways that
produce and consume CoASH are demonstrated. It is extremely important that CoASH always be
available in the cell because of its role in B-oxidation and the conversion of pyruvate to acetyl-
CoA. Acetyl-CoA is the product of most catabolic reactions and provides the fuel for ketogenesis
and mitochondrial ATP production. When xenobiotics are converted to xenobiotic-CoA esters,
CoASH can be sequestered, disrupting ATP synthesis from pyruvate and fatty acids. As
demonstrated by the fine broken arrows, accumulating xenobiotic-CoAs can inhibit the acid:CoA
ligases or be incorporated into unnatural triglycerides and membrane phospholipids. The bold
broken arrows indicate pathways that release bound CoASH. The black circles indicate important
processes involved in the formation and degradation of acyl-CoAs. Abbreviations: GLYAT, glycine
N-acyltransferase; CAT, carnitine acyltransferase; PDH, pyruvate dehydrogenase; CoASH,

coenzyme A (Paper | and Il, Appendix A and B, respectively, Figure 2).

2.4.5.2.2. The toxic effects of accumulated acyl-CoA thioesters

It is well known that formation of a more reactive acyl-CoA is an important mechanism mediating the toxicity
of organic acids such as benzoate, phenylacetate, salicylate, valproate, and clofibrate. A major reason for the
increased reactivity of acyl-CoA metabolites is the electrophilic nature of the thioester bond. This makes acyl-
CoAs reactive to nucleophiles such as glutathione and the cysteine, serine, lysine, and histidine residues of
proteins. For example, covalent modification of glutathione and cellular proteins by the acyl-CoA metabolites
of phenylacetate, 2-phenylpropionate, and 2,4-dichlorophenoxyacetate has been demonstrated (Caldwell,
1984; Grillo and Benet, 2002; Grillo and Lohr, 2009; for review see Knights et al., 2007; Li et al., 2002; Li et al.,
2003; Olsen et al., 2007; Sidenius et al., 2004).
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Acyl-CoA metabolites can also inhibit several enzymes, causing complex effects that are difficult to predict (for
review see Knights et al., 2007; Mitchell et al., 2008). Examples include the inhibition of choline
acetyltransferase by phenylacetyl-CoA, inhibition of pyruvate carboxylase by propionyl-CoA and isovaleryl-CoA,
inhibition of acid:CoA ligase enzymes by benzoyl-CoA and salicylyl-CoA, inhibition of the glycine cleavage
system by valproyl-CoA and propionyl-CoA, and perturbation of protein kinase C function by clofibroyl-CoA
(Erfle and Sauer, 1969; Knights et al., 2007; Kolvraa, 1979; Loo et al., 1980; Mortensen et al., 1980). In addition
to acting as inhibitors, acyl-CoAs can also behave as alternative substrates for enzymes, resulting in the
biosynthesis of abnormal metabolites. For example, when propionyl-CoA accumulates it can substitute for
acetyl-CoA, resulting in the formation of methylcitrate by citrate synthase and N-propionylglutamate by
N-acetylglutamate synthetase. The resulting shortage of N-acetylglutamate results in disruption of the urea
cycle (Fenton et al., 2013). Accumulated propionyl-CoA and isovaleryl-CoA can substitute for acetyl-CoA in
lipogenesis to produce odd-chain and branched-chain fatty acids (Fenton et al., 2013; Sweetman and Williams,
2013). Similarly, 2-arylpropionyl-CoAs, metabolites of nonsteroidal anti-inflammatory drugs, can be
incorporated into adipocyte triglycerides (Knights et al., 2007). Very important cases involve the reaction of
isovaleryl-CoA and benzoyl-CoA with carnitine, catalysed by carnitine acyltransferase enzymes (ltoh et al.,
1996; Sakuma, 1991). This results in the excretion of acylcarnitines in the urine and can cause systemic
carnitine depletion, which negatively impacts fatty acid oxidation and energy metabolism (ltoh et al., 1996;

Lheureux and Hantson, 2009; Sakuma, 1991).

2.4.5.3. Benzoate and other aromatic acids stimulate ROS production and inhibit complex |

The aromatic acids phenylpropionate, cinnamate, and phenylacetate accumulate in the plasma of septic
patients as a result of microbial metabolism in the blood. Sepsis is characterised by extremely high ROS
production, oxidative stress, and mitochondrial damage (Beloborodova et al., 2012). The accumulating
aromatic acids stimulate the production of ROS in isolated liver mitochondria and inhibits the activity of
complex | of the electron transport chain (Beloborodova et al., 2012; Fedotcheva et al., 2008; Fedotcheva et
al., 2012). Although the mechanisms of mitochondrial toxicity of the aromatic acids are not well understood,

several recent advances in our understanding of this process will be briefly reviewed here.

Benzoate, salicylate, phenylpropionate, cinnamate, valproate, and isovalerate are all known to induce the
mitochondrial permeability transition, an important mechanism in the pathogenesis of disorders related to
Reye’s syndrome (Battaglia et al., 2005; Beloborodova et al., 2012; Fedotcheva et al., 2008; Trost and
Lemasters, 1996). Mitochondrial permeability transition is the common final pathway leading to acute cell
death as a result of mitochondrial dysfunction, is induced by several mild oxidants such as
t-butylhydroperoxide and diamide, and is inhibited by cyclosporin A (Fedotcheva et al., 2008; Kushnareva and
Sokolove, 2000; Lemasters et al., 2002; Nakagawa and Moldeus, 1998; Nakagawa and Moore, 1999; Trost and
Lemasters, 1996, 1997). It is characterised by the opening of a large non-selective pore which leads to
uncoupling of oxidative phosphorylation, generation of ROS, mitochondrial swelling, release of cytochrome c,

and apoptosis (Beloborodova et al., 2012; Bradshaw and Pfeiffer, 2006; Kushnareva and Sokolove, 2000; Trost
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and Lemasters, 1997). An important first step leading to the permeability transition seems to be the formation
of a small non-selective pore, distinct from the pore involved in mitochondrial permeability transition. The
opening of this pore allows the passage of cations such as calcium, but not protons, and is thought to be
stimulated by pro-oxidants and by salicylate in the inner mitochondrial membrane (Battaglia et al., 2005).
Calcium efflux from this pore, coupled to calcium import by the calcium uniporter, results in rapid collapse of
the membrane potential, which is stimulated by external calcium and inhibited by EGTA (Battaglia et al., 2005;
Fedotcheva et al., 2008; Kushnareva and Sokolove, 2000; Trost and Lemasters, 1997). Collapse of the
membrane potential precedes opening of the permeability transition pore and is not inhibited by cyclosporin A

(Kushnareva and Sokolove, 2000).

Although it is not clear how aromatic acids induce ROS production and the mitochondrial permeability
transition, it has been suggested that diffusion of these compounds into the inner mitochondrial membrane
alters the properties of the membrane and stimulates opening of the initial small pore (Bernardi et al., 1994;
Broekemeier and Pfeiffer, 1995; Trost and Lemasters, 1997). N-Ethylmaleimide can promote opening of the
pore, which is inhibited by dithiothreitol, suggesting that oxidation of critical sulfhydryl groups on the inner
mitochondrial membrane is important for opening the pore or for keeping it in an open state (Fedotcheva et
al., 2008; Trost and Lemasters, 1997). In the mitochondria of cultured tobacco cells, benzoate and salicylate
directly inhibit the transfer of electrons from complex | to ubiquinone, stimulating ROS generation (Norman et
al., 2004). This could cause oxidation of sulfhydryl groups in the membrane, leading to inhibition of complex |
and opening of the initial pore. This idea is supported by the observation that reducing agents like
dithiothreitol can prevent the inhibition of complex | caused by N-Ethylmaleimide or aromatic acids
(Fedotcheva et al., 2008). The inhibition of complex | results in ROS production upon oxidation of complex |
and complex Il substrates (Fedotcheva et al., 2008; Murphy, 2009). Oxidation of complex Il substrates is not
inhibited, since this complex is less sensitive to oxidative stress than complex | (Beloborodova et al., 2012;

Fedotcheva et al., 2008; Fedotcheva et al., 2012; Murphy, 2009).

A related explanation for the damaging effects of aromatic acids on mitochondria is the ability of lipophilic
compounds to disrupt the structural integrity of biological membranes by partitioning into the phospholipid
bilayer, thereby increasing its permeability to small molecules and ions in a nonspecific manner (Politycka,
1997; Sikkema et al., 1995; Ye et al., 2006). For example, benzoate can increase the conductance of biological
membranes, and causes leakage of lactate from intact mitochondria (Cremin Jr et al., 1994; Gutknecht, 1992).
Increased membrane permeability can result in dissipation of membrane potential and uncoupling of oxidative
phosphorylation, as demonstrated by the effects of cyclohexane on yeast mitochondria (Sikkema et al., 1995).
This effect on membrane integrity also explains the observation that intracellular membrane trafficking in
yeast is disturbed by benzoic acid, which also seems to negatively influence the fission and fusion of
mitochondria (Hazan et al., 2004; Park et al., 2011; Park et al., 2013). The ability of a compound to diffuse into
and accumulate in biological membranes is directly related to its lipophilicity (Lakeram et al., 2007; Sikkema et
al.,, 1995). For example, the ability of the parabens, alkyl esters of 4-hydroxybenzoic acid, to induce

mitochondrial damage depends on the alkyl-chain length and is linearly related to the octanol/water partition
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coefficient, a reflection of lipophilicity (Lakeram et al., 2007, Nakagawa and Moldeus, 1998; Nakagawa and
Moore, 1999). The ROS production and complex | inhibition in isolated mitochondria induced by aromatic acids
also seem to be influenced by the lipophilicity of the compound (cinnamate > benzoate > phenylpropionate >
phenylacetate) (Beloborodova et al., 2012; Fedotcheva et al., 2008; Fedotcheva et al., 2012; Politycka, 1997;
Ye et al.,, 2006). The hydroxylated aromatic acids such as phenyllactate, 4-hydroxyphenylacetate, and
4-hydroxyphenyllactate are less lipophilic, do not stimulate ROS generation, and because of their hydroxyl

groups, can act as free radical scavenging antioxidants (Fedotcheva et al., 2008).

2.4.6. The importance of glycine conjugation in the metabolism of aromatic acids

2.4.6.1. Glycine conjugation is important for the maintenance of CoASH levels

Several metabolic processes are dependent on CoASH and are inhibited by CoASH sequestration (Figure 2.4).
Glycine conjugation is important for the maintenance of CoASH levels, by preventing its sequestration as
benzoyl-CoA (for review see Knights and Miners, 2012; Knights et al., 2007). For example, the inhibition of
gluconeogenesis in bovine liver mitochondria by benzoate-induced CoASH sequestration is reversed by the
addition of glycine, which stimulates hippurate synthesis, decreases benzoyl-CoA levels, and increases CoASH
levels. As a result acetyl-CoA levels are restored and the rate of gluconeogenesis normalises (Griffith et al.,
1989). The accumulation of benzoyl-CoA and sequestration of CoASH caused by benzoate is similar to the
situation in isovaleric acidemia, suggesting that isovaleric acidemia can shed some light on the importance of
glycine conjugation (Trost and Lemasters, 1996). Isovaleric acidemia is a defect of leucine catabolism caused by
mutations in the isovaleryl-CoA dehydrogenase gene, resulting in accumulation of isovaleryl-CoA in
mitochondria (Tanaka et al., 1966). This accumulation results in sequestration of CoASH and formation of large
amounts of isovaleric acid, which is toxic to mitochondria (Trost and Lemasters, 1996). Because isovaleryl-CoA
is a good substrate for GLYAT, glycine conjugation restores CoASH levels and produces isovalerylglycine, a less
toxic metabolite that is more readily excreted by the kidneys (Bartlett and Gompertz, 1974; Tanaka and
Isselbacher, 1967). As a result of the excessive glycine conjugation, depletion of glycine is often observed in
these patients. Glycine supplementation restores glycine levels, increases isovalerylglycine excretion, and
generally results in normal mental and physical development of these patients (Dercksen et al., 2012; Itoh et
al., 1996; Sweetman and Williams, 2013; Tanaka and Isselbacher, 1967). Alternatively, supplementation with
carnitine leads to increased isovalerylcarnitine excretion, which also restores CoASH levels, detoxifies
isovaleric acid, and results in effective treatment of the disease. Interestingly, carnitine supplementation does
not necessarily decrease isovalerylglycine excretion, and may even stimulate it (Itoh et al., 1996; Sweetman
and Williams, 2013). Deficiency of medium-chain acyl-CoA dehydrogenase also demonstrates the role of
glycine conjugation in maintaining CoASH levels. Patients with defects of MCAD cannot metabolise
phenylpropionyl-CoA to cinnamoyl-CoA, resulting in the accumulation of phenylpropionyl-CoA in
mitochondria. As a result, high levels of phenylpropionylglycine are excreted in the urine (Figure 2.3) (Bennett

et al.,, 1990).
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An important mechanism by which glycine conjugation reduces the acyl-CoA mediated toxicity of organic acids
is by converting the electrophilic thioester to the inert peptide bond of the glycine conjugate (Caldwell, 1982,
1984). Unlike thioesters, and even esters such as acylglucuronides, peptide conjugates are chemically stable
and do not react with nucleophiles such as proteins and glutathione (Caldwell, 1982, 1984; Grillo and Benet,
2002; Grillo and Lohr, 2009; Li et al., 2002; Li et al., 2003; Olsen et al., 2007; Sidenius et al., 2004). Since
covalent modification by acyl-CoAs is dependent on both time and the concentration of the acyl-CoA thioester,
it seems reasonable to assume that the toxicities of these electrophiles are significantly decreased by glycine

conjugation, although this is yet to be experimentally verified (Caldwell, 1984; Grillo and Lohr, 2009).

2.4.6.2. Glycine conjugation decreases the lipophilicity of benzoic acid

It has usually been assumed that glycine conjugation increases the water solubility of benzoate in order to
facilitate urinary excretion. However, the water solubility of sodium benzoate (629 g/l) is so high that
insolubility cannot possibly explain the toxicity of this compound. Furthermore, glycine conjugation only
slightly increases the water solubility of benzoic acid from 3.4 g/l to 3.75 g/| for hippuric acid (Beyoglu and Idle,
2012; Beyoglu et al., 2012). This suggests that increasing water solubility is not the mechanism by which
glycine conjugation decreases the toxicity of benzoate. We suggest that glycine conjugation decreases the
toxicity of benzoate, not because hippuric acid is more water soluble than benzoic acid, but because hippuric
acid is less lipophilic than benzoic acid. Despite having similar water solubilities, hippuric acid is significantly
less lipophilic than benzoic acid, as reflected by their LogP values of 0.31 and 1.87, respectively (Hansch and
Leo, 1995). This difference in LogP values reflects an almost 40-fold difference in octanol-water partition
coefficients for these compounds. Based on the strong correlation between lipophilicity and ability to diffuse
into biological membranes, this means that benzoic acid will be significantly more capable of partitioning into
the hydrophobic interiors of phospholipid bilayers (Lakeram et al., 2007; Nakagawa and Moldeus, 1998;
Nakagawa and Moore, 1999; Sikkema et al., 1995). This argument is supported by the observation that benzoic
acid can be extracted from acidified urine by the non-polar solvent benzene, while hippuric acid remains in the

aqueous phase after extraction with benzene and ether (Dakin, 1910).

2.4.6.3. The influence of decreased lipophilicity on the toxicity and mitochondrial export of benzoate

The mitochondrial toxicity of a compound is strongly correlated to its lipophilicity, because lipophilic
compounds diffuse into and disrupt the structural integrity of biological membranes. It therefore seems
reasonable to suggest that hippurate will be significantly less toxic to mitochondria than benzoic acid, despite

the current lack of experimental evidence for this hypothesis (Figure 2.5, numbers 2, 7, and 10).

It can also be argued that glycine conjugation facilitates removal of benzoate from the mitochondrial matrix. It
has been demonstrated that benzoate accumulates in the mitochondrial matrix to a concentration about
50-times higher than that in the external solution. This is the result of the pH gradient of about 2 units over the

inner mitochondrial membrane (Gatley and Sherratt, 1977; Gatley and Sherratt, 1976). The low pH of about
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6.0 in the intermembrane space favours the formation of benzoic acid, which diffuses into the matrix where
the higher pH of about 7.8 favours dissociation to benzoate, which becomes trapped in the matrix (Figure 2.5,
numbers 1 to 3) (Davies et al., 2011; Gatley and Sherratt, 1977; Gatley and Sherratt, 1976; Porcelli et al., 2005;
Strauss et al., 2008). Both benzoate and hippurate can be exported from the mitochondrial matrix by organic
anion transporters (Deguchi et al., 2005; Schwab et al., 2001; Yoshimura et al., 1998). However, it would be
futile to simply export benzoate from the matrix, since it can reform benzoic acid in the more acidic
intermembrane space, and diffuse back over the inner membrane into the matrix (Figure 2.5, numbers 2 and
3) (Piper et al., 2001; Piper, 1999). In contrast, unidirectional export of hippurate is possible, since the less
lipophilic hippuric acid cannot diffuse back over the inner mitochondrial membrane at a significant rate
(Figure 2.5, arrows 2, 5, and 7). The model described here is supported by the observation that benzoate
clearance is limited by the rate of hippurate synthesis, which is about one-fifth of the maximum rate of

hippurate excretion (Figure 2.5, arrows 2, 4, and 5) (Gregus et al., 1992, 1993a).

2.4.7. The impact of glycine conjugation on glycine metabolism

2.4.7.1. Glycine homeostasis is not the primary purpose of the glycine conjugation pathway

The major system involved in glycine homeostasis is the glycine cleavage system, which has a high metabolic
capacity and is expressed in several tissues, including liver and brain (Kikuchi et al., 2008). Defects of the
glycine cleavage system result in nonketotic hyperglycinemia (NKH), characterised by significant elevations of
glycine concentrations in plasma and CSF (Conter et al., 2006; Hamosh and Johnston, 2013; Hiraga et al., 1981,
Kure et al., 2004; Perry et al., 1975). The most useful diagnostic parameter is the CSF/plasma glycine ratio,
which is normally below 0.02, with values of 0.09 or greater being diagnostic for NKH (Hamosh and Johnston,
2013; Krieger et al., 1977; Perry et al., 1975). Although there are no completely satisfactory treatments for this
disorder, administration of sodium benzoate is used to decrease plasma and CSF glycine levels, as the excess
glycine is excreted in the urine as hippurate. The effectiveness of this therapy is variable and glycine levels or
CSF/plasma glycine ratios are rarely decreased to satisfactory levels (Applegarth and Toone, 2001; Barshop et
al., 1989; Beyoglu and Idle, 2012; Beyoglu et al., 2012; Krieger et al., 1977). The failure of this therapy to
completely normalise glycine levels and CSF/plasma glycine ratios, despite the large doses of benzoate used,
suggests that the contribution of the glycine deportation system to glycine homeostasis is small, compared to
that of the glycine cleavage system (Beyoglu and Idle, 2012; Beyoglu et al., 2012; Hamosh and Johnston, 2013;
Krieger et al., 1977).

26



Chapter 2

Figure 2.5: The detoxification of benzoate by means of glycine conjugation in hepatocytes.
1) Because the pH in the mitochondrial inter-membrane space is lower than that of the cytoplasm
and the mitochondrial matrix, the conversion of benzoate (black) to benzoic acid (red) is favoured.
2) Benzoic acid can freely diffuse across the mitochondrial inner membrane into the mitochondrial
matrix. In the matrix the higher pH favours the dissociation of benzoic acid to form benzoate.
3) Benzoate accumulates in the mitochondrial matrix to concentrations about 50 times higher than
that in the surrounding solution. This is demonstrated by the width of the black arrows. Therefore,
the thick black arrow 2, pointing to the matrix, is 50 times wider than arrow 3, pointing out of the
matrix space. 4) In the mitochondrial matrix benzoate is converted to hippurate (blue). 5) Hippurate
is transported out of the matrix by organic anion transporters. The rate at which hippurate can be
excreted is about five times higher than that at which it can be synthesised. This is demonstrated by
the red arrow 5 being five times wider than red arrow 4, which represents hippurate synthesis.
6) Finally, hippurate is irreversibly excreted into urine (yellow block) by organic anion transporters.
7) Hippuric acid is less lipophilic than benzoic acid and therefore diffuses into the matrix space at a
significantly lower rate. This is indicated by black arrow 7 being 40 times thinner than black arrow 2,
which represents the diffusion of benzoic acid into the matrix. 8) In the endoplastic riticulum,
benzoate can also be converted to benzoyl-glucuronide by UDP-glucuronosyltransferases, as
represented by the grey arrows. Because benzoate accumulates in the mitochondrial matrix,
benzoylglucuronide synthesis, which is localised to the endoplastic reticulum, only occurs when the
capacity of the mitochondrial glycine conjugation system is exceeded. 9) Benzoylglucuronide is then
also excreted in the urine. 10) This section zooms in on a part of the inner mitochondrial
membrane. It represents the diffusion of the lipophilic benzoic acid into the inner mitochondrial
membrane, which causes disruption of the phospholipid bilayer and results in permeabilisation of
the membrane. This is represented by the small blue spheres leaking across the membrane (Paper

Il, Appendix B, Figure 3).
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After phenylketonuria, NKH is the second most prevalent defect of amino acid catabolism, affecting up to one
in 64 000 individuals in some populations (Hamosh and Johnston, 2013). Therefore, being a carrier of NKH is
not lethal or extremely deleterious for human health, despite the higher plasma and CSF glycine
concentrations observed in carriers, compared to controls (Kure et al., 2004; Von Wendt and Simila, 1982). It is
interesting to note, however, that no defect of the glycine conjugation system, which makes the smaller
contribution to glycine homeostasis, has been reported in humans. This seems to suggest that glycine
conjugation is a vital metabolic process, and that its primary purpose is not the regulation of glycine levels.
However, as suggested by the glycine deportation hypothesis, consumption of large quantities of aromatic
acids can result in significant excretion of glycine in the urine (as hippurate or phenylacetylglycine) (Beyoglu

and Idle, 2012; Beyoglu et al., 2012; de Vries et al., 1948).

2.4.7.2. Benzoate and human glycine deficiency

Glycine is commonly thought to be a nonessential amino acid since it can be synthesised from serine by serine
hydroxymethyltransferase (Wu et al., 2013). Serine itself is synthesised from 3-phosphoglycerate, an

intermediate of glycolysis (Figure 2.6).

Serine hydroxymethyltransferase converts serine to glycine, 5,10-methylenetetrahydrofolate (THF-C1), and
NADH. Additional THF-C1 and NADH are produced from glycine by the glycine cleavage system. In recent years
it has become apparent that glycine is a conditionally essential amino acid, as the metabolic demand for
glycine often exceeds the capacity for glycine synthesis (Melendez-Hevia et al., 2009; Wu, 2013; Wu et al.,
2013). For example, glycine availability has been shown to be limiting in the developing human foetus, in
young men, birds, and in milk-fed pigs (Jackson et al., 1997; Jackson et al., 1996; Wang et al., 2013; Wu, 2010,
2013; Wu et al., 2013). In fact, it has been estimated that human adults have a shortage of about 10 grams of
glycine per day. This glycine deficiency, and the resulting deficiency of THF-C1 units, can influence the
metabolism of collagen, glutathione, creatine, nucleic acids, and porphyrins (Brosnan et al., 2011; Melendez-
Hevia et al., 2009; Wang et al., 2013). Glycine shortage can be exacerbated by benzoate and other substrates
for glycine conjugation (Jackson et al., 1987; Xie et al., 2013). In addition to natural sources of benzoate,
humans are nowadays exposed to ever increasing amounts of this compound, since it is used as a preservative
in food and pharmaceuticals (Piper, 1999). In some populations where a lot of preserved food is consumed,
benzoate intake can be as high as 280% of the recommended daily allowance, which is reflected by unusually

high levels of urinary hippurate (Lees et al., 2013; Tfouni and Toledo, 2002).
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Figure 2.6: Biosynthesis and metabolic consumption of glycine. Glycine is biosynthesised from
serine by serine hydroxymethyltransferase. The reaction converts THF (tetrahydrofolate) to THF-
C1 (tetrahydrofolate-C1) for each molecule of glycine produced. The total amount of glycine
synthesised can thus not exceed the amount of THF-C1 consumed through production of
compounds such as S-adenosylmethionine, thymine, and purines. Glycine is consumed in the
production of creatine, bile salts, porphyrins, collagen, elastin, other proteins, and glutathione.
Black circles represent the serine hydroxymethyltransferase and GLYAT enzymes. The bold arrow
indicates formation of xenobiotic acylglycines by GLYAT. The parts of purine rings derived from
glycine and THF-C1 are indicated by the dashed ellipse and squares, respectively (Paper II,

Appendix B, Figure 4).

2.4.8. Interindividual variation in glycine conjugation

Because the glycine conjugation system is readily saturable, the metabolism of benzoate is dose dependent
(Amsel and Levy, 1969; for review see Knights and Miners, 2012; for review see Knights et al., 2007; Kubota
and Ishizaki, 1991; Poon and Pang, 1995). The major metabolite of benzoate is hippurate, but when very large
doses are administered benzoylcarnitine and benzoylglucuronide may also be formed (Bray et al., 1951;
Sakuma, 1991). The formation of these secondary metabolites depends on both the dose of benzoate and the
capacity of the individual glycine conjugation system in question (Bray et al., 1951; Saltzman and Caraway,
1953). For humans, significant interindividual variation in urinary hippurate excretion has been documented.
One study determined the daily hippurate excretion as 6285 + 4008 umol for men and 4793 + 3239 umol for
women. The Human Metabolome Database reports urinary hippurate concentrations ranging from 27.92 to
932.66 umol (Lees et al., 2013; Wijeyesekera et al., 2012). It is important to distinguish between variation in
the amount of hippurate excreted, and variation in the rate of glycine conjugation. These two concepts are

usually not clearly distinguished in the literature, which can lead to confusion. For example, patients with
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Crohn’s disease are characterised by significantly lower urinary hippurate levels. This is associated with
significant alterations of the gut microbiome, which result in decreased fermentation of dietary polyphenols
and lower production of phenylpropionate. However, these individuals do not demonstrate a decreased rate
of hepatic glycine conjugation, as demonstrated by normal conversion of an oral dose of benzoate to
hippurate (Williams et al., 2010). In the next section the factors that influence the rate of glycine conjugation,

and the capacity of the glycine conjugation pathway, are discussed.

2.4.9. Factors that influence interindividual variation in the rate of glycine conjugation

2.4.9.1. Availability of ATP, CoASH, and glycine

The first step in the glycine conjugation of benzoate requires CoASH for the synthesis of benzoyl-CoA
(Figure 2.2). The availability of unacylated CoASH can therefore directly limit the maximum rate of glycine
conjugation (Gregus et al., 1996a; Gregus et al., 1992). In one study pantothenate, a precursor for CoASH
biosynthesis, was administered to a hyperglycinemia patient on benzoate therapy. This resulted in increased
urinary hippurate excretion and attenuation of seizures, but there was no way to determine whether hepatic
CoASH levels were actually increased. However, it was demonstrated that addition of pantothenate to the
culture medium of HepG2 cells resulted in significant increases in cellular CoASH content and increased
conversion of benzoate to hippurate (Palekar, 2000). The synthesis of benzoyl-CoA is also dependent on ATP
(Figure 2.2). Since ATP is hydrolysed to AMP, two molecules of ATP are consumed per molecule of benzoate
(Schachter and Taggart, 1953, 1954a). A shortage of ATP will, therefore, limit the rate of glycine conjugation by
limiting the formation of benzoyl-CoA (Gregus et al., 1996a). The rates of glycine conjugation of cinnamate,
benzoate, and 4-aminobenzoate have been measured extensively as a test of liver function, and correlate well
with hepatic reserve (Duffy et al., 1995; Furuya et al.,, 1995; Krahenbuhl et al., 1997; Probstein and Londe,
1940; Saltzman and Caraway, 1953). It is thought that the mitochondrial dysfunction associated with liver
disease, which leads to decreased ATP production, explains the lower rate of glycine conjugation in hepatitis
patients (Gregus et al., 1996a; for review see Knights et al., 2007). The availability of glycine is another factor
known to strongly influence the rate of hippurate synthesis (Figure 2.2) (de Vries et al., 1948; Gregus et al.,
1992, 1993a; Levy, 1979). Therefore, although hippurate synthesis in humans is saturable with large doses of
benzoate, the co-administration of glycine can significantly increase the rates of hippurate formation and
benzoate clearance ( for review see Knights and Miners, 2012; Levy, 1979). The availability of glycine also
limits hippurate synthesis in rat liver. In one study the hepatic glycine content of rats was doubled by the
administration of cysteamine, a potent inhibitor of the mitochondrial glycine cleavage system, without
affecting the levels of ATP and CoASH. The result was a 50% increase in the rate of benzoate conjugation
(Gregus et al., 1993a). Because the increase in the rate of hippurate formation was smaller than the increase in
glycine concentration, other factors such as CoASH availability seem to limit hippurate synthesis when excess

glycine is available (Gregus et al., 1996a, b; Gregus et al., 1992, 1993a).
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Although glycine supplementation stimulates hippurate synthesis, the glycine conjugation of salicylic acid is
not enhanced by co-administration of glycine (Amsel and Levy, 1969). This is because the limiting step in the
pathway depends on the substrate: hippurate formation for benzoate, and salicylyl-CoA formation for
salicylate. This is consistent with the observation that the rate of salicylyl-CoA formation by human liver HXM-
A is less than 1% of that for benzoyl-CoA formation ( for review see Knights et al., 2007; Vessey et al., 1999).
There are three important differences when phenylpropionate, rather than benzoate, is the substrate for
glycine conjugation (Figure 2.3). First, the conjugation of benzoate consumes two molecules of ATP, while the
B-oxidation of phenylpropionate can theoretically yield 15 molecules of ATP. Second, an extra molecule of
CoASH is needed for the oxidation of phenylpropionate (Houten and Wanders, 2010). The availability of ATP
and CoASH for hippurate synthesis may thus depend on whether the substrate is phenylpropionate,
cinnamate, or benzoate. Finally, the rates of mitochondrial uptake and activation to acyl-CoAs may be different
for these substrates, because of differences in structure and lipophilicity (Hansch et al., 1968; Kasuya et al.,

1990, 1991; Masuda et al., 1996).

2.4.9.2. Genetic variation in ACSM2B and GLYAT

Early investigations revealed a greater similarity in the metabolism of aspirin between identical twins than
between fraternal twins, suggesting that genetic variation is partly responsible for interindividual variation in
the glycine conjugation of salicylate (Furst et al., 1977). However, very little is known about the influence of

genetic variation on the glycine conjugation pathway (Boomgaarden et al., 2009).

2.4.9.3. Expression of HXMA (encoded by ACSM2B) and GLYAT

Both the ligase and transferase enzymes are inducible, although the mechanisms involved are not well
understood. Pre-treatment of rats with salicylate for six days increases the capacity of liver and kidney
homogenates for synthesis of salicylylglycine, hippurate, and 4-aminohippurate (lIrjala, 1972). Salicylate pre-
treatment also increases the rate of salicylylglycine formation in humans (Furst et al., 1977). Recently it was
demonstrated that dietary restriction results in increased urinary acylglycine excretion, which correlates with
increased expression of GLYAT in the liver of rats (Wen et al., 2013). Also, investigation of hepatocellular
carcinoma specimens further demonstrated that GLYAT expression is transcriptionally regulated (Matsuo et

al., 2012).

2.4.10. Glycine conjugation in metabolic diseases

In several organic acidemias an acyl-CoA accumulates to toxic levels because of a defect of the enzyme acting
on it (Bonafe et al., 2000; Tanaka and Isselbacher, 1967; Wanders et al., 1999). This result not only in CoASH
sequestration, but because of thioesterase activity free organic acids are released, causing potentially deadly
acidoses (Gompertz, 1974; Ogier and Saudubray, 2002; Tanaka et al., 1966). Because some of the acyl-CoAs

that accumulate in organic acidemias are substrates for GLYAT, glycine conjugation impacts on the biochemical
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profiles and clinical outcomes of some of these metabolic defects (Bartlett and Gompertz, 1974; Bonafe et al.,
2000; Gompertz, 1974; Gron et al.,, 1978; Krieger and Tanaka, 1976). Glycine conjugation under these

abnormal conditions sheds light on the important role GLYAT plays in maintaining CoASH levels.

In some cases the accumulating acyl-CoA can be conjugated to glycine by GLYAT, decreasing the severity of
CoASH sequestration and avoiding acidosis, as a less toxic acylglycine is formed and excreted (Bartlett and
Gompertz, 1974; Bonafe et al., 2000; Dercksen et al., 2012; Tanaka and Isselbacher, 1967). For example, in
isovaleric acidemia, where isovaleryl-CoA accumulates, large amounts of isovalerylglycine is excreted in the
urine because isovaleryl-CoA is a good substrate for GLYAT (Krieger and Tanaka, 1976; Sweetman and
Williams, 2013; Tanaka and Isselbacher, 1967). However, in propionic acidemia, only relatively small amounts
of propionate are excreted as propionylglycine (Fenton et al., 2013). Glycine conjugates are also excreted in
several other organic acidemias, and include 3-methylcrotonylglycine, hexanoylglycine, butyrylglycine, and
tiglylglycine (Bonafe et al., 2000; Gompertz, 1974; Ogier and Saudubray, 2002; Wanders et al., 1999). There is
no simple relationship between GLYAT substrate selectivity, in terms of Ky and V.. parameters, and acyl
group structure. This makes it difficult to predict the extent to which glycine conjugation will influence the
outcome of any particular organic acidemia (Bartlett and Gompertz, 1974; for review see Knights and Miners,

2012).

Enzyme replacement therapy has been used effectively to treat several lysosomal storage diseases (for
example Gaucher disease, Fabry disease and Pompe disease), adenosine deaminase deficiency, cystic fibrosis
and other diseases (Brady et al., 1974; Cantz and Kresse, 1974; Chan et al., 2005; Munck et al., 2009). Instead
of replacing a defective enzyme, the body can be supplemented with an enzyme to enhance detoxification by
the liver (Nandi et al.,, 1979; Temellini et al., 1993). Currently, there is no enzyme enhancement therapy
available to increase the detoxification of xenobiotics (Sears and Genuis, 2012). Enzyme replacement therapy
was used to treat the deficiency of a mitochondrial protein, lipoamide dehydrogenase (LAD; also known as E3).
This was done by recombinant expression of LAD fused to a signal peptide that directs the protein into
hepatocytes and then targets the mitochondria for entry. This approach has been shown to correct the
enzyme deficiency in cultured patient hepatocytes (Rapoport et al., 2008). Later it was shown that the
defective enzyme could be replaced by using the TAT-LAD fusion protein in an in vivo mouse model using
E3-deficient mice. A single administration of TAT-LAD resulted in a significant increase in the enzymatic activity
of the mitochondrial multienzyme pyruvate dehydrogenase complex within the liver, heart and, the brain of
TAT-LAD-treated E3-deficient mice (Rapoport et al., 2011). This is encouraging since it suggests that, at least in
principle, it should be possible to direct a recombinant therapeutic GLYAT to liver mitochondria for the

treatment of organic acidemias.

2.4.11. The increased demand for glycine conjugation in modern life

In modern times increasing exposure to benzoate, salicylate, solvents, and drugs that are metabolised to

acyl-CoA intermediates places more pressure on the glycine conjugation pathway, possibly exacerbating
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metabolic glycine shortage (Campbell et al., 1988; Huang et al., 1994; Jackson, 1991; for review see Knights
and Miners, 2012; for review see Knights et al., 2007; Melendez-Hevia et al., 2009). Therefore the
consequences of interindividual variation in the glycine conjugation pathway may become more significant as

more xenobiotic organic acids are encountered in the future (Knights et al., 2007).

In addition to xenobiotics, short chain fatty acids (SCFAs) produced by intestinal microbes are another
potential source of substrates for glycine conjugation and may contribute to glycine depletion under some
conditions. Gut microbes produce large amounts of SCFAs which account for 5 to 10% of the total dietary
energy intake in humans (Kimura et al., 2011). Indeed, the gut contains an active SCFA ligase for metabolising
these organic acids (Vessey, 2001). Gut dysbiosis, caused by antibiotic use, for example, can result in increased
SCFA production and this has been associated with obesity and diabetes (Holmes et al., 2011; Prakash et al.,
2011). SCFAs are not usually conjugated to glycine, as this would be energetically wasteful (Bartlett and
Gompertz, 1974; Bonafe et al., 2000; Wanders et al., 1999). However, if sufficiently large amounts of SCFAs are
produced, hepatic metabolism of CoASH and glycine will be affected. A recent observation in our laboratory
seems to support this idea. A patient with unusually high levels of urinary butyrate complained of bad body
odour and was referred to our laboratory by a physician. The increased butyrate excretion was not the result
of a short chain acyl-CoA dehydrogenase defect, and gut dysbiosis was suspected. Glycine supplementation
was recommended and this resulted in significantly increased butyrylglycine excretion, decreased butyrate

excretion and disappearance of the body odour (unpublished results).

2.4.12. Enzymes involved in the glycine conjugation pathway

2.4.12.1. ATP dependent acid:CoA ligases (HXMA encoded by ACSM2B) (Figure 2.2)

Several fatty acids, and xenobiotic carboxylic acids that are conjugated to amino acids, must first be activated
to acyl-CoAs by ATP dependent acid:CoA ligases (Knights, 1998; for review see Knights and Miners, 2012; for
review see Knights et al., 2007; Schachter and Taggart, 1953). These ligase enzymes exhibit selectivity for
short, medium, long, or very long chain fatty acids (Knights, 1998). Most xenobiotics that undergo glycine
conjugation are activated by the mitochondrial medium chain ligases, which also activate C4 to C12 acids for
B-oxidation (Kasuya et al., 1996b; Killinberg et al., 1971; Knights, 1998; Knights and Drogemiller, 2000). The
acyl-CoA species increase the reactivity of the carboxylic acid and therefore amino acid conjugation may be
viewed as a mechanism of cell protection. In humans, however, formation of a xenobiotic-CoA does not
necessarily result in subsequent amino acid conjugation (Knights, 1998). The xenobiotic-CoA can function as an

alternative substrate in pathways of intermediary metabolism, such as lipid biosynthesis (Fears, 1985).

2.4.12.1.1. Nomenclature and substrate specificity of ACSM

Distinguishing substrate and inhibitor profiles for bovine medium chain xenobiotic-CoA ligases from

information in the literature is complicated due to the fact that previous studies have used crude
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mitochondrial preparations and an inconsistency in nomenclature of the enzymes (Knights and Drogemiller,
2000). The original medium chain CoA ligase (butyrate-CoA ligase, EC 6.2.1.2) identified in bovine liver by
Mabhler, could activate benzoic acid but not salicylic acid and p-aminosalicylic acid (Mahler et al., 1953).
Subsequently, a medium-chain fatty acid:CoA ligase (AMP) which activates salicylate was purified from bovine
liver. This enzyme was distinct from the butyrate medium-chain fatty acid:CoA ligase (AMP) (EC 6.2.1.2)
described by Mahler et al. (1953).The enzyme with salicyl-CoA synthetase activity is more easily inactivated,
migrates more slowly toward the anode during disc gel electrophoresis, and utilizes a wider spectrum of
aromatic acid substrates than the enzyme described earlier. Evidence was obtained that both enzymes could
catalyze the activation of hexanoate (preferred substrate), benzoate, o-methoxybenzoate, and anthranilate,
but only the "salicylate" enzyme displayed activity with salicylate and p-aminosalicylate (Killenberg et al.,
1971). Groot (1976) identified three soluble ATP-dependent acyl-CoA synthetases in guinea-pig liver
mitochondria: (a) a medium-chain acyl-CoA synthetase, (b) a salicylate activating enzyme, and (c) a propionyl-
CoA synthetase. A complete separation of these enzymes has been accomplished and the resulting
preparation of propionyl-CoA synthetase accepted acetate, propionate and butyrate as substrates with a high

preference for propionate (Groot, 1976).

Although much research has been done on several mammalian CoA-ligases (Fujino et al., 2001; Kasuya et al.,
1996a; Killenberg et al., 1971; Knights and Drogemiller, 2000; Mahler et al., 1953; Schachter and Taggart,
1953), there is limited information in humans about the identity of individual xenobiotic CoA ligases
responsible for the metabolism of a variety of drugs and chemicals (Knights and Drogemiller, 2000). The
nomenclature of the enzymes is also very confusing and inconsistent. An attempt will be made here to clarify

this situation.

Five medium chain xenobiotic activating enzymes have been described. These are ACSM1, ACSM2A and
ACSM2B, ACSM3, ACSM4 and ACSM5 (Watkins et al., 2007). The ACSM gene family consists of four members
located on chromosome 16p12 and 13 (ACSM1, 2, 3, 5) and the ACSM4 gene on chromosome 12p3. Due to a
chromosomal duplication event of approximately 80 kb the ACSM2 gene exists in two loci, ACSM2A and
ACSM2B (Loftus et al., 1999; Martin et al., 2004). The coding sequences of ACSM2A and ACSM2B are nearly
identical with 98.8% nucleic acid identity. The biological function of ACSM2A and ASCM5 have not been
characterised in any species (Watkins et al., 2007). Vessey and co-workers characterised two human liver
medium chain ligases, HXMA and HXMB. HXMA showed preferential activity to benzoate while the preferred
substrate for HXMB is hexanoate. There is evidence of activation of valproate by HXMA, while salicylate can be
activated by both HXMA and HXMB. The substrate specificity for salicylate is, however, very low when
compared to benzoate and hexanoate. Neither enzyme was effective at activating short-chain fatty acids as is
shown by the very poor affinity of the enzymes for butyrate. A short-chain fatty acid:CoA ligase was also
isolated, which had activity toward propionate and butyrate, but not acetate, hexanoate or benzoate (Vessey
et al., 1999). ACSM2B is the predominant transcript identified in human liver when compared to ACSM1, 2A, 3

and 5 (Boomgaarden et al., 2009).
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Vessey et al. (2003) incorrectly stated that a human (instead of a mouse) medium-chain acyl-CoA synthetase
(MACS1) was previously identified and characterised (Fujino et al., 2001) which has kinetic properties similar to
those of HXMB (Vessey et al., 2003). The murine MACS1 enzyme preferentially used octanoate as a substrate,
while human HXM-B preferred hexanoate as substrate followed by octanoate. There is no substrate specificity
information available in the literature on the human MACS1 (synonyms: ACSM1 and BUCS1). HXMA has been
expressed in COS cells. Comparison of the HXMA sequence to the MACS1 sequence (supposedly similar to
HXMB) reveals that they are distinct proteins, with 56.2% amino acid sequence homology (Vessey et al., 2003).
This further indicates that HXMB is not ACSM2A because ACSM2A has 98% similarity to ACSM2B (Watkins et
al., 2007).

According to BRENDA (www.brenda-enzymes.org) ACSM1 (synonyms: MACS1, BUCS1 and possible HXMB),
ACSM2A (synonyms: MACS2, ACSM2) (Lindner et al.,, 2006) and ACSM2B (synonyms: HXMA, ACSM2,
HYST1046) (Vessey et al., 2003) are all classified as human butyrate-CoA ligase (EC 6.2.1.2) enzymes. This
results in some confusion as short-chain acyl-coenzyme A synthetases (ACSs) typically activate acetate,
propionate or butyrate. Although there is overlap in chain length specificity between the short and medium
chain ACS (Watkins et al., 2007), neither HXMA or HXMB is effective at activating short-chain fatty acids such
as butyrate. ACSM2B (HXMA) has a clear substrate preference for benzoate (Vessey et al., 1999; Vessey et al.,
2003), while it seems that ACSM1 (HXMB) preferably activates hexonate (Vessey et al., 1999). ACSM2B (HXMA)
and ACSM1 (HXMB) can both activate salicylate but very poorly. This means that salicylate is clearly not the
preferred substrate for either of these enzymes. The substrate specificity heterogeneity of the medium-chain
fatty acid:CoA ligases complicates the understanding of pathways in which these enzymes participate.
Therefore, care should be taken in future studies to clearly state which ACSM is studied, especially in the case

of ACSM2A and 2B.

2.4.12.1.2. Interindividual variation and genetic polymorphisms of the ACSM2B gene

HXMA is encoded by the ACSM2B gene (Vessey et al., 2003; Watkins et al., 2007). ACSM2B is located on
chromosome 16p12 on the reverse strand. It consists of just over 40 000 base pairs and contains 15 exons of
which 13 are coding exons. There is a total of 1651 SNPs located in the ACSM2B gene of which 59 are
synonymous and 168 are missense variants (www.ensembl.org, Sept 2014, ENST00000567001). No
information is available on the influence of genetic variation on the enzyme activity of ACSM2B. A whole
exome sequencing study on melanoma samples identified two missense SNPs (rs144594944 and rs148136861)
within the ACSM2B gene that were not present in normal tissues. These two SNPs were, however, not

recurrent mutations identified in melanoma (Wei et al., 2011).
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2.4.12.2. Glycine N-acyltransferase (GLYAT) (Figure 2.2)

2.4.12.2.1. Biochemical and enzymatic characteristics of GLYAT

GLYAT is a monomeric detoxification enzyme found in the mitochondrial matrix of mammalian liver and kidney
(Gregersen et al., 1986; Kelley and Vessey, 1990, 1994; Kelley and Vessey, 1993; Kolvraa and Gregersen, 1986;
Lau et al., 1977; Matsuo et al., 2012; Mawal and Qureshi, 1994; Nandi et al., 1979; Schachter and Taggart,
1954a; van der Westhuizen et al.,, 2000; Vessey and Lau, 1998). GLYAT was first identified in bovine liver
mitochondria in 1953 and subsequently isolated and characterised from human liver mitochondria in 1976
(Schachter and Taggart, 1953; Webster et al., 1976). GLYAT catalyses the transfer of an acyl group from an
acyl-CoA to the amino group of glycine, forming an acylglycine and CoASH. Both products of the reaction are
powerful inhibitors, and product inhibition is readily observed in enzyme assays (Kelley and Vessey, 1990;
Schachter and Taggart, 1954b). Human GLYAT can use several endogenous and xenobiotic acyl-CoAs as
substrates, as is evidenced by excretion of corresponding acylglycines in urine (Bartlett and Gompertz, 1974;
Bonafe et al., 2000; Campbell et al., 1988; Gron et al., 1978; Huang et al., 1994; for review see Knights and
Miners, 2012; Sakuma, 1991; Tanaka and Isselbacher, 1967).

Very little information is available on the kinetic parameters of human GLYAT (Gregersen et al., 1986; Kelley
and Vessey, 1994; Mawal and Qureshi, 1994; van der Westhuizen et al., 2000; Webster et al., 1976). The
apparent Ky, (benzoyl-CoA) value is reported to range from 13 uM to 57.9 mM, and the V... value using
benzoyl-CoA and glycine is reported to range from 543 nmol/min/mg to 17.1 umol/min/mg . This large
variation in reported values is difficult to explain, but differences in the method of kinetic analysis, substrate
quality, enzyme quality, experimental technique, and perhaps genetic heterogeneity of the GLYAT gene may
be responsible (Webster et al., 1976). The molecular mass of human GLYAT has been reported as 24, 27, 30,
and 30.5 kDa (Kelley and Vessey, 1994; Mawal and Qureshi, 1994; van der Westhuizen et al., 2000; Webster et
al., 1976). This variation in reported values may be partly explained by the different techniques used in the
different studies. For example, bovine GLYAT bound to the gel filtration matrix, which resulted in erroneous

molecular mass estimates (Kelley and Vessey, 1990).

No structure has been reported for GLYAT, thus little is known about structure-function relationships.
However, GLYAT is a member of the GNAT (Gcn5-related N-acetyltransferase) superfamily. Because of the

remarkable structural conservation in the GNAT superfamily, a molecular model of bovine GLYAT could be

227

generated by homology modelling. The model was used to propose that Glu™’, a highly conserved residue, is

catalytically important (Figure 2.7). Kinetic characterisation and pH profiling of an E227Q mutant

227

demonstrated that Glu™’ acts as a general base that deprotonates glycine before nucleophilic attack on the

carbonyl of the acyl-CoA thioester (Badenhorst et al., 2012)."

226

1
Erratum: In Badenhorst et al., (2012) it is reported that Glu®” of bovine GLYAT is the catalytic residue. However, this residue was

227

incorrectly numbered and should be Glu™’ of the bovine GLYAT reference sequence (NP_803479).

36



Chapter 2

E227

Figure 2.7: A schematic representation of the general base-catalyzed, ternary-complex
mechanism proposed for bovine GLYAT. A, for nucleophilic attack to occur, the glycine amino
group must be deprotonated by Glu227. B, a tetrahedral intermediate is formed after
nucleophilic attack by the amino group of glycine on the thioester carbonyl group. C, finally, the
tetrahedral intermediate collapses, forming the peptide product and CoA. ChemDraw 10.0
(CambridgeSoft, Cambridge, MA) was used to produce this schematic (Badenhorst., et al 2012

with permission).

2.4.12.2.2. Substrate specificity

Human GLYAT can use several endogenous and xenobiotic acyl-CoAs as substrates, as is evidenced by
excretion of corresponding acylglycines in urine (Bartlett and Gompertz, 1974; Bonafe et al., 2000; Campbell et
al., 1988; Gron et al., 1978; Huang et al., 1994; for review see Knights and Miners, 2012; Sakuma, 1991; Tanaka
and Isselbacher, 1967). Benzoyl-CoA is the preferred substrate for the orthologs of GLYAT that have been
isolated from the livers and kidneys of several mammals, including rats, rabbits, sheep, cows, rhesus monkeys,
and humans (Gregersen et al., 1986; Kelley and Vessey, 1990, 1994; Kelley and Vessey, 1993; Kolvraa and
Gregersen, 1986; Mawal and Qureshi, 1994; Nandi et al., 1979; Schachter and Taggart, 1954a; Webster et al.,
1976). Several other acyl-CoAs, including salicylyl-CoA, 4-aminobenzoyl-CoA, hexanoyl-CoA, and isovaleryl-CoA,
can act as acyl donor substrates, but much less efficiently (Badenhorst et al., 2012; Bartlett and Gompertz,
1974; Kolvraa and Gregersen, 1986; Mawal and Qureshi, 1994; Nandi et al., 1979). While the preferred acyl-
acceptor substrate for GLYAT is always glycine, the amino acids asparagine, glutamine, glutamate, alanine,
serine, and threonine can also be used, but at low rates that seem to be irrelevant under normal physiological
conditions (van der Westhuizen et al., 2000; Webster et al., 1976). This variation in substrate specificity might

be explained by genetic variations present in GLYAT.

2.4.12.2.3. The GLYAT gene and genetic variation

The human GLYAT gene is located on chromosome 11 at position 11q12, spans 23 200 base pairs, and contains
6 exons. Two splice variants of human GLYAT mRNA exist, coding for isoforms a (296 residues) and b (162
residues). The transcript for isoform b does not contain exon 6, and there is no protein level evidence for the

existence of isoform b. Within the GLYAT gene there are 815 known SNPs (www.ensembl.org, Sept 2014,
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ENST00000344743), of which 20 are synonymous and 76 are non-synonymous. Only two studies, on relatively
small groups of Japanese and French Caucasian individuals, have reported on novel genetic polymorphisms
and allele frequencies of SNPs in human GLYAT (Lino Cardenas et al., 2010; Yamamoto et al., 2009). The N156S
variant had allele frequencies of 97% and 85% in the French Caucasian and Japanese populations, respectively.
Because of this high frequency, it was suggested that the N156S allele, rather than the reference sequence
(NM_201648.2), should be considered the wild-type allele (Lino Cardenas et al., 2010; Yamamoto et al., 2009).
The 1000 genome sequencing project (Abecasis et al., 2012) and HapMap project (Smith, 2008) have also
characterised genetic variations within the GLYAT gene. It is not yet known whether genetic variation in the

GLYAT gene influences the overall rate of glycine conjugation in vivo.

Very little is known about the influence of genetic variation on the glycine conjugation pathway. Interindividual
variation in responsiveness to administration of glycine and benzoate, respectively, was observed in both
isovaleric acidemia and hyperammonemia (Dercksen et al., 2012; Itoh et al., 1996; Sweetman and Williams,
2013; Vest and Salzberg, 1965). For example, variation in the clinical outcome and responsiveness to glycine
supplementation was observed in a group of South African isovaleric acidemia patients, all homozygous for the
same isovaleryl-CoA dehydrogenase mutation (Dercksen et al., 2012). It was suggested that interindividual

variation in GLYAT activity may partly account for this.

2.4.12.2.4. Paralogs of the human GLYAT gene

GLYAT is one of four putative glycine conjugating enzymes. Two GLYAT-like genes, GLYAT-L1 and GLYAT-L2, are
located with the GLYAT gene on chromosome 11q12.1, while the GLYAT-L3 gene is located on chromosome
6p12.3 (Matsuo et al., 2012; Waluk et al., 2010; Zhang et al., 2007a). In addition to GLYAT, primates have
another transferase that conjugates arylacetyl-CoAs to glutamine, forming phenylacetylglutamine and
indoleacetylglutamine (Kelley and Vessey, 1994; Webster et al., 1976). The GLYAT-L1 gene codes for the
glutamine conjugating enzyme in humans (Matsuo et al.,, 2012). Both mitochondrial and cytoplasmic
localisation of GLYAT-L1 have been reported, and this could be explained by the two alternative splice variants
of GLYAT-L1 mRNA, which code for two isoforms (333 and 302 amino acid residues respectively) with distinct
N-termini and possibly different subcellular localisation (Webster et al., 1976; Zhang et al., 2007a). The 302
residue isoform of GLYAT-L1 is located in the cytoplasm and transcriptionally activates the heat shock factor
pathway in HEK293T cells (Zhang et al., 2007a). The two isoforms might thus have different functions in the
mitochondria and cytoplasm (Matsuo et al., 2012; Webster et al., 1976; Zhang et al., 2007a). It has not been

investigated why primates, unlike other mammals, conjugate arylacetates to glutamine instead of glycine.

GLYAT-L2 mRNA is expressed in salivary gland, trachea, spinal cord, and skin fibroblasts. The enzyme is
localised to the endoplasmic reticulum, and a recombinant GLYAT-L2 catalyses the formation of long chain
acylglycines such as N-arachidonoylglycine and N-oleoylglycine (Waluk et al., 2010; Waluk et al., 2012). These
are members of a class of cannabinoid-like signalling hormones that activate G-protein-coupled receptors and

have anti-nociceptive, anti-inflammatory, and anti-proliferative effects (Bradshaw and Walker, 2005). GLYAT-
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L2 activity is regulated by acetylation on Lyslg, and mutation of Lys19 of a recombinant GLYAT-L2 to arginine or
glutamine resulted in a 70 to 80% decrease in enzyme activity (Waluk et al., 2012). No enzyme activity has
been reported for GLYAT-L3, which does not seem to have the catalytic glutamate residue proposed for the

GLYAT reaction mechanism, but the significance of this is unclear (Badenhorst et al., 2012; Waluk et al., 2010).

2.4.12.2.5. GLYAT, liver cancer and hepatitis

Investigation of hepatocellular carcinoma specimens demonstrated that GLYAT expression is transcriptionally
regulated. Complete down regulation of transcription of the GLYAT gene was observed in 32 of 41
hepatocellular carcinoma specimens investigated, with significant down regulation in the other nine specimens
(Matsuo et al., 2012). This was confirmed by immunohistochemistry using a GLYAT specific antibody, which
revealed that GLYAT is not expressed in cancerous cells, but is expressed in neighbouring healthy hepatocytes.
Interestingly, GLYAT expression was found to be significant and similar in all noncancerous liver specimens
studied, including sixty samples from patients with chronic hepatitis of various aetiologies (Matsuo et al.,
2012). This may be explained by the dependence of rapidly proliferating cancer cells on the availability of
glycine, which is needed for nucleic acid synthesis (Jain et al., 2012). The down-regulation of GLYAT expression
in hepatocellular carcinoma could therefore be a strategy to conserve glycine, which is needed for DNA
synthesis. Hippurate can significantly inhibit tumour growth, which might be another reason why GLYAT
expression is down-regulated in cancer cells (Spustova and Oravec, 1989). Furthermore, hippurate has recently
been identified in metabolomics studies as important for the prediction of cancer recurrence, with decreased

hippurate levels correlating to recurrence of oral cancer (Xie et al., 2012; Ye et al., 2012).

It has been reported that the fraction of 4-aminobenzoate excreted as glycine conjugates correlates well to
functional hepatic reserves in patients with hepatitis. Therefore, the measurement of glycine conjugation of
4-aminobenzoate has been proposed as a liver function test (Duffy et al., 1995; Furuya et al., 1995; Lebel et al.,
2003). GLYAT expression is normal in hepatitis specimens and it has been suggested that the lower glycine
conjugation observed for hepatitis patients could be explained by impaired hepatic B-oxidation and lower

availability of ATP for ligation of benzoate to CoASH ( for review see Knights et al., 2007; Matsuo et al., 2012).

2.4.12.2.6. GLYAT, glycine and musculoskeletal development

A well-known consequence of glycine shortage is decreased turnover of collagen, an important structural
protein. Although decreased collagen turnover is not lethal, it leads to accumulation of damage to connective
tissues such as the skin, thereby accelerating the ageing process, especially in long-lived animals such as
humans (Melendez-Hevia et al., 2009; Wu et al., 2013). In addition to influencing collagen turnover, glycine
shortage seems to be related to the growth and development of the musculoskeletal system in several
complicated ways. It was recently proposed that the GLYAT gene may be involved in determining lean muscle
mass and bone size in humans (Guo et al., 2013). Approximately 690 000 SNPs were analysed in large groups

of unrelated Han Chinese (1627) and American Caucasian (2286) individuals, to search for variations in the
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genome that correlate to variation in lean muscle mass and bone size. Fourteen SNPs with significant
correlation were identified, three of which are located in or near the GLYAT gene (rs2507838, rs7116722, and
rs11826261). Unfortunately, the effect of these genetic variations are not known, but it has been suggested

that the influence of GLYAT on glycine metabolism could explain this observation (Guo et al., 2013).

Glycine is commonly considered a non-essential amino acid because it can be synthesised from serine (Lewis et
al., 2005; Melendez-Hevia et al., 2009). However, studies over the past two decades have shown that glycine is
in fact a semi-essential amino acid, that humans may have a daily shortage of about 10 grams of glycine and
that this may impact on collagen turnover and the synthesis of bile acids, creatine, glutathione, and haem
(Jackson, 1991; Lewis et al., 2005; Melendez-Hevia et al., 2009; Oates and West, 2006). Under certain
conditions, GLYAT can conjugate sufficient amounts of glycine to limit its availability for other metabolic
processes (Loots et al., 2005; Piper et al., 1973; van der Westhuizen et al., 1999). For example, it has been
shown that administration of benzoate to rats can reverse chemically induced porphyria by diverting glycine
away from haem biosynthesis. This results in normalisation of urinary §-aminolevulinate, porphobilinogen, and
porphyrin levels, an effect cancelled out by co-administration of glycine (Oates and West, 2006; Piper et al.,
1973). The recently reported correlation of SNPs in and near the GLYAT gene to variation in lean muscle mass
and bone size could be explained, in part, by the impact of GLYAT on the availability of glycine for the synthesis
of creatine, collagen, and elastin (Guo et al., 2013; Lewis et al., 2005; Melendez-Hevia et al., 2009). It is
interesting that apart from the normal expression of GLYAT in liver and kidney, low levels of GLYAT expression
has also been observed in skeletal muscle, but the significance of this observation is unclear (Matsuo et al.,

2012).
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CHAPTER 3:

GENERATION OF A RECOMBINANT HUMAN GLYAT AND THE

ANALYSES OF THE INFLUENCE OF GENETIC VARIATIONS ON THE
ENZYME ACTIVITY OF A RECOMBINANT GLYAT

PREFACE

Interindividual variation in the glycine conjugation pathway needs further investigation because previous
studies do not discriminate between variation in acyl-CoA formation and variation in glycine conjugation. It is
important to remember that glycine conjugation is a two-step process and that the overall rate of glycine
conjugation can be influenced by several factors (Reviewed in Chapter 2). Given the difficulty in obtaining
human liver tissues for research, the expression and characterisation of a recombinant human GLYAT enzyme

and its variants can make an important contribution to our understanding of variation in glycine conjugation.

A previous study in our laboratory generated a recombinant bovine GLYAT, which was subsequently used to
characterise the enzymatic activity and catalytic mechanism of the recombinant bovine GLYAT enzyme
(Badenhorst et al., 2012). However, the pColdlll bacterial expression system and purification methods used in
this study were not effective in generating a soluble active recombinant human GLYAT. This necessitated the
identification and optimisation of an expression system and purification method that would result in adequate
quantities of soluble active recombinant human GLYAT in order to characterise the influence of genetic

variants on the enzyme activity of human GLYAT in vitro.

Several expression systems were investigated and included: i) the mammalian expression vector pcDNA3.1(-)
(Invitrogen, LifeTechnologies, Carlsbad, California); ii) the bacterial expression vector pColdlll (TAKARA, Shiga,
Japan) together with several different chaperones (Takara, Madison, WI); iii) the bacterial expression vector
pMAL-c5X (New England Biolabs) and iv) the bacterial expression vector pET32a(+) (Novagen, Darmstadt,
Germany). For the mammalian expression system, no expression of human GLYAT could be detected with
western blot analyses in the CHO-K1 cells, using an anti-GLYAT polyclonal antibody. This mammalian
expression system was then abandoned in favour of a bacterial expression system. With the pColdlIll bacterial
expression system together with two different chaperones, namely pG-Tf2 (which expresses groES-groEL-tig)
and pTfl6 (which expresses tig) insoluble GLYAT protein was obtained. Expression of human GLYAT as a
maltose binding protein (MBP) fusion protein also did not yield soluble GLYAT protein. Finally, co-expression of
MBP/hGLYAT with the chaperones groEL and groES resulted in a soluble enzymatically active human GLYAT.
The soluble human GLYAT protein was purified using amylose magnetic beads, but the purification step could
not successfully be optimised to exclude all of the contaminating proteins. For the pET32a(+) expression

system several factors were then optimised which included: the expression medium, the Isopropyl B-D-1-
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thiogalactopyranoside (IPTG) concentration, culture temperature, lysis buffer, lysis method, co-expression of
chaperones and purification methods used. The optimised expression protocol (discussed in Paper Ill) resulted
in an optimal protein yield of approximately 900 ug soluble enzymatically active human GLYAT protein per
50 ml culture. The level of expressed soluble human GLYAT was affected by the freshness of the glycerol stock.
Increased expression was observed when starting a culture from a newly transformed colony. The trx-tag
fused to the human GLYAT protein could not be removed as this resulted in precipitation of the human GLYAT
protein. Soluble enzymatically active human GLYAT could be generated using both the pMal and pET bacterial
expression systems. There was no difference in the expression level of both recombinant human GLYAT fusion
proteins: i) MBP-hGLYAT and ii) trx-His-hGLYAT. The purification of the MBP-hGLYAT fusion protein with the
amylose beads resulted in co-purification of the chaperones GroEL and GroES as well as other contaminating
proteins. The Ni-affinity purification of the trx-His-hGLYAT fusion protein resulted in a single purified protein. It
was therefore difficult to compare the level of relative enzyme activity between MBP-hGLYAT and trx-His-
hGLYAT as equal amounts of protein would not contain equal amounts of the two different recombinant

human GLYAT fusion protein molecules.

The influence of genetic variations on the enzyme activity of a recombinant human glycine

N-acyltransferase was investigated and the results are presented and discussed in Paper Ill below.

It should be noted that, although there are currently 76 known non-synonymous polymorphisms
within GLYAT, there were only six known polymorphisms when this study commenced in 2011. So

at that time all known non-synonymous SNPs were included in the study.

Paper Il

Characterisation of the influence of genetic variations on the enzyme activity of a recombinant human

glycine N-acyltransferase

Rencia van der Sluis, Christoffel Petrus Stephanus Badenhorst, Francois Hendrikus van der Westhuizen, and

Alberdina Aike van Dijk

Published in: Gene (2013) 515: 447-453
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CHAPTER 4.

CHARACTERISATION AND HAPLOTYPE ANALYSES OF NON-

SYNONYMOUS POLYMORPHISMS IN THE GLYCINE
N-ACYLTRANSFERASE GENE USING DATA FROM WORLDWIDE
POPULATIONS

Paper IV — Submitted manuscript

Conservation of the coding regions of the glycine N-acyltransferase gene and its

implications for the detoxification of xenobiotics in humans

Rencia van der Sluis, Christoffel P. Badenhorst, Elardus Erasmus, Etresia van Dyk, Francois H.

van der Westhuizen, Alberdina A. van Dijk.

Submitted to: Pharmacogenetics and Genomics (Manuscript number: PGEN-2014-114)
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Abstract

Thorough investigation of the glycine conjugation pathway has been neglected over the last 30 years.
Environmental factors, nutrition, and the chronic use of medications are increasing the exposure of humans to
benzoate and drugs that are metabolized to acyl-CoA intermediates. To date no defect of the glycine
conjugation pathway has been reported and this, together with the fact that glycine N-acyltransferase (GLYAT)
plays an important role in hepatic metabolism, suggests that this pathway is essential for survival. We
hypothesised that the genetic variation in the open reading frame (ORF) of the GLYAT gene should be low and
that deleterious alleles will be found at low frequencies. This hypothesis was investigated by analysing the
genetic variation data of the human GLYAT ORF available on public databases. We also sequenced the coding
region of a small cohort of South African Afrikaner Caucasian individuals. In the GLYAT ORF of the 1537
individuals analysed, only two haplotypes, Sis6 and T4;S:56, were identified in all populations as having the
highest haplotype frequencies (70% and 20% respectively). The S156C199 and Sis6H13; haplotypes, which have a
deleterious effect on the enzyme activity of a recombinant human GLYAT, were detected at very low
frequencies. The results of this study indicated that the GLYAT ORF is conserved and supports the hypothesis
that the glycine conjugation pathway is an essential detoxification pathway. These findings underline the
importance of future investigations to determine the in vivo capacity of the glycine conjugation pathway for

the detoxification of benzoate and other xenobiotics.

Key Words

Glycine N-acyltransferase; conserved open reading frame; detoxification; xenobiotics; salicylic acid

52



Chapter 4

1. Introduction

It is becoming increasingly evident that an impaired ability to excrete xenobiotics is an important factor
contributing to multi-factorial diseases such as systemic lupus erythematosus, chronic fatigue syndrome and
Parkinson’s disease (Bandmann et al., 1997; Daly et al., 1993; Haiser & Turnbaugh, 2013; Kawajiri et al., 1990;
Meyer, 1990; Nebert et al., 1991; Nebert et al., 2013; Ritchie et al., 1980; Tang & Hazen, 2014). Several
detoxification systems exist, which convert xenobiotics to more hydrophilic conjugates that can be excreted in
the urine (for review see Badenhorst et al., 2014; for review see Knights et al., 2007; Wallig, 2004). Hippurate,
the glycine conjugate of benzoate, is a hydrophilic metabolite excreted in the urine of humans and other
mammals. After urea and creatinine, hippurate is often the most abundant metabolite found in urine, at
concentrations of up to 932.66 umol/mmol creatinine (Lees et al., 2013). Hippurate is the product of metabolic
interaction between a mammalian host and the microorganisms inhabiting its gastrointestinal tract (Lees et al.,
2013; Phipps et al., 1998; Wikoff et al., 2009). In humans, abnormalities of the gut microbiota are associated
with disorders such as Crohn’s disease (Williams et al., 2010), autism (MacFabe et al., 2007), diabetes
(Schooneman et al., 2013), obesity (Caricilli and Saad, 2014), and cancer (Rabot et al., 2010). Interestingly,
these disorders are also associated with abnormal urinary excretion of hippurate (reviewed in (Lees et al.,
2013)). Therefore, the microbial and mammalian metabolic pathways resulting in hippurate biosynthesis are of
considerable medical interest (Manach et al., 2004). Recently interest in glycine conjugation has increased, due
to the emerging clinical relevance of glycine conjugation after research in this field had been neglected for

several decades (Badenhorst et al., 2014; Badenhorst et al., 2013; Beyoglu and Idle, 2012; Lees et al., 2013).

Glycine N-acyltransferase (GLYAT, EC 2.3.1.13) is responsible for the glycine conjugation of xenobiotics (Nandi
et al., 1979; Schachter and Taggart, 1954; Tanaka and Isselbacher, 1967) such as benzoic acid, salicylic acid and
several endogenous metabolites such as isovaleric acid (Bartlett and Gompertz, 1974; Campbell et al., 1988).
Xenobiotics that undergo glycine conjugation are activated to an acyl-CoA by the mitochondrial medium chain
ligases (Killinberg et al., 1971; Knights, 1998). The microorganisms in the mammalian gut metabolise dietary
polyphenols to simple aromatic acids such as phenylpropionate and benzoate. These lipophilic compounds are
absorbed by the gut and transported to the liver, where they are metabolised to benzoyl-CoA. The constant
exposure of the liver to aromatic acids can lead to the sequestration of hepatic coenzyme A (CoASH) as
xenobiotic acyl-CoAs. GLYAT prevents CoASH sequestration by catalysing the conversion of benzoyl-CoA to
hippurate and CoASH. Since CoASH sequestration would negatively impact hepatic metabolism by inhibiting
processes such as B-oxidation, lipogenesis, and other important metabolic pathways, it is clear that GLYAT

plays a central role in maintaining hepatic homeostasis (Badenhorst et al., 2014).

In addition to natural sources of benzoate, the wide use of benzoate as a preservative in food and
pharmaceuticals is increasing the exposure of humans to benzoate (Piper, 1999). In some populations where
the consumption of preserved food is high, benzoate intake can be as high as 280% of the recommended daily
allowance. This is reflected by unusually high levels of urinary hippurate (Lees et al., 2013; Tfouni and Toledo,

2002). Benzoic acid and sodium benzoate are generally recognized as safe in foods according to the U.S. Food
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and Drug Administration (Nair, 2001). However, several studies have demonstrated the genotoxicity of
benzoate (Abe and Sasaki, 1977; Demir et al., 2010; Fabisch and Fellner, 1957; Yilmaz et al., 2009; Zengin et al.,
2011). Interindividual variation in glycine conjugation can result in individuals experiencing different toxic
effects of the same compound. Very little is currently known regarding the effect of genetic variation in GLYAT

on the in vivo glycine conjugation rate.

The human GLYAT gene is located on chromosome 11 at position 11g12. It spans 23 200 base pairs and
contains six exons. Within the GLYAT gene there are 815 known single nucleotide polymorphisms (SNPs)
(www.ensembl.org, September 2014, ENST00000344743), of which 76 are non-synonymous. Only two studies,
on small cohorts of Japanese and French Caucasian individuals, have reported on novel genetic polymorphisms
and allele frequencies of SNPs in the GLYAT gene (Lino Cardenas et al., 2010; Yamamoto et al., 2009). In both
these studies the N156S variant was the dominant allele, with frequencies of 85% and 97% in the Japanese and
French Caucasian populations, respectively. Because of the high allele frequency of the N156S allele, Lino
Cardenas et al. suggested that the N156S variant, rather than the reference sequence (NM_201648.2), should
be regarded as the wild-type. We subsequently demonstrated that an N156S variant of a recombinant human
GLYAT had higher enzyme activity than a recombinant human GLYAT encoded by the reference sequence
(NM_201648.2) (van der Sluis et al., 2013), supporting the suggestion that the N156S variant is the wild-type
human GLYAT. We also demonstrated that some variants negatively influence GLYAT enzyme activity by

decreasing substrate affinity (R131H) or decreasing catalytic rate (F168L and R199C) (van der Sluis et al., 2013).

Interestingly, no defect of the glycine conjugation pathway in humans has been reported to date. Due to the
important role of GLYAT in hepatic metabolism, we postulated that the GLYAT gene is essential for survival and
must therefore be well conserved. Genetic variation in the human GLYAT gene and its consequences are thus
of considerable interest. Here, we investigated this hypothesis by analysing the data on genetic variation in the
human GLYAT ORF available in public databases. The data from the 1000 Genomes Project, the HapMap
Project, and the Khoi-San/Bantu sequencing project was used. Since very few studies have focused on the
analyses of genetic variation of a particular gene within the Afrikaner population (Heathfield et al., 2013; Kruse
et al., 2009; Rodriguez-Murillo et al., 2014; Xu et al., 2012; Xu et al., 2011; Xu et al., 2009), we also started to
investigate the genetic variation in the GLYAT gene of a small group of Afrikaner Caucasian individuals by
sequencing the coding regions of their GLYAT genes. There is no data available for the GLYAT gene in the
Afrikaner Caucasian population and this group is of particular interest as several founder mutations have been
identified in the Afrikaner Caucasian population due to the dramatic population growth of the European
settlers at the Cape since 1672 (Abecasis et al., 2004; Reeves et al., 2004; Roos et al., 2009; Tipping et al.,
2001).

This is the first worldwide population analysis of the non-synonymous SNPs within GLYAT as well as the first
study to report on the genetic variation found within the GLYAT gene of a South African Afrikaner Caucasian

population.
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2. Materials & Methods

2.1. GLYAT sequences obtained from public databases

Nucleic acid sequences for the coding region of GLYAT were obtained from the following public databases:

i) the 1000 Genome Project (Abecasis et al., 2012), ii) the HapMap Project (Smith, 2008), iii) the Khoi-

San/Bantu Sequencing Project (May et al., 2013) and primate sequences (Table 1).

The complete genome sequence for four Khoi-San individuals and one Bantu individual from southern Africa

(May et al., 2013) is available on the Sequence Read Archive (SRA) database (www.ncbi.nlm.nih.gov/sra). The

exome sequencing reads for the GLYAT gene were downloaded and analysed using CLC Genomic Workbench 7

to identify non-synonymous SNPs.

Non-human primate GLYAT sequence data for Pan troglodytes, Pan paniscus, Gorillagi and Macaca mulatta

were downloaded from the NCBI database (http://www.ncbi.nIm.nih.gov/). These sequences represented the

out-group in the phylogenetic analyses.

Table 1: Population data used for the present study

Source .
Population Description n
(Reference)
Present study SA South African Caucasian Afrikaner population 61
AFR African 246
1000 Genomes Project EUR European 379
(50] ASN East Asian 286
AMR Ad Mixed American 181
Utah residents with Northern and Western European
CEU 180
ancestry
HapMap project CHB Han Chinese in Beijing China 90
(51]
JPT Japanese in Tokyo, Japan 91
YRI Yoruba in Ibadan, Nigeria 18
Khoi-San/Bantu sequencing project KB1, NB1, TK1 and MD8 Indigenous Namibian hunter-gatherers 4
(52] ABT Bantu 1
Pan troglodyte, Common chimpanzee,
Primate X
Pan paniscus, Gorillagi Pygmy chimpanzee,
NCBI database . 5
. . and Gorilla and
(http://www.ncbi.nlm.nih.gov/)
Macaca mulatta Rhesus Macaque

INumber of individuals in the test sample

55



Chapter 4

2.2, South African Afrikaner Caucasian population samples

Ethical approval (NWU-0096-08-A1) was obtained from the Ethics Review Board of the North-West University,
South Africa prior to sample collection. Sequencing data from 61 healthy unrelated South African Afrikaner
Caucasian volunteers from a pilot study was included, as this group is not represented on any of the public
databases. The volunteers were from the Potchefstroom area in the North-West province of South-Africa.
Written informed consent was obtained from all participants. An example of the consent form is given in

Appendix C.

2.3. PCR amplification and lon Torrent semiconductor sequencing of the coding region of the
human GLYAT gene

An 8 ml sample of blood was drawn from each individual. Genomic DNA was isolated from these whole blood
samples using the Flexigene DNA isolation kit (QIAGEN, Valencia, CA, USA). Primer sets for PCR used to amplify
the 5' flanking and coding regions of the human GLYAT gene were used as previously described by Yamamoto
et al. (2009). These amplification reactions were performed in a final volume of 50 pL using 100 ng template
DNA, 1x HF Phusion buffer (pH 8), 2.5 mM of each deoxynucleotide (dNTP), 5% (v/v) DMSO, 0.5 uM of each
primer and 1 U of Phusion high-fidelity polymerase (Finnzymes). For all PCR reactions an initial denaturation
step at 95°C for 10 min was performed followed by denaturation at 95°C for 30s and annealing of the primers
at the respective T,, values for 30s. Annealing was followed by an extension step at 72°C for 1 min and
amplicons were generated for 35 cycles, followed by a final elongation step of 5 min at 72°C. The amplicons
were prepared for sequencing by compiling a sample for each individual containing equimolar amounts of

each DNA fragment (150 femtomole).

Sequencing libraries were prepared using the lon Plus Fragment Library kit and lon ExpresswI Barcode
adapters. Libraries were combined and a sequencing template was prepared using the lon pGM™ Template
OT2 kit and the lon OneTouch system. Sequencing was performed on an lon PGM™ sequencer using the lon
PGM™ Sequencing 200 Kit and lon 314 chip with a flow number of 520. The sequencing data obtained was
analysed using VariantCaller version 3.0, which is part of the Torrent Suite™ software, together with CLC
Genomic Workbench 7 to identify polymorphisms. The SNPs identified with lon pGM™ sequencing were

validated using Sanger sequencing.

24. Identification and phasing of haplotypes

The 1000 Genomes Project used the SHAPEIT2 (Delaneau et al., 2012; Delaneau et al., 2013) software
programme for haplotype phasing of the variant genotypes. In this study, the Arlequin ver 3.5 programme
(Excoffier et al., 2005) was used to perform haplotype phasing of the 1000 Genomes data, the South African
Afrikaner data and the Bantu and Khoisan data. Since the GLYAT gene is located on the reverse strand, all
variations and sequence data reflect the negative ('-' or "reverse") strand. Currently, no method to estimate

gametic phase appears to be uniformly superior in all scenarios (Excoffier et al., 2003).

56



Chapter 4

2.5. Phylogenetic analyses

MEGA version 6.0 (Hall, 2013; Tamura et al., 2013) was used to perform the phylogenetic analyses.
Representative amino acid sequences for each haplotype within each population were included in the dataset
to reduce the phylogenetic complexity. Before analyses, the amino acid sequences were aligned using MUSCLE
(Edgar, 2004) and maximum likelihood fits for 48 different amino acid substitution models were performed to
find the best protein model (in this case the Jones Taylor Thornton model (Jones et al., 1992)) to use for the
construction of the phylogenetic tree. The robustness of the tree topology was evaluated by bootstrap analysis
using a resampling size of 1000 replicates. The tree was rooted using the GLYAT sequence of the non-human

primate Macaca mulatta.

2.6. Tajima’s Neutrality Test

Tajima’s D test is a statistical test to distinguish between a DNA sequence evolving randomly and one evolving
under a non-random process such as directional selection (Fu and Li, 1993; Simonsen et al., 1995; Tajima,
1989). MEGA version 6.0 (Hall, 2013; Tamura et al., 2013) was used to calculate the Tajima’s D value on the
amino acid alignment of all the human GLYAT sequences from all the populations. The analyses involved 2317

amino acid sequences. All positions containing gaps and missing data were eliminated.

3. Results and Discussion

The nucleotide variation of xenobiotic metabolising enzymes needs to be characterised to identify variants
that play a role in xenobiotic response (Mortensen et al., 2011). The glycine conjugation pathway is an
essential detoxification pathway that removes toxic acyl-CoA intermediates and plays an important role in
maintaining adequate levels of free CoASH (Badenhorst et al., 2014; Badenhorst et al., 2013). The aim of this
study was to identify the non-synonymous SNPs in the GLYAT gene using public available datasets as well as a
new South African Afrikaner Caucasian cohort. The genetic variation was characterised within populations and

haplotypes were determined in order to facilitate future genotype-phenotype association studies.

3.1. Inter-population data analyses

3.1.1. The 1000 Genomes Project data

The 1000 Genomes Project sequenced the complete genomes of 1092 individuals of African, Ad Mixed
American, East Asian and European decent (Table 1) (Abecasis et al., 2012). In this study we used the data
generated by the 1000 Genomes Project to analyse the allele frequencies of the 13 non-synonymous SNPs
identified in the human GLYAT gene (Table 2). The N156S polymorphism had the highest homozygous
genotype frequency of 89.9%, followed by S17T (4.6%) and R131H (0.1%). The remaining 10 non-synonymous
SNPs were only detected as heterozygotes. Inspection of the genotype frequencies within the different

population groups (Table 2) revealed that most of the variants were found in only one of the four population
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groups. The N36S polymorphism was only present in the African population; M65T, N85K and N85T in the
European population; T73I, R199C and T244M in the East Asian population; and A251T and P295L in the
American population.The exception was M272T that was found in both the American and East Asian
population. We previously showed that the R131H and R199C variants negatively impact on the enzyme
kinetics of a recombinant human GLYAT (van der Sluis et al., 2013). The R131H variant was identified as a
homozygote in one East Asian individual and previously (Yamamoto et al., 2009) as a heterozygote in one
individual out of 95 Japanese individuals. The R199C variant was detected once in a heterozygous East Asian
individual’'s genome and was also previously observed in one heterozygote out of 55 French Caucasian

individuals (Lino Cardenas et al., 2010).

3.1.2. The HapMap Project dataset

The allele frequencies of the S17T, N156S, and F168L polymorphisms, genotyped by the HapMap project for
379 individuals, are summarised in Table 3. In all the populations the N156S variant had the highest allele
frequency ranging between 81% and 100% (Table 3). The S17T variant had the second highest allele frequency
in all populations, ranging from 13% to 22%. These allele frequencies are similar to those determined using the
1000 Genomes Project data (Table2). The F168L SNP was submitted to the dbSNP database
(www.ncbi.nlm.nih.gov/SNP) on the 13 September 2000 but has not been validated or reported since. Here,
the F168L variant was not identified in any of the other populations studied, but was one of the non-
synonymous SNPs genotyped in the HapMap project (Thorisson et al., 2005). All individuals were genotyped to
be 100% homozygous for the wild-type allele (Table 3).

3.1.3. The Khoisan and Bantu dataset

Individuals from the southern African region have been under represented with regard to whole genome
sequencing projects, while northern and central Africans have been well studied in both the HapMap and 1000
Genomes Projects. Limited reference data is available for the south-eastern Bantu speaking individuals (May et
al., 2013). Schuster et al. (2010) sequenced the genomes of four indigenous Namibian hunter-gatherers
referred to as KB1, NB1, TK1 and MDS8 respectively, as well as the Bantu individual, Archbishop Desmund Tutu
(ABT) (Schuster et al., 2010).
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Table 2: Non-synonymous SNPs and genotype frequencies identified in the 1000 Genome sequencing data of 1092 individuals within the coding region of GLYAT

Genotype frequency (%) of all 1092 Genotype frequency (%) of the different population groups
SNP individuals African (AFR) American (AMR) East Asian (ASN) European (EUR)
. 1 1 hmz hmz hmz hmz hmz hmz hmz hmz
hmz (wt) htz hmz (snp) htz htz htz htz
(wt) (snp) (wt) (snp) (wt) (snp) (wt) (snp)
S17T 63.2 (T/T) 32.2 (T/A) 4.6 (T/T) 67.8 30.5 1.6 61.3 32,6 6.1 57.3 41.3 4.5 65.4 311 3.4
N36S I 99.9 (A/A) 0.1 (A/G) 0 (A/A) I 99.6 0.4 0 I 100 0 0 I 100 0 0 I 0 0 0 I
M65T 99.9 (T/T) 0.1(T/C) 0(c/c) 100 0 0 100 0 0 100 0 0 99.7 0.26 0
T73I 99.5 (C/C) 0.5 (C/T) 0 (T/T) 100 0 0 100 0 0 98.3 1.7 0 100 0 0
N85K 99.8 (C/C) 0.2 (C/A) 0 (A/A) 100 0 0 100 0 0 100 0 0 99.3 0.7 0
N85T 99.8 (A/A) 0.2 (A/C) 0(c/c) 100 0 0 100 0 0 100 0 0 99.5 0.5 0
R131H 98.2 (G/G) 1.7 (G/A) 0.1 (A/A) 100 0 0 100 0 0 93 6.6 0.4 100 0 0
N156S 0.7 (A/A) 10.3 (A/G) 89.9 (G/G) 0 0 100 0 5 95 2.8 29 68.2 0 5.3 94.7
R199C 99.9 (C/C) 0.1(C/T) 0(T/T) 100 0 0 100 0 0 99.7 0.3 0 100 0 0
T244M 99.9 (C/C) 0.1(C/T) 0(T/T) 100 0 0 100 0 0 99.7 0.3 0 100 0 0
A251T 99.9 (G/G) 0.1 (G/A) 0 (A/A) 100 0 0 99.4 0.6 0 100 0 0 100 0 0
M272T 96.6 (T/T) 0.4 (T/C) 0(c/C) 100 0 0 99.4 0.6 0 100 0 0 99.2 0.8 0
P295L 99.9 (C/C) 0.1 (C/T) 0(T/T) 100 0 0 99.4 0.6 0 100 0 0 100 0 0

" hmz (wt) - Homozygote (wild-type); htz — Heterozygote;, hmz (SNP) - Homozygote (SNP)
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Table 3: Non-synonymous SNPs and allele frequencies, within the coding region of GLYAT, genotyped

by the HapMap project in 379 individuals.

S17T N156S F168L
Population
WT SNP WT SNP WT SNP
CEU 0.86 0.14 0.03 0.97 1 0
CHB 0.81 0.18 0.12 0.81 1 0
JPT 0.78 0.22 0.16 0.84 1 0
YRI 0.87 0.13 0 1 1 0

CEU - Utah residents with Northern and Western ancestry; CHB — Han Chinese in Beijing China; JPT — Japanese
in Tokyo, Japan; YRI — Yoruba in Ibadan, Nigeria; WT — wild-type allele; SNP — single nucleotide polymorphism

allele

Three novel (P40L, V46L and V47M) and two known SNPs (S17T and N156S) were identified in the Bantu
individual (ABT). Several studies have shown that the discovery rate of novel sequence variants is higher in
African populations (Altshuler et al., 2010; Buchanan et al., 2012; Ramsay, 2012). The four Khoisan individuals
analysed in this study were all homozygous for the N156S SNP, while TK1 and MD8 were heterozygous for the
S17T SNP. Previous studies have shown that two Khoisan individuals were genetically more different from one
another than a European and Asian individual would be (Henn et al., 2011; Schuster et al., 2010; Tishkoff et al.,
2009). Interestingly, this high degree of genetic variation reported in previous studies was not observed in the
GLYAT sequences analysed in this study, as the four Khoisan individuals were highly similar to each other. This
might indicate that the GLYAT gene is conserved even in individuals where a high degree of genetic diversity is

expected.

3.1.4. South African Afrikaner Caucasian population

To investigate whether the founder effect has influenced the allele frequencies of polymorphisms in the South
African Afrikaner Caucasian population, the coding region of the GLYAT gene of a small group of 61 Afrikaner
Caucasian individuals was also sequenced. One novel (Q61L) and 11 known polymorphisms of the GLYAT gene
were identified. Of the 11 known polymorphisms, two (S17T and N156S) were non-synonymous and nine were
located in the intron regions (Table 4). The N156S variant was homozygous in all individuals resulting in the
non-synonymous SNP with the highest allele frequency (100%), followed by Q61L (12.3%) and S17T (2.5%)
(Table 4). Interestingly, one in four of the Afrikaner individuals were heterozygous for the novel Q61L
polymorphism. No homozygotes for the Q61L polymorphism were identified in this small cohort. The high
allele frequency of the Q61L polymorphism suggests that this variant has become prevalent in the Afrikaner

Caucasian population due to a founder effect.
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Table 4: Summary of the polymorphisms identified in the nucleotide sequence of the GLYAT gene in 61
South African Caucasian Afrikaners.

Allele frequency Genotype frequency
Polymorphism (rs) Location (gene) Effect (protein) Genot
Allele % n' %

ype
cC 0 0.0
(Sr,sgllj(?: ) £.58500426C>G é 93637 G 4 6.5
J : GG 57 93.4
AA 0 0.0
( Sr,sl‘:’g ij: ) g.58499979A>G é 936'37 AG 27 6.6
J : GG 34 93.4
cc 7 115
{;‘7?2 i?(?:z) g.58499707C>T $ ;Z'; TC 2 3.3
J : T 52 85.2
T 32 525
r(jrl]?fosﬁ)z £.58498835T>A ; ;51'2 TA 28 45.9
: AA 1 16
33 cc 0 0.0
(rls:tarzgsls) £.58498825C>G é 96.7 G 4 6.6
GG 57 93.4
T 58 95.1
rs(lgxgc)gn6§)18 g.58491921T>A p.Serl7Thr I\ 927‘55 TA 3 4.9
: AA 0 0.0
AA 46 75.4
(E'\)'(c:r’]e;) £.58482762A5T p.GIn61Leu /; 213;; AT 15 24.6
: T 0 0.0
T 0 0.0
(rf:tlrgiis) £.58480583T>A /I 93637 TA 4 6.6
: AA 57 93.4
cc 59 96.7
raiffogfgf g.58480155C>T $ 918‘64 cT 2 33
: T 0 0.0
AA 0 0.0
r(ssxlsnsg)s g.58478084A>G p.Asn156Ser é f(')% AG 0 0.0
GG 61 100
AA 4 6.5
(rf:tzg Z]557) g.58478039A>G 2 55; AG 19 31.2
: GG 38 62.3
cc 2 33
{f:;iizsi g.58478026C>T ? gg'; cT 53 86.9
: T 6 9.8

"Number of individuals

3.1.5. Haplotype phasing of the non-synonymous SNPs identified in the GLYAT gene of different
population groups

Haplotype distributions between populations can provide insights in the diversity, the history and the
migrations of human populations. The 1000 Genomes Project used the SHAPEIT2 programme to phase the
variant genotypes. The phased haplotype data is available on the UCSC Genome Browser (genome.ucsc.edu/)
(Karolchik et al., 2014). When only taking into account the non-synonymous variations, SHAPEIT2 analyses
identified 13 haplotypes. However, one haplotype (Tg;Tg5S156) on this database does not correspond to the
non-synonymous SNP data that is available for any individual on the Ensembl database. To clarify this issue,
the original data input was scrutinised. Two individuals (NA20756 and NA20810) have two non-synonymous

SNPs at amino acid 85, namely N85K and N85T. This would result in two distinct haplotypes for these
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individuals, which means that a total of fourteen distinct haplotypes exist for the 1000 Genomes sequencing
data project (Table 5). In this study, the phasing of the 1000 Genomes data was repeated using the Arlequin
version 3.5 programme (Excoffier et al., 2005). The Arlequin programme also called the TgsTgsS156 haplotype
instead of two separate haplotypes, namely TgsSi56 and KgsSis6. When this was corrected manually, the
Arlequin analyses resulted in 14 haplotypes for the 1000 Genomes data (Table 5). For both the SHAPEIT2 and
Arlequin analyses, nucleic acid sequences are used as input data. The problem with the incorrect identification
of the Tg5TgsS156 haplotype is due to the genetic code. The TgsSqs¢ haplotype results in an AAC (Asn) — ACC
(Thr) change, while the KgsS156 haplotype results in an AAC (Asn) — AAA (Lys) change. The algorithms used by
SHAPEIT2 and Arlequin result in a nucleic acid sequence with an AAC (Asn) — ACA (Thr) change explaining why
the KgsSi56 haplotype is not called even though it is present in individuals NA20756 and NA20810 on the
Ensembl database. Although the SHAPEIT2 and Arlequin analyses identified slightly different haplotypes, the
haplotypes with the highest allele frequencies namely Si56 (~70%), T17S156 (~20%), wild-type (~5%) and H13,S:5¢
(0.9%) were identified by both programmes (Table 5). Except for the T73I variant, all other SNPs were always
found in combination with the N156S SNP.

Allele defined haplotypes were assigned for the South African Caucasian Afrikaner population and the
Khoisan/Bantu population using the Arlequin version 3.5 programme (Excoffier et al., 2005) (Table 5).
Haplotype analyses of the 61 South African Caucasian Afrikaner cohort data identified four distinct haplotypes
[S156 (86.9%), Le1S1s6 (10.7%), T17L61S156 (1.6%) and T, Sis6 (0.8%)], while three distinct haplotypes [Sis6 (60%),
T17S156 (30%) and LyglagMa7S156 (10%)] were identified in the Bantu and Khoisan individuals.
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Table 5: Phased haplotypes for the coding regions of the GLYAT gene for all the populations analysed in this study.

Haplotypes Amino acid residue of variant rs number Haplotype frequency (%) for different population groups
(Tifal) K::::: / 100((’51:"’)'"95 AFR! AMR ASN EUR!
(Total)

S1s6 AA156 N/S rs675815 86.9 60 S:71.1;,A:72.3 S:25.1;A:25.9 S$:17.3;A:17.3 $:19.7; A:19.5 S:37.9;A:37.3
T17S1s6 AA17 S/T; AA156 N/S rs10896818;rs675815 0.8 30 S:20.6;A:20.4 S:18.4;A:18.4 S:18.0;A:17.5 S:31.6;A:32.1 $:32.0; A:31.9
Le1S1s6 AA61 Q/L; AA156 N/S novel; rs675815 10.7 - - - - - -

LaoLlasMa47S156 novel; novel; novel; AA156 N/S novel; novel; novel; rs675815 - 10 - - - - -
wild-type Reference sequence (NM_201648.2) - - S:5.59;A:5.7 S:0;A:0 S:7.38;A:7.3 S:76.2;A:75.8 S:16.4;A:16.9
T17L61S156 AA17 S/T; AA61 Q/L; AA156 N/S rs10896818; novel; rs675815 1.6 - - - - - -

H131S156 AA131 R/H; AA156 N/S rs117149346; rs675815 - - S:0.96;A:0.92 S:0;A:0 S:0;A:0 S:100;A:100 S:0;A:0
I3 AA73 T/l rs144761620 - - S:0.23;A:0.2 S:0;A:0 S:0;A:0 S:100;A:100 S:0;A:0
Sis6T272 AA156 N/S; AA272 M/T rs675815; rs149668211 - - S:0.18;A:0.09 S:0;A:0 S:25.0;A:0 S:0;A:0 S$:75.0;A:100
TssS1s56 AA85 N/T; AA156 N/S rs142339923; rs675815 - - S:0.05;A:0.09 S:0;A:0 S:0;A:0 S:0;A:0 S:100;A:100
KssS1s6 AA85 N/K; AA156 N/S rs137908036; rs675815 - - $:0.05;A:0.09 S:0;A:0 S:0;A:0 S:0;A:0 S:100;A: 100
S365156 AA36 N/S; AA156 N/S rs201306322; rs675815 - - S:0.05;A:- S:100; A:- S:0;A:- S:0;A:- S:0; A:-
T175365156 AA17 S/T; AA36 N/S; AA156 N/S rs201306322; rs675815 S:-;A: 0.05 S:-;A: 100 S:-A:0 S:-A:0 S:-A:0
Te55156 AA65 M/T; AA156 N/S rs145971997; rs675815 - - S:0.05;A:0.05 S:0;A0 S:0;A:0 S:0;A:0 S:100;A:100
S156C199 AA156 N/S; AA199 R/C rs675815; rs138125182 - - S:0.05;A:0.05 S:0;A:0 S:0;A:0 S:100;A:100 S:0;A:0
S156M24a AA156 N/S; AA244 T/M rs675815; rs142279294 - - S:0.05;A: - S:0;A: - S:0;A: - S:100;A: - S:0A: -
HisiS1seMaaa | AA131R/H; AA156 N/S; AA244 T/M “117::194324267; 92215815; S:-;A: 0.05 S:A: 0 S:A: 0 S: -;A: 100 S:<A: 0
S156T251 AA156 N/S; AA251 A/T rs675815; rs200165614 - - S:0.05;A: 0.05 S:0;A: 0 S:100;A: 100 S:0;A: 0 S:0;A: 0
S1s6laos AA156 N/S; AA295 P/L rs675815; rs200812874 - - S:0.05;A:- S:0;A:- S:100;A:- S:0;A:- S:0;A:-
T17S156L205 AA17 S/T; AA156 N/S; AA295 P/L rs675815; rs200812874 - - S:-;A: 0.05 S:-;A:0 S:-;A: 100 S:-A: 0 S:-A: 0

SA — South African Caucasian Afrikaner cohort; AFR — African; AMR — Ad Mixed American; ASN — East Asian; EUR — European; S -SHAPEIT2 analyses; A — Arlequin analyses. Each

population group is a column in the table which contains the percentage of that haplotype that is found in each group. This is not the same as the percentage of each group that

has the haplotype. For example, 19.7% for a particular haplotype in the ASN column where N=286 of 1092 means that of the 1092 occurrences of the haplotype, 215 or 19.7% are

€9

found in the ASN group.
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3.1.6. Phylogenetic analyses and evolutionary conservation of the coding region of the GLYAT gene

Genetic data suggests that chimpanzees and humans may have diverged from a common ancestor 7-6 million
years ago (Lovejoy, 1981; McGrew, 2010; Sibley and Ahlquist, 1984). Therefore, comparative studies between
apes and humans help to understand the patterns of evolutionary change that characterise the human lineage.
To determine which haplotype represents the ancestral allele and which haplotypes arose since the
chimpanzee and human split, phylogenetic analyses were performed (Figure 1). The robustness of the tree was
assessed using a 1000 bootstrap replicates. The human/chimpanzee clade had good bootstrap support of 78%,
while ancestral nodes within this clade had bootstrap support below 60% (Figure 1) (Taylor and Piel, 2004).
The phylogenetic analyses suggest that the S5 haplotype is the ancestral allele as it occurs in all the primate
sequences. All the other haplotypes arose after the split of the human and chimpanzee lineages. It seems that,
within each population group (EUR, AFR, AMR, ASN, SA and Khoisan), the S;s¢ haplotype was the ancestral
haplotype. The S;s¢ haplotype is also the non-synonymous SNP with the highest allele frequency and highest
relative enzyme activity (Lino Cardenas et al., 2010; van der Sluis et al., 2013). The haplotype diversity is
however not population specific as sequences from different populations did not group together. This further
indicates that the GLYAT gene is conserved across all population groups. From the phylogenetic analyses, it is
clear that relatively few changes have occurred within the GLYAT ORF since the chimpanzee and human split as
the Pan Paniscus and Pan Troglodyte haplotypes group within the human clade. The phylogenetic analyses

therefore support our hypothesis that the coding regions of the GLYAT gene are well conserved in evolution.

It has been demonstrated that genetic polymorphisms in some human genes have been influenced by the
different human sustenance modes of human cultures (pastoralists, agriculturalists, and hunter-gatherers). An
example of this is polymorphisms of the NAT2 gene, which results in a range of slow, intermediate, and fast
acetylator phenotypes. Interestingly, some modern human diets have created a selective pressure favouring
slow and intermediate acetylator phenotypes (Dorne et al., 2005; Sabbagh et al., 2011). The results of the
present study did not reveal a similar degree of polymorphism in the human GLYAT gene. A low level of
genetic diversity in the GLYAT ORF was observed in all worldwide populations investigated. Only two
haplotypes (Sis6 and Ti7S:56) Were consistently found in all populations at relatively high frequencies
(approximately 70% and 20% respectively) with the exception of the South African Afrikaner Caucasian
population (Sise - 86.9%; Le1S1s6 - 10.7%). The S156C199 haplotype which has been shown to have less than 5%
residual GLYAT enzyme activity, has a very low frequency (0.05%) and is always found in combination with the
Sis6 allele, suggesting that homozygotes of the S;156C199 haplotype might not be viable. The S;5¢H43; haplotype
also has a low allele frequency and it has been suggested that this may be a result of the decreased substrate

affinity of the R131H variant of human GLYAT (van der Sluis et al., 2013).
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Figure 1: A maximum likelihood phylogenetic tree representing the haplotypes of the GLYAT
gene within each population. Branch lengths are indicated (bar = 0.01 amino acid substitutions
per site). The reliability of the phylogenetic tree was estimated using the bootstrap method
(1000 replicates). The tree was rooted using the Macaca mulatta GLYAT sequence. The different
populations are indicated by colours: South African Caucasian Afrikaner cohort (SA) — H;

Khoisan/Bantu (TK1, ABT) — @; Ad Mixed American (AMR) — A; East Asian (ASN) — %; African
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3.1.7. Tajima’s Neutrality Test

To assess whether the human GLYAT gene is evolving neutrally, the Tajima’s D value was determined. A gene
evolves neutrally when genetic polymorphisms do not have a significant effect on the reproductive fitness of
an organism, usually because the gene is not essential for survival. Therefore, frequencies of neutral mutations
can fluctuate randomly from one generation to the next. However, if a gene is essential for survival, natural
selection maintains deleterious mutations at very low frequencies, a process known as purifying selection. A
negative Tajima’s D value indicates that a large number of genetic variants occur at low frequency, which
suggests that the gene is under selective pressure. Based on coalescent simulations conducted under a model
of neutral evolution, 95% of the time the Tajima’s D value falls between -1.74 and 1.64 (Fu and Li, 1993;
Simonsen et al., 1995; Tajima, 1989) . In this study a Tajima’s D value of -1.87 was calculated for the human
GLYAT ORF. This suggests that the GLYAT gene is under selective pressure, and deleterious alleles, are
maintained at low frequencies in the population. This is supported by the large number of low frequency
alleles observed in this study as well as the low frequency of the R199C variant (Table 5), which has only 5% of

the wild-type activity (van der Sluis et al., 2013).

3.2. Implications of a conserved GLYAT ORF for xenobiotic metabolism

3.2.1. Gut microbial metabolism and the vital role of glycine conjugation

As discussed in the introduction, GLYAT plays a vital role in hepatic homeostasis by conjugating benzoyl-CoA to
glycine, to form hippurate and regenerate CoASH (reviewed in (Badenhorst et al., 2014)). The gut microbiome
contributes a great deal to this detoxification load. Because of this important metabolic function, and because
no genetic defect of glycine conjugation in humans has been reported in the literature, we hypothesised that
the GLYAT gene is essential for human survival. This hypothesis led to the prediction that the GLYAT gene
should be well conserved, with deleterious mutations occurring at low frequencies. The results obtained in this
study seem to support this hypothesis. Rare genetic polymorphisms that have previously been shown to
negatively influence GLYAT enzyme activity (van der Sluis et al., 2013) were detected at very low frequencies
and most occur only as heterozygotes and in a single population group (Table 5). The present study also
supports the previous suggestion that the S;s¢ haplotype should be considered to be the “wild-type” human
GLYAT, as this haplotype has the highest allele frequency in all populations studied as well as the highest

relative enzyme activity (Lino Cardenas et al., 2010; van der Sluis et al., 2013).

3.2.2. Glycine conjugation of salicylate

Since the glycine conjugation pathway can be saturated, the rate of glycine conjugation influences the
clearance of xenobiotics and therefore also toxicity (for review see Knights et al., 2007; Temellini et al., 1993).
Glycine conjugation may not prevent the toxicity of an acyl-CoA if the rate of conjugation by GLYAT is low (e.g.
S156C1g9 Variant), even if the acyl-CoA is a substrate for the enzyme (Bartlett and Gompertz, 1974; Fenton et al.,

2013; for review see Knights et al., 2007; Sweetman and Williams, 2013). Sodium salicylate, the active
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component of aspirin, is one of the most widely used drugs worldwide (Cheng, 2007; Levine et al., 2005; Lewis
et al., 1983), but is not recommended for children because it may cause Reye’s syndrome (Larsen, 1997; Trost
and Lemasters, 1996). Salicylate is eliminated in humans mainly by conjugation with glycine to form
salicylurate followed by glucuronidation (Levy and Procknal, 1968). The appearance of salicyluric acid in the
urine can be significantly inhibited by the administration of benzoic acid. This effect is not prevented by the co-
administration of glycine (Amsel and Levy, 1969). It has also been shown that repeated administration of small
doses of benzoate (0.5 g every 30 min) can inhibit salicylurate formation for extended periods of time (Levy
and Amsel, 1966), which means that salicylate can readily accumulate in the body so that chronic
administration may result in toxicity and liver damage, especially in young children (Levy and Yaffe, 1975;
Zimmerman, 1981). On average, dietary intake and gut microbial metabolism result in exposure to the
equivalent of 0.6 g to 1.3 g of benzoic acid per day, which is higher if foods preserved with benzoate are
consumed frequently (Beyoglu and Idle, 2012). Aspirin doses as low as 0.6 g inhibit glucuronidation of
salicylate (Levy and Procknal, 1968). This can result in a situation where salicylate accumulates for long periods
because it can neither be conjugated to glycine (due to inhibition by benzoate) or to glucuronic acid (due to

inhibition by high levels of aspirin).

To our knowledge, the most recent study on the kinetic elimination of salicylate was performed in 1986
(Greenblatt et al., 1986) while the glycine conjugation pathway is still rather poorly understood (for review see
Badenhorst et al., 2013; Knights and Miners, 2012; for review see Knights et al., 2007; Lees et al., 2013). The
work of Levy and co-workers needs to be repeated in light of the increased levels of benzoate and aspirin
humans are exposed to nowadays. A number of important drug biotransformation processes in humans have a
relatively limited capacity (Levy, 1965; Levy and Amsel, 1966; Levy and Matsuzawa, 1967). Environmental
factors, nutrition, and the chronic use of medications are increasing the exposure of humans to benzoate,
salicylate, solvents, and drugs that are metabolized to acyl-CoA intermediates. As we encounter more
xenobiotics in the future, the consequences of interindividual variation (deleterious polymorphisms and
differences in GLYAT expression levels) in the glycine conjugation pathway may have greater consequences
(Badenhorst et al.,, 2013). It is, therefore, important to determine the in vivo capacity of the glycine

conjugation pathway for the detoxification of benzoate.

3.2.3. Factors that influence interindividual variation in glycine conjugation rates

Several factors influence the rate of glycine conjugation such as the concentrations of ATP, CoASH, and glycine,
genetic polymorphisms in the HXM-A and GLYAT genes, and the level of transcription of the HXM-A and GLYAT
genes (Badenhorst et al., 2014). Using human liver samples, it was demonstrated that there is interindividual
variation in the capacity for hippurate synthesis from benzoate, ATP, CoASH, and glycine (Temellini et al.,
1993). In another study it was found that some isovaleric acidemia patients do not respond very well to glycine
supplementation therapy, even in South Africa, where all known patients are homozygous for the same
disease-causing mutation (Dercksen et al., 2012). We previously suggested that variation in the human GLYAT
gene could contribute to the interindividual variation in the glycine conjugation rates observed in humans as

well as help explain why some South African isovaleric acidemia patients do not respond well to glycine
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supplementation therapy (Badenhorst et al., 2014; Badenhorst et al., 2013; van der Sluis et al., 2013).
However, because of the small number and low allele frequencies of non-synonymous variants of human
GLYAT reported here, it seems unlikely that non-synonymous SNPs in the human GLYAT gene contribute
significantly to interindividual variation in glycine conjugation rates. Transcriptional regulation may thus have a
much greater influence on hepatic glycine conjugation rates. GLYAT expression is underdeveloped in
newborns, with children under seven months of age having 5% to 40% of normal GLYAT activity. GLYAT
enzyme activity reaches its peak at about 18 months of age, stays at this level until approximately the age of
40, and then declines slightly in the elderly (Mawal et al., 1997; Temellini et al., 1993). It has also recently been
demonstrated that GLYAT expression is transcriptionally down-regulated in hepatocellular carcinoma
specimens, and that diet influences the expression of GLYAT in the livers of rats (Matsuo et al., 2012; Wen et
al., 2013). In the case of the South African isovaleric acidemia patients, factors other than polymorphisms of
the GLYAT gene may therefore better explain the interindividual variation in responsiveness to glycine

supplementation.

4, Conclusion

There is a growing realisation that glycine conjugation and its effect on metabolism as a whole is far more
complex than previously thought and that current mechanistic and genetic knowledge on this key
detoxification pathway is lacking (Badenhorst et al., 2014; Beyoglu and Idle, 2012). Several pathological
conditions such as diabetes, obesity, gut dysbiosis, autism, schizophrenia, depression, hepatitis, and cancer
(Beyoglu and Idle, 2012; Beyoglu et al., 2012; Lees et al., 2013) have been correlated to the levels of hippurate
excreted in urine. These diseases are also associated with alterations of gut microbial populations, but the
relationships between gut microbial metabolism, glycine conjugation in the liver, urinary hippurate excretion,
and disease are poorly understood (Holmes et al., 2011). This means that a thorough characterisation of all
factors involved in the glycine conjugation pathway is necessary in order to successfully interpret the effect of

xenobiotics on this pathway (Clayton et al., 2009).

This study aimed to characterise the genetic variation in the GLYAT ORF in order to facilitate future studies to
correlate in vitro / in vivo rates of glycine conjugation to the genetic variations in GLYAT. Only two haplotypes,
namely Sis¢ and T4;S:56, were identified in all populations as having the highest haplotype frequencies (70%
and 20% respectively). This supports a previous suggestion (Lino Cardenas et al., 2010) that the S;55 haplotype
should be considered as the wild-type sequence. The results in this study indicate that the GLYAT ORF is highly
conserved. This is perhaps because the glycine conjugation pathway is an essential detoxification pathway and
it would be important to confirm this experimentally in vivo using a GLYAT knockdown model. The essential
nature of the glycine conjugation pathway can also explain why no metabolic defect of this pathway has been
described to date. Future pharmacological studies should take note of the possibility that the glycine
conjugation pathway in the modern human nutritional and environmental milieu might be stressed and that

the capacity of this important detoxification pathway should be properly evaluated in in vivo studies.
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CHAPTER 5: CLOSING REMARKS

In this final chapter, conclusions of the main findings and results of this study (presented in Chapters 2-4) and
their implications for the understanding of the glycine conjugation pathway will be presented. Some aspects
that still need to be investigated in order to further elucidate the understanding of this essential pathway will

also be highlighted.

5.1 Summary and conclusion

5.1.1 The purpose of the glycine conjugation pathway is to detoxify dietary polyphenols

Research on the glycine conjugation pathway has been neglected for the last 30 years. Therefore, the first aim
of this study was to develop a better understanding of the role of glycine conjugation in metabolism. Two
review articles were published after conducting a thorough investigation of the literature (Papers I, Appendix A
and Paper Il, Appendix B). Paper | focused on the elucidation of the primary role of GLYAT in the detoxification
of polyphenols and related aromatic acids encountered in the diet. The factors that influence interindividual
variation in the rate of glycine conjugation were also reviewed, with a focus on the significance of genetic
variation in the human GLYAT gene. This review highlighted the importance of glycine conjugation in
preventing CoASH sequestration, which would result from the accumulation of acyl-CoA metabolites such as

benzoyl-CoA.

Recently, it was argued that glycine conjugation should be viewed as a neuroregulatory process, important for
the regulation of cerebrospinal fluid (CSF) glycine levels, rather than as a detoxification mechanism (Beyoglu
and Idle, 2012). The glycine deportation hypothesis stated that the irreversible urinary excretion of glycine as a
conjugate to benzoate prevents the accumulation of glycine, which is a neurotransmitter, to toxic levels. In
Paper Il the glycine deportation hypothesis was critically analysed and compared to the traditional view that
glycine conjugation is a detoxification mechanism. As evidence that glycine conjugation should be viewed as a
neuroregulatory process instead of a detoxification process Beyoglu et al. 2012 argued that hippuric acid is not
significantly more water soluble than benzoic acid. The most important contribution of Paper Il was the
demonstration that glycine conjugation decreases the toxicity of benzoate and other aromatic acids by forming
less lipophilic conjugates rather than more water soluble conjugates. Because of its lipophilic nature, benzoic
acid is capable of passively diffusing across the mitochondrial inner membrane into the matrix space, where it
accumulates due to the pH gradient over the inner membrane. Although benzoate can be exported from the
matrix by organic anion transporters, this process would likely be futile because benzoic acid can simply diffuse
back into the matrix. Hippurate, however, is significantly less lipophilic and therefore less capable of diffusing
into the matrix. It was concluded that, while providing a valuable new perspective, the glycine deportation
system does not provide a suitable alternative to the view of glycine conjugation as a detoxification

mechanism.
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In summary, Papers | and Il demonstrated that: i) the major source of glycine conjugation substrates seems to
be the metabolites of dietary polyphenols produced by microorganisms in the gut; ii) the glycine conjugation
pathway evolved as a detoxification pathway and iii) the glycine conjugation pathway is essential for the

maintenance of homeostatic CoASH levels.

5.1.2 Polymorphisms in the coding region of the human GLYAT gene may influence the

catalytic properties of a recombinant human GLYAT

The main aim of this thesis was to investigate and characterise the genetic variation in the coding region of the
GLYAT gene. This was accomplished by firstly, investigating the influence of non-synonymous SNPs on the
enzyme activity of a recombinant GLYAT (as discussed in this section) and secondly, by analysing the level of
genetic variation in the coding region of the GLYAT gene using worldwide population data (discussed in Section

5.1.3.).

To investigate the influence of genetic variations on the enzyme activity of GLYAT, the wild-type sequence
(GenBank ID: NM_201648.2), of human GLYAT was purchased and cloned into a pET32a(+) expression vector.
Using site-directed mutagenesis, six recombinant human GLYAT variants were generated containing known
SNPs in the human GLYAT gene. These variants were expressed and purified by means of nickel-affinity
chromatography. For each variant, the relative enzyme activities (using benzoyl-CoA and glycine as substrates),
and the Ky, (benzoyl-CoA) kinetic parameters were then determined. These results were reported in Paper lll.
The main conclusions of this paper were that: i) Known SNP variations in the human GLYAT gene can influence
the enzyme activity and Ky, (benzoyl-CoA) of a recombinant human GLYAT; ii) As previously suggested (Lino
Cardenas et al., 2010), the N156S variant should be regarded as the wild-type allele due to this variant’s
relative high enzyme activity and allele frequency; iii) There seemed to be a correlation between the kinetic
parameters of the recombinant human GLYAT variants investigated and the allele frequencies of these variants
reported in previous studies (Lino Cardenas et al., 2010; Yamamoto et al., 2009); iv) These differences in
relative enzyme activity and kinetic parameters may help explain some of the observed interindividual
variation in glycine conjugation capacity observed in the literature and v) human GLYAT is not subject to

regulation by reversible acetylation on Lyslg.

5.1.3 Evidence for the conservation of the coding region of the GLYAT gene

To date, no defect of the glycine conjugation pathway has been reported and this, together with the fact that
GLYAT plays an important role in hepatic metabolism, indicates that this pathway might be essential for
survival. We hypothesised that the genetic variation in the open reading frame (ORF) of the GLYAT gene should
be low and that deleterious alleles will be found at low frequencies. This hypothesis was investigated by
analysing the genetic variation data of the human GLYAT ORF of 1476 individuals available on public
databases. We also sequenced the coding region of 61 South African Afrikaner Caucasian individuals. The main

findings of Paper IV (submitted manuscript) were: i) The N156S variant should be considered the wild-type
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allele as it has the highest allele and haplotype frequency in all populations studied; ii) Deleterious alleles were
consistently found at very low allele frequencies, which indicates that the glycine conjugation pathway is
essential for survival; iii) The high allele frequency of the novel Q61L polymorphism suggests that this variant
has become prevalent in the Afrikaner Caucasian population due to a putative founder effect; iv) Both the
haplotype analyses and the phylogenetic analyses supported our hypothesis that the coding regions of the
GLYAT gene are well conserved during evolution; v) Due to the small number and low allele frequencies of
non-synonymous variants of human GLYAT, it seems unlikely that non-synonymous SNPs in the human GLYAT

gene contribute significantly to interindividual variation in glycine conjugation rates.

5.14 Conclusion

In summary, there were three major and contributing findings made by the investigations presented in this
thesis. These findings resulted from both an extensive review of available literature on GLYAT and its role in
human metabolism, as well as subsequent empirical scientific research on the variants found in the GLYAT
gene and their consequence on enzyme function. Firstly, it is proposed that glycine conjugation should be
viewed as a detoxification mechanism of dietary polyphenols that results in decreasing the lipophilic nature of
benzoic acid by conjugation to glycine and the formation of hippurate that is significantly less lipophilic. This
prevents benzoate from continuously diffusing back across the mitochondrial inner membrane. Secondly,
experimental investigations in this thesis showed that the six non-synonymous SNPs (K16N; S17T; R131H;
N156S; F168L; R199C) investigated have an influence on the enzyme activity of a wild-type recombinant GLYAT
(NM_201648.2). The relative enzyme activities of the variants ranged from 5% - 190% of that of the wild-type
enzyme while the Ky, (benzoyl-CoA) ranged from 21 uM to 71 uM. Thirdly, the GLYAT gene is remarkably
conserved and alleles with a negative effect on the enzyme activity (R199C) or substrate specificity (R131H) are
found at very low frequencies. These findings support our hypothesis that the glycine conjugation pathway is
possibly essential for survival. Therefore, because this pathway evolved for the efficient detoxification of
dietary polyphenols, the modern diet with the increased use of benzoate as a preservative could place a great
deal of strain on this pathway. We previously suggested that variation in the human GLYAT gene is one of the
factors that could contribute to the interindividual variation in the glycine conjugation rates observed in
humans as well as help explain why some South African isovaleric acidemia patients do not respond well to
glycine supplementation therapy. This study clearly showed that the variety of haplotypes found in the
different populations studied is very low, which might indicate that variation in the GLYAT gene itself might be

a very small contributing factor to the overall variation seen in the glycine conjugation pathway.
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5.2 Suggestions for future research

5.2.1 Investigation of the influence of the SNPs and haplotypes on the enzyme activity and

substrate specificity of a recombinant GLYAT

In this study the effect of six non-synonymous SNPs on the enzyme activity of a recombinant GLYAT were
investigated. Currently there are 76 known SNPs in the GLYAT gene reported on the Ensembl database. This
study identified 14 probable haplotypes for the GLYAT gene using available prediction software. It would be
valuable to investigate what the influence of the haplotypes identified is on the catalytic properties of a
recombinant human GLYAT. Another question that needs to be addressed is whether variants of human GLYAT
have different substrate specificities, which might help explain why some patients with isovaleric acidemia
excrete more glycine conjugates than others (Dercksen et al., 2012) and why several other glycine conjugates
have been identified in urine (Loots et al., 2007). Recently, the concept of dual-use codons (“duons”) was
introduced. These are highly conserved codons that simultaneously specify both amino acid and transcription
factor recognition sites. Transcription factor binding is directly affected by 17% of SNPs within duons
(Stergachis et al., 2013). Therefore, future studies should also investigate the possible influence of duons on
the expression levels of GLYAT as well as the influence of variation in the non-coding parts of the GLYAT gene.
This is especially important as it was speculated in Chapter 4 that variation in the expression levels of GLYAT
might have a large effect on the overall variation in observed glycine conjugation ability. It has also been
reported that some of the variations in the introns of the GLYAT gene may influence development of the

musculoskeletal system (Guo et al., 2013).

5.2.2 Correlation of polymorphisms in the GLYAT gene with the in vivo glycine conjugation rate

Previous in vivo studies of glycine conjugation are difficult to compare because of differences in the substrates
used, substrate dosages, sample collection protocols, metabolite analyses, and test animals used. At present,
nothing is known regarding the relationship between polymorphisms in the GLYAT gene and the in vivo glycine
conjugation rate. Since environmental factors, nutrition, and the chronic use of medications are increasing the
exposure of modern humans to benzoate, salicylate, solvents and drugs that are metabolised to acyl-CoA
intermediates, the findings in this study imply that it will, in future, also become important to determine the in
vivo capacity of the glycine conjugation pathway for the detoxification of benzoate and other xenobiotics such

as aspirin.

5.2.3 Enzyme augmentation therapy

Since the late 1970s, glycine conjugation has been used in the treatment of hyperammonemia in urea cycle
disorders. The treatment is based on the synthesis and excretion of hippurate as an alternative pathway to

divert nitrogen from the urea cycle (Bursilow et al., 1979; Feoli-Fonseca et al., 1996). In isovaleric acidemia
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there is a toxic build-up of isovaleric acid. Supplementation with glycine leads to increased synthesis and
excretion of isovaleric acid as isovalerylglycine. Therefore, GLYAT plays an important role by effectively
detoxifying substantial quantities of the toxic organic acids (Sweetman and Williams, 2013; Tanaka and
Isselbacher, 1967). Glycine conjugates are also excreted in several other organic acidemias, and include
3-methylcrotonylglycine, hexanoylglycine, butyrylglycine, tiglylglycine (Bonafe et al., 2000; Gompertz, 1974;
Ogier and Saudubray, 2002; Wanders et al., 1999).

Enzyme replacement therapy has been used effectively to treat several lysosomal storage diseases (for
example Gaucher disease, Fabry disease and Pompe disease), adenosine deaminase deficiency and cystic
fibrosis (Brady et al., 1974; Cantz and Kresse, 1974; Chan et al., 2005; Munck et al., 2009). Enzyme replacement
therapy was also used to treat the deficiency of a mitochondrial protein, lipoamide dehydrogenase (LAD; also
known as E3). This was done by recombinant expression of LAD fused to a signal peptide that directs the
protein into hepatocytes and then targets the mitochondria for entry. This approach has been shown to
correct the enzyme deficiency in cultured patient hepatocytes (Rapoport et al., 2008). Later it was shown that
the defective enzyme could be replaced by using the TAT-LAD fusion protein in an in vivo mouse model using
E3-deficient mice. A single administration of TAT-LAD resulted in a significant increase in the enzymatic activity
of the mitochondrial multi-enzyme pyruvate dehydrogenase complex within the liver, heart and the brain of
TAT-LAD-treated E3-deficient mice (Rapoport et al., 2011). Recently, enzyme augmentation therapy has been
introduced with the treatment of Alpha-1 antitrypsin deficiency with the intravenous infusion of purified
human plasma-derived alpha-1 antitrypsin (Mohanka et al., 2012). Currently, there is no enzyme augmentation

therapy available to increase the detoxification of xenobiotics (Sears and Genuis, 2012).

It is important to realise that glycine conjugation may not prevent the toxicity of an acyl-CoA, even if it is a
good substrate for the enzyme, if the rate of conjugation by GLYAT is low (e.g. R199C heterozygous individual)
(Bartlett and Gompertz, 1974; Fenton et al., 2013; reviewed in Knights et al., 2007; Sweetman and Williams,
2013). It is also possible that the glycine conjugation pathway is placed under stress with the modern diet and
increased use of preservatives resulting in deficient detoxification of benzoate. The detoxification load of this
pathway might be decreased through enzyme augmentation therapy, although one should then be careful not
to deplete important cofactors and substrates. A GLYAT variant that preferentially forms isovaleryl or
propionyl glycine conjugates could potentially also be used in enzyme augmentation therapy. The study of
Rapoport et al. (2008) showed that it should be possible to direct a recombinant therapeutic GLYAT to liver
mitochondria for the treatment of organic acidemias. A patent application (PCT/IB2011/053721) for the

therapeutic use of a recombinant GLYAT has been filed and is included as Appendix D.

5.24 Further characterisation of the remaining factors that can influence the variation in the

glycine conjugation rate

The levels of hippurate excreted in urine seem to correlate with a wide range of pathological conditions such

as diabetes, obesity, gut dysbiosis, autism, schizophrenia, depression, hepatitis, and cancer (Beyoglu and Idle,
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2012; Beyoglu et al., 2012; Lees et al., 2013). However, it is currently impossible to accurately interpret the
relationships between hippurate excretion and these disease conditions, since the glycine conjugation
pathway is still rather poorly understood (for review see Knights and Miners, 2012; Lees et al., 2013). The
limiting step in the glycine conjugation pathway depends on the xenobiotic used (Kasuya et al., 2000; Temellini
et al., 1993). Future studies should use at least salicylate and benzoate as probe compounds, on separate
occasions, to enable differentiation between variation in acid:CoA ligase and GLYAT activities, respectively. The
major precursor for hippurate synthesis is phenylpropionic acid, produced by the gut microbiota from dietary
polyphenols (Fedotcheva et al., 2008; Jenner et al., 2005; Rechner et al., 2002). This means that the rates of
glycine conjugation measured using benzoate as a probe compound may not always be physiologically
relevant. Therefore, it would be valuable to compare the in vivo rates of hippurate formation from
phenylpropionate, cinnamate, and benzoate, and to compare the stimulatory effect of glycine

supplementation in each case.

In conclusion, there is a growing realisation that glycine conjugation and its effect on metabolism as a whole is
far more complex than previously thought and that current mechanistic and genetic knowledge on this key
detoxification pathway is lacking to a great extent. Finally, because of the glycine deportation and ROS
production induced by benzoate, the health risks of using this preservative should not be underestimated any

longer.
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APPENDIX C: EXAMPLE OF CONSENT FORM

USED IN CHAPTER 4

Consent

Title of project: Enzymatic characterisation of the influence of genetic variations on a recombinant human

glycine N-acyltransferase

Please read carefully and feel free to ask any questions you may have.

L ettt et e e et e e e e — e e et —eeeet—e e e e ——ee e ——eeeaartaeeaa—reeeanraeeeatraeeearaeeeanrreeaans hereby consent to the removal of blood

from myself.
The purpose of the investigation is to:

- isolate genomic DNA for sequencing to identify single nucleotide polymorphisms of GLYAT (glycine-N-

acyltransferase)

The result(s) of the analysis carried out on the sample(s) will be made known to me, if all the protocols

necessary for the experiment could be performed successfully.
| understand that:

1. Conventional procedures and techniques are employed by trained staff to obtain and process the
samples and that consequently the risk to my health is minimal.

2. Confidentiality and anonymity of the sample(s) is (are) respected: the samples are coded by numbers.
My written permission is required for release of identifiable information to any other party.

3. The research may be of no direct benefit to me but the samples may provide general insight into
disease and health.

4. No commercial claims can be made on developments from these investigations by myself.

5. Permission to investigate may be withdrawn at any time by me, without prejudice to my future

medical care.

Witnessed by (Signatures) (1)...cccceeceeeeerieeeeeeee e e (2) eeeeee e

Printed NAmMES & DAtS oocvieiiieiiiiiiiiieieieie e
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Toestemming

Titel van projek: Enzymatic characterisation of the influence of genetic variations on a recombinant human

glycine N-acyltransferase

Lees asseblief versigtig en voel vry om enige vrae te vra.

B, ettt e e e e e e e e tr e e e s b e e e erraeeeannaeeearaeeaans gee hiermee toestemming vir die

verwydering van bloed van myself.
Die doel van die studie is om:

- Genomiese DNA te isoleer, waarvan die geenvolgorde bepaal sal word om sodoende enkel nukleotied

polimorfismes te identifiseer van GLIAT (glisien asieltransferase)

Die resultate van die studie sal beskikbaar gestel word aan u indien alle stappe in die eksperiment suksesvol

uitgevoer kon word.
Ek verstaan dat:

1. Standaard prosedures en tegnieke gebruik word deur opgeleide personeel om monsters te verkry en
te verwerk en dat daar sodoende 'n minimale gesonheidsrisiko bestaan.

2. Alle monsters sal vertroulik gehou word en word gekodeer met nommers. My skriftelike toestemming
is nodig om persoonlike inligting vry te stel.

3. Die navorsing mag dalk nie 'n onmiddelike voordeel vir my inhou nie, maar die resultate sal lei tot
insig in algemene gesondheid.

4. Geen kommersielle aanspraak mag deur myself gemaak word op ontwikkelings vanuit die studie nie.

5. Toestemming om deel te neem aan die studie mag ter enige tyd onttrek word deur myself.

Handtekening (proefpersoon) ........cccccceeeeiieeeecieeccciee e DatUM...uiiicciiee ettt

PersONEEINMMEN ....uvveeeieeeeeteeee e

Getuienis by (handtekening) (1) ....cccccveveeeeeeeieeeiee e eiee e (2) ceereee e

Naam (druksKrif) & DAtUM ......ccciiiiiiiiie et cesieeeeiies eeeeeieeeeeieeeeesteeeseabeeaesbaeeeeasseeesassaeasanteeaeanns
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APPENDIX D: GLYAT AUGMENTATION

THERAPY PATENT PCT/1B2011/053721

Recombinant therapeutic GLYAT patent application

Inventors:

Christoffel Petrus Stephanus Badenhorst, Lodewyk Jacobus Mienie, Rencia van der Sluis,

and Alberdina Aike van Dijk

International application number:

PCT/I1B2011/053721

The patent application was filed by:

At van Rooy, DM Kisch Inc., Pretoria, South Africa
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asy United States

a2y Patent Application Publication o) Pub. No.: US 2013/0224175 Al

Mienie et al. (43) Pub. Date: Aug. 29,2013
(54) RECOMBINANT THERAPEUTIC GLYCINE (30) Foreign Application Priority Data
N-ACYLTRANSFERASE
A2, 20100 LAY onmmnmmaemresressssgmssns 2010/06021
(75) TInventors: Lodewyk Jacobus Mienie, Eublieatlon Classitication
Potchelstroom (ZA); Alberdina Aike (51) Int.ClL
Van Dijk. Potchefstroom (ZA); CIZN 910 (2006.01)
Christoffel Petrus Stephanus e
(52) US. (L
Budenhorst. Polchefstroom (ZA); CPC CI2N 9/1029 (2013.01)
Renecia Van Der Sluis, Potchefstroom USI;C" """""""""""""""""" o 424/94.5- 435/103
(ZA) R e 5: 435/193
(57 ABSTRACT
) . ) . . This invention relates to a method of producing, a recombi-
(73) Assignee: North-West University, Potchelstroom nanl enzyme, more parlicularly, this invention relates @ a
(ZA) method of producing water soluble enzymatically actlive
. recombinant glyvcine N-acyltransterase (GLYAL (1:.G. 2.1.3.
(21)  Appl. No.: 13/818,481 13)). including the sleps of providing a suilable expression
N .. host; preparing a vector including & gene for expressing
(22) PCT Filed: Ang. 24,2011 GLYAL in the expression host to form an expression piasmid;
(86) PCT No.: PCT/IR201 17053721 translorming the host with the expression piasmid o [orm an

§ 371 (e)(1),
(2), () Date:  May 13, 2013

expression system; expressing the GT YAT gencin the expres-
sion system; and separating the expressed GLYAI from the
expression syslem.
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RECOMBINANT THERAPEUTIC GLYCINE
N-ACYLTRANSFERASE

INTRODUCTION AND BACKGROUND TO THE
INVENTION

[0001] This invention relates to a method of producing a
recombinant enzyme. More particularly, this invention relates
(0 @ method of producing waler soluble enzymatically active
recombinant glycine N-acyltransterase (GIYAT (E.C. 2.3.1.
13)).

[0002] Detoxification of toxic metaboliles by the human
body is an essential physiological process. The detoxification
process decreases Lhe oxicily ol several endogenous metabo-
lites, such as steroid hormones, and exogenous loxins, which
could include compounds in food or industrial chemicals.
[0003] ‘Lhedeloxilication process is divided into three main
phases. Phasc T detoxification activates metabolites by adding
tunctional groups. ‘Lhe activated compounds generated by
phase [ detoxilication are olten more reactive and toxic than
the original metabolites. and arc further processed by phase I1
detoxification systems. In phase 11 detoxification, a range of
conjugation reactions serve to make the activated compounds
less toxic and more soluble, for exeretion in the urine and hile.
Phase III detoxification involves the elimination of toxing
from cells.

[0004] Orpanic acidemias arc a group of metabolic disor-
ders caused by dysflunctional organic acid metabolism. The
deficiency of certain metabolic enzymes causes the accumu-
lation ol acids which are not normally present inhighlevelsin
the human body. There are several known organic acidemias,
with methylmalonic acidemia, propionic acidemia, isovaleric
acidemia. glutaric aciduria, and maple syrup vrine disease
being some common examples.

[0005] Isovaleric acidemia is an autosomal recessive disor-
der. 11 is caused by a deliciency ol isovaleryl coensyme A
dehydropenasc. A deficicney of this enzyme results in accu-
mulation of intermediates of leucine catabolism, including
isovaleric acid. 3- and 4-hydroxyisovaleric acid, isovaleryl-
carnitine and isovalerylglycine.

[0006] Isovalervlglvcine is formed when isovaleric acid
conjugates to glycine by glycine N-acyltransterase (GIYAT).
The isovalerylglycine is less toxic than isovaleric acid, indi-
cating that glycine conjugation is of critical importance in the
treatment of 1sovaleric acidemia.

[0007] Urea cvcle disorder is a genetic disorder caused by
an enzyme deficiency in the urca cycle responsible for climi-
nating ammonia from the blood stream. In urea cycle disor-
ders, nitrogen accumulales in the form of ammonia resulting
in hyperammonemia which ultimately causes irreversible
brain damage, coma and/or death.

[0008] A known method for enhancing glycine conjugation
capacity in individuals suffering from arpanic acidemias is
the administration of glycine supplements. Assays on liver
samples have however shown that there 1s great variability in
the glycine conjugation capacily in humans.

[0009] Tt is theretore evident that a means of angmenting
the natural capacity for glycine conjugation would notonly he
beneficial 1o the general health of humans but may further
present as an alternative therapeutic strategy for individnals
allected by organic acidemias, uvrea cycle disorders, ami-
nogcidurias, and exposure 0 some xenobiotic chemicals.
[0010] GIYAT is an cnzyme responsible for the phase T1
detoxilication of several loxic organic acids by means of
conjugation to glycine. Several toxic compounds, both xcno-
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biolic and endogenously derived metaboliles. are detoxilied
by conjugation to glycine. In addition to GI.YATs role in the
detoxification of benzoic acid, the enzyme is also important in
the management of certain inborn crrors ot metabolism.
[0011] ‘lo date, no system for the bactlerial expression and
purification of an enzymatically active recombinant GLYAT
has been reported.
[0012] A disadvantage associated with the lack of a system
for expression of an cnzymatically active rccombinant
GLYAT is that there is no commercially viable product cur-
rently available for directly improving the capacity of the
glycine-conjugalion detoxilication systen. particularly in the
case of patients with metabolic disorders.

OBJECTS OF THE INVENTION
[0013] Ttisaccordingly an object of the present invention to
provide a novel method of producing water soluble enzymati-
cally aclive recombinant glycine N-acyliranslerase (GLYAL)
enzyme and to provide GT YAT produced with such a method.
[0014] Ttisa (urtherobject ofthe inventionto provide use ol
a pharmaccutically cffective amount ot GIYAT in a method
ol'enhancing detoxification and for irealing and/or preventing
metabolic disorders in mammals.
[0015] Itis yet another object of the invention (o provide a
method of enhancing detoxification in mammals and for
treating and/or preventing metabolic disorders with which the
aloresaid disadvanlage may be overcome or at least mini-
mised.

SUMMARY OF THE INVENTION

10016] According to a first aspect of the invention there is
provided a method ol producing water soluble enzymatically
aclive recombinant glycine N-acyliranslerase (GLYAT)
including the steps of:

[0017] providing a suitable expression host;
[0018] preparing a vector including a gene [or express-

ing GLYAT in the expression host to form an cxpression
plasmid;
[0019] transtorming the host with the expression plas-
mid te [orm an expression syslem;
[0020] cexpressing the GIYAT genc in the cxpression
system; and
[0021] separatingthe expressed GLYAI from the expres-
sion syslerm.
[0022] Further according 1o the invention the step ol sepa-
raling the expressed GLYAT [rom Lthe expression system may
include the steps of separating the water soluble fraction of
the expression system [rom the insoluble material and con-
centrating or lyophilising the separated GLYAT.
[0023] Further according o the invention the expression
host may be selected trom the group consisting of cukaryotic
systems, including yeast cell expression-, insect cell expres-
sion- and mammalian cell expression systems; prokaryolic
systems, including Escherichia cofi and Bacillus subtilis and
archaeon systems.
10024] l'urther according to the invention the method
includes a lurther step of combining the separated expressed
GIYAT with glycine.
[0025]  According to a second aspect of the invention there
is provided water soluble enzymatically active recombinant
GLYAT prepared in accordance with the first aspect of the
invention.
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[0026] According Lo a third aspect ol the invention there is
provided a medicament comprising water soluble enzymati-
cally active recombinant GLYAL prepared in accordance with
the first aspect of the invention.
[0027] According to a fourth aspect of the invention there is
provided use ol a pharmaceutically effective amount of water
soluble enzymatically active recombinant GIYAT prepared
in accordance with the firstaspect ofthe invention in a method
ol:
[0028] improving the capacity of a glycine-conjugation
detoxification syslem:
[0029] enhancing detoxification: or
[0030] treating and/or preventing metabolic disorders
and acute or chronic poisoning with compounds such as
xylene or aspirin in mammals.
[0031] According to a [ilth aspect of the invention waler
soluble enzymatically aclive recombinant GLYAT may be
used in a method of:
[0032] improving the capacily of a glycine-conjugation
detoxification system;
[0033] enhuancing detoxification; or
[0034] trcating and/or preventing metabolic disorders
and acute or chronic poisoning with compounds such as
xylene or aspirin,
in mammals by administering to a mammal in need thereof a
biologically effective amount of between 0.1 mg and 160 mg,
of water soluble enzymatically active recombinant GTYAT
per kilogram of body mass depending on the demand for
increased glycine conjugation.
[0035] According to a sixth aspect of the invention there is
provided usc of'a pharmaceutically effective amount of water
soluble enzymatically active recombinant GUYAT prepared
in gccordance wilh the method of the (irst aspect of the inven-
tion in a method of manufacturing a medicament for nse in:
[0036] improving the capacity of a glycine-conjugation
detoxification system;
[0037] enhancing detoxification: or
[0038] irealing and/or preventing metabolic disorders
and acute or chronic poisoning with compounds such as
xylene or aspirin in mammals.
[0039] l'urther according to the invention the metabolic
disorders may be any one or more ol the conditions selected
from the group consisting ol organic acidemias selected from
propionic acidemia, isovaleric acidemia and glutaric aci-
duria, aminoacidurias selected [rom maple syrup urine dis-
casc and hyperalyeinemia; and urca cycle disorder.
[0040] According to the seventh aspect ol the invention
there is provided a medicament prepared from water soluble
enzymatically active recombinant GLYAL in accordance with
the first aspect of the invention logether with al least one inert
pharmaccutically acceptable carricr or diluents in a dosage
torm selected from the group consisting of tablets; capsules;
suspension; symp; intradermal-; intramuscular-; intrave-
nous-; and subcutancous injection.
[0041] The water soluble ensymatically aclive recombi-
nant GT YAT may be administered by intravenous injection
(1V) with a preparation of the enzyme in a form that is targeted
to thedesired sub-cellular compartments. Alternatively, water
soluble enzymatically active recombinant GI'YAT may be
administered by using a GLYAT enzyme [used (o the mem-
branc permeating TAT (transactivator of transcription) pep-
tide, allowing the recombinant enzyme to ctfectively cross
cell membranes 1o reach (he desired mitochondrial malrix.
Further alternatively, water soluble cnzymatically active
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recombinant GLYAL may be administered by using a colloi-
dal system that contains unique and stable lipid-based sub-
micron- and micron-sized structures.

10042] l'urther according to the invention the step of admin-
istering the biologically ellective amount of water soluble
enzymaltically aclive recombinant GLYAT may include the
further step of administering the water soluble enzymatically
aclive recombinant GLYAL in combination with glycine (o
turther stimulate glycine conjugation capacity.

BRIEF DESCRIPTION OF THE FIGURES

[0043] Theinvention will now be described further, by way
of example only, with reference to the accompanying figures
whercin:

[0044] FI1G.1: is a diagram illustrating the pColdll] expres-
sion vector used for expression of bovine GIYAT in accor-
dance with a preferred embodiment of the invention:

[0045] FIG. 2: is apolymerasc chain reaction (PCR) ampli-
fication of an open reading [rame (ORF) encoding bovine
GLYAT from a plasmid into which the ORF encoding bovine
GILYAT had alrcady been cloned (the original PCR amplifi-
calion and cloning were performed using cDNA rom bovine
liver);

[0046] FIG. 3: is a sodium dodecyl sullate (SDS) polyacry-
lamide gel electrophorctogram (PAGE) illustrating the total
and soluble fractions ot the expression of recombinant bovine
GLYAT (lanes 2 and 3, respeciively);

[0047] FIG. 4: is an SDS-PAGE analysis illusirating the
tatal and soluble fractions of the expression ot recombinant
bovine GLYAL (lanes 2 and 3, respectively) as well as the
partially purilied ensyme (nickel alinity chromatography) in
lanc 4;

[0048] FIG. 5: is an SDS-PAGFE analysis illustrating the
enzyme atter partial purification using nickel affinity chro-
matography (in this purification 20 mM imidazole was added
to the wash purification buttfers);

[0049] FIG. 6: is an SDS-PAGE analysis illustrating the
expression of a soluble recombinant human GLYAL gene
(lunes 4 10 9), wilh an N-terminal [usion ol the hexuhistlidine
tag and Trx-tag:

[0050] FIG. 7: is an SDS-PAGFE analysis illustrating the
nickel-affinity purification of wild-type recombinant human
GLYAT (lane 3) and single nucleotide polymorphism (SNI)
variants of human GIYAT (lancs 4 to 9): and

[0051] FIG. 8: is a speciropholometric assay illustrating
enzyme activity ot recombinant human GLYAL and bovine
liver GLYAL in (he presence and absence ol glyceine.

DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

[0052] According (o a prelerred embodiment ol the inven-
tion there is provided a method lor producing water soluble
enzymatically active recombinant glycine N-acyltransferase
(GLYAL).

10053] LThe method includes the steps of providing a suit-
able expression host providing a GI.YAT cxpressing genc;
preparing a vector including a gence for expressing GIYAT in
the expression host to form an expression plasmid; trans form-
ing the host with the expression plasmid to form an cxpres-
sian system; expressing the GLYAT in the expression system;
separating the expressed GLYAT [rom the expression syslem;
and combining the scparated expressed GIYAT with glycine.
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[0054] ‘Lhe expression host is selected [rom the group con-
sisting of'eukaryotic systems, including veast ecll cxpression,
insect cell expression and mammalian cell expression,
prokaryotic systems, including Escherichia coli and Bacillus
subiilis and archacon systems. It was found that Fscherichia
coli (E. coli) provided a particularly suituble host.

[0055] The gene encoding bovine GIYAT was isolated
from bovine liver RNA and cloned, by means ot reverse
transcription and polymerase chain reaction (PCR) amplili-
cation, into a pColdIll expression vector (as illustrated in
F1G. 1). The pColdlll expression veclor allows [or the expres-
sion of 4 protein in E. cofi al 15 degrees Celsius, which
enhances the expression of soluble. enzymarically active
recombinant proteins.

[0056] Various other vectors could also be used for the
expression of recombinant human and bovine GLYAL, or
other GLYAL variunts, in eukaryotic. prokaryolic and
archacon expression hosts.

[0057] In order to obtain a suitable vector, a histidine-tag
(His-tag) is auached o the C-terminus ol the gene. In the
alternative to C-terminal histidine tags, tags are sclected from
the group consisting of N-terminal hexahistidine tags, mal-
tosc binding protein (MBP), glutathione S-transferase. GST
tags and Strep-Tag, 11

[0058] GLYAT is aliematively expressed without any puri-
fication tags. and scparated from the proteins of the expres-
sion host by utilising known protein purification stratepics.
Owing 1o the fact that GLYAT is a nucleotide-cofactor bind-
ing enzyme, it may further alternatively be purified by affinity
chromalography.

EXAMPILT 1

Recombinant Bovine GLYAT

[0059] Recombinant bovine GLYAT was cloned into a set
of three modified pColdlll (pColdlll-Li, pColdlll-A and
pColdlll-EH) expression vectors encoding C-lerminal histi-
dine tags.

[0060] In order to clone the coding sequence into the
expression veclors, the sequence is amplified through poly-
merase chain reaction (PCR) using primers containing Ndel
and. Xhol restriction enzyme sites 1o facilitate directional
cloning. The PCR reaction mixtures contsined 1X Takara
Lix'laq bufter, 10 nmol of each dN'I'P, 25 pmol of each primer,
approximately 50 ng of template DNA and 2 units ol "Llakara
TixTag polymerase, in a final volume of 50 pl. Thermal
cycling conditions were 94 degrees Celsius for 1 min, then 30
cveles of 94 degrees Celsins for 30 scconds, 70 degrees Cel-
sius for 30 scconds, and 72 degrees Celsius for | minute,
tollowed by a final extension at 72 degrees Celsius for 10
minutes.

[0061] After ransforming {. coli with an expression plas-
mid containing a recombinant GIYAT coding sequence,
colonics were screened for desired recombinant plasmids
using either restriction analysis or PCR amplification. A
colony was considered to be positive ifan excised fragment of
approximately 900 bp could be scen on an agarose pel, as
illustrated in FIG. 2.

[0062] The recombinant protein was purificd using a nickel
allinity purification process. Upon passage through 4 resin
with nickel ions immobilised onto it. the histidine tags fused
to the recombinant GIYAT binds tightly to the column
malrix, by [orming coordinate bonds with the nickel ions
immobilised on its surface. This cnables most other proteins
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1o be washed [rom (he column, while the histidine Lagged
GIYAT remains bound. The tagged protein was cluted with a
buffer containing a high concentration of imidazole, which
displaced the coordinate bonds between the histidine residues
and nickel ions, resulting in a partially purified recombinant
protein.

[0063] Reflerring to FIG. 3, a sodivm dodecy! sulfate (SDS)
polyvacrylamide gel clectrophoretogram (PAGE) was used to
analyse the expression of bovine

[0064] GLYAL [rom the pColdlll veclor. The protins were
visualised by staining with Coomassie brilliant blue. Lane 2
illustrates the total fraction of expressed protein and lanc 3
illustrates the soluble [raction ol baclerial lysate; with the
soluble recombinant GLYAT expressed not being clearly vis-
ible on the background of bacterial proteins.

[0065] Referring to I'lG. 4. recombinant bovine GLYAL
was expressed [rom pColdIll with a C-lenminal histidine tag.
The soluble fraction was passed through a nickel affinity
purification column, to purify the tagged recombinant
GIYAT enzyme. The levels of soluble recombinant bovine
GLYAT cxpressed were low, therefore, the final cluate of the
purification was significantly concentrated. SDS-PAGL
analysis revealed the total traction of expressed protein in
lanc 2. T.anc 3 represents the soluble fraction of'the recombi-
nant GLYAT with no significant amount of soluble recombi-
nant GT.YAT being visible against the backgronnd of bacterial
proteins. Lane 4 illustrates the partially purilied enzyme as a
result of the nickel-allinity purilication. The lower band indi-
cates the active form of the GT.YAT enzyme.

[0066] Referring to FIG. 5, 20 mM imidazole was added to
the column wash bullers of the purification kit. The use ol
imidazole in the buflers resulled in the majority of the previ-
ously co-puritying proteins being lost. ‘Lhe lower bands, in
FIG. 5, represent the enzymatically active bovine GLYAL and
an unknown protein.

[0067] Tt was found that the recombinant bovine GTYAT
enzyme, prepared in accordance with the invention, has simi-
lar biochemical characteristics to the GI.YAT enzyme purified
from bovine liver.

LXAMPLL 2

Recombinant TTuman GTYAT

[0068] The nucleotide scquence encoding the human
GLYAL sequence was synthesised and cloned into the pLi'l'32
expression vector.

[0069] The pET32 expression vector cnables the expres-
sion of human GT.YAT with an N-terminal hexahistidine tag
and an N-lerminal Trx-lag, which respectively facilitates the
purification and correct folding of the enzyme.

[0070] The expression vector encoding human GT YAT was
transformed into Origami expression cells. 'Lhe cells were
also transtformed with the pGro7 vector trom Takara, which
resulted in co-cxpression ot the GroliS and Grolil, chaperone
proteins. Chaperone proteins 4id in the correct [olding of
proteins and increasc the yicld of soluble recombinant
ensymes.

[0071] The Origami cells conlaining the plasmids for
expression of recombinant human GT.YAT and the chaperone
proteins were grown in liquid culture. Tt was found that the
oplimal expression of soluble GLYAT occurs in the absence
of TPTG (Tsopropyl (f-ID-1-thiogalactopyranoside), thus
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allowing GLYAL (o be expressed at slow basal rale as oppose
to the known method of inducing the fusion protein with
IPI'G to express.

[0072] After expression, cells were harvested by means of
centritugation. and lysed using an optimised native lysis
buller containing 300 mM NaCl, 50 mM phosphale buller,
pIT 8.0, 10% glycerol, 1% Triton-X, lysozyme, and protcasc
inhibitars. ‘The cell lvsates were clarified. using centrifuga-
tion at 10.000 g tor 30 minutes to remove the insoluble mate-
rial and passcd through Protino nickel attinity purification
columns 1w selectively bind the hexahistidine tagged
enzymes. The colnmns were washed. and the purified protein
cluted in a final volume of 3 ml.

[0073] Referring to FIG. 6, soluble recombinant human
GLYAT was expressed with an N-terminal hexahistidine-Trx-
fusion tag. Lane 1 contains molecular size markers. Lanes 2
and 3 contain the insoluble and soluble fractions, respec-
tively, of a culturc. of which the cells were lysed using the
BugBusler prolein extraction reagent. It was found that this
lysis reagent was not suitable for the extraction ot recombi-
nant human GLYAI. as no seluble recombinant humean
GLYAT waus visible.

[0074] As an alternative, the optimised native lysis bufter
was used to isolate the protein from cultures expressing from
0 hours ta 4 hours, and the soluble fractions were loaded in
lanes 5 w0 9. The hexahistidine-Trx-GLYAT fusion protein is
indicated by the arrow, 1n the 55 kDa range.

[0075] Relerring to FIG. 7, the soluble recombinant humean
GIYAT fusion proteins are purificd by means of nickel-attin-
ity chromatography, using Protino Ni- 111> columns. Lane 1
contains molecular weight markers, and lane 2 is empty. [Lanc
3 contains the wild-type recombinant human GIUYAT fusion
protein, after purification. Lanes 4 to 9 contain purilied
recombinant human GIYAT, as prepared in accordance with
the invention, fusion proteins, of the known single nucleotide
pelymorphism (SNP) variations of the gene.

[0076] Referring to I'IG. 8. the resultant enzyme prepara-
tion was assayed for cnzyme activity using, the spectrophoto-
metric assay for GI'YAT. In the assay, bovine GT YAT is used
as a positive contral. Reactions without glycine were run as
negative controls illustrating that the cnzyme activity
obscrved is glycine dependent. The recombinant human
GLYAT illustrated an increase in optical density (OD) at 412
nm confirming the enzyme activity of recombinant human
GILYAT, prepared in accordance with the invention, in the
presence of glyeine.

[0077] In addition to using a recombinant therapeutic
GILYAT enzyme in the ahove deseribed manner, it is possible
that novel forms of the GTYAT enzyme may be obtained by
rational and semi-rational enzyme engineering strategies, and
these may alternatively be used for their specialised func-
tions. Qualitics of the GIL.YAT enzyme that may be subjected
(o modificalion by enzyme engineering siralegies include
catalytic rate, substrate specificity, stability, immunological
aspects, and optlimal substrate concentration.

[0078] Therc arc six known natural SNP (single nucleotide
polymorphism) variants of human GLYAL and site-directed
mutagenesis was used to gencrate these varant coding
sequences from the wild-type sequence. Tt was found that ot
the six SNP variants, two have higher ensyme activity (han
the wild-type GI.YAT, and the rest have much lower activity
than the wild-type GLYAT. Tt is to be cxpected that there
would be clear benefils associated with the use of variants
with increased catalytic rate, for example.
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Further Findings and Analysis

[0079] 1Inusec, a pharmaccutically cffective amount ot 0.1
mg to 160 mg of the reccombinant GI.YAT cnzyme per kilo-
gram of body weight, depending on the nature and extent of
the metabolic disorder, is administered to a patient in need
thereol by way ol intravenous injection (1V) with a prepara-
tion of the enzyme in 4 form targeting the desired sub-cellular
compartments. Alternatively, the prepared recombinant
GLYAL enzyme is administered by uvsing a TA1 (lrunsactiva-
tor of transcriplion) peplide (o acl as @ membrane permeuling
agent, which will allow the recombinant enzyme to effec-
tively cross cell membranes (0 reach the desired milochon-
drial matrix. T'urther alternatively, the prepared recombinant
GLYAL enzvme is administered using a colloidal system that
conlains unique and stable lipid-based submicron- and
micron-sized structures to enhance detoxitication and to treat
and/or prevent metabolic disorders and acute or chronic poi-
soning with compounds such as xylene or aspirin in mam-
mals.

[0080] The metabolic disorders may be any onc or more of’
the conditions sclected from the group consisting ot organic
acidemias selected from propionic acidemia, isovaleric aci-
demia and glutaric aciduria; aminoacidurias sclected from
maple syrup urine discasc, and hyperglycinemia, and urca
cycle disorder.

[0081] Therecombinant GT YAT is further alternatively tor-
mulated into any one ot the following dosage forms compris-
ing tablet; capsule; suspension; syrup; intradermal-; intra-
muscular-: intravenous-; and subcutancous injection.

[0082] A medicament preparced from the recombinant
GILYAT in combination with glycine is used to dircctly
improve the capacity of the glvcine-conjugation detoxifica-
tion system in the treatment of paticnts exposcd to chemical
and industrial solvents and in the emergency treatment of
acule aspirin peoisoning. Glycine conjugation of several
organic acids 1s enhanced by the use of a recombinant thera-
peutic GLYAL enzyme.

[0083] Tt will be appreciated that in terms of the invention,
variations in details in providing a novel method of producing
a recombinant enzyme and more particularly relating a novel
method of producing a water soluble enzymatically active
recombinant glycine N-acyltranslerase (GLYAL) enzyme,
are possible without departing [rom the scope of the
appended claims.

1. A method of producing water soluble enzymatically
aclive recombinant glycine NMN-acyllranslerase (GLYAL)
including the steps ol

providing a suilable expression host;

preparing a vector including a gene for expressing GTYAT

in the expression host o fonm an expression plasmid;
transforming the host with the expression plasmid 1o form
Il expression syslen;

expressing the GIYAT gene in the expression system; and

separating the expressed GLYAT from the expression sys-

tem.

2. A method according to claim 1 wherein the step of
separaling the expressed GLYAL [rom the expression system
includes the steps of separaling the water soluble [raction of
the expression system from the insoluble material and con-
centrating or lyophilising the sepuarated GLYAL,

3. A method according to claim 1 wherein the expression
host is selected [rom the group consisling of eukaryolic sys-
tems, including yeast cell expression-, insect cell expression-,
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and. mammalian cell expression systems: prokaryolic sys-
tems, including Fscherichia coli, and Bacillus subeilis; and
archaeon systems.

4. A method according to claim 1 including the further step
of combining the separated expressed GLYAL with glvcine.

5. Water soluble enzymatically active recombinant GLYAT
prepared in accordance with the method of claim 1.

6. A medicument comprising waler soluble enzymatically
active recombinant GLYAL prepared in accordance with the
method of claim 1 4.

7. Usc of a pharmaceutically cffective amount of water
soluble enzymalically active recombinant GLYAL prepared
in accordance with the method of ¢claim 1 in @ method of:

improving the capacity of a glycine-conjugation detoxifi-

cation syslem;

cnhancing detoxification; or

treating and/or preventing metabolic disorders and acute or

chronic poisoning with compounds such as xylene or
aspirin in mammals.

8. Water soluble cnzymatically active recombinant GTYAT
for use in a method of:

improving the capacity of a glycine-conjugation detoxifi-

cation system;

enhancing detoxification; or

trealing and/or preventing metabolic disorders and acule or

chronic poisoning with compounds such as xylene or
aspirin,
in mammals by administering (0 @ mammal in need thereol a
biologically cttective amount of between (0.1 mg and 160 mg
ol waler soluble enzymalically aclive recombinant GLYAL
per kilogram of body weight.

9. Use of a pharmaceutically etfective amount of water

soluble enzymatically active recombinant GIYAT prepared
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in accordance with the method ol claim 1 in g method ol
manufacturing a medicament for use in:

improving the capacity of a glycine-conjugation detoxifi-

cation system;

enhancing detoxification: or

(reating and/or preventing metabolic disorders and acute or

chronic poisoning with compounds such as xylene or
aspirin in mammals.

10. Usc according to claim 7 wherein the metabolic disor-
ders are any one or more ol the conditions selected [rom the
group consisting ol organic acidemias selected from propi-
onic acidemia, isovaleric acidemia and glutaric aciduria; ami-
noacidurias selected from maple syrup urine discase and
hyperglycinemia, and urea cvcle disorder.

11. Use according to claim 7. wherein the water soluble
enzymatically active recombinant GUYAT prepared in accor-
dance with the method of claim 1 is administered in combi-
nation with glycine in order to further stimulate glycine con-
Jugation capacity.

12. A medicament comprising water soluble enzymatically
aclive recombinant GLYAT prepared in accordance wilh the
method of claim 1 4 in combination with glycine, together
with at least one inerl pharmaceutically acceplable carrier or
diluents in 4 dosage form selected from a group comprising
tabler; capsule; suspension; syrup: Al (transactivator of
transeription) peptide; a colloidal system (hal containg unigue
and stable lipid-based submicron- and micron-sized strue-
tures; intracdermal-; intramuscular-; intravenous-; and subcu-
taneous injection.

13. A method of producing water soluble cnzymatically
active recombinant glycine N-acyltransterase (GLYAL) as
herein described and exemplified, with reference to the
accompanying figures.
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