
103 
 

References  
 

ABDO, K. M., WENK, M. L., HARRY, G. J., MAHLER, J., GOEHL, T. J. & IRWIN, R. D. 1998. Glycine modulates the 
toxicity of benzyl acetate in F344 rats. Toxicol Pathol, 26, 395-402. 

ABE, S. & SASAKI, M. 1977. Chromosome aberrations and sister chromatid exchanges in Chinese hamster 
cells exposed to various chemicals. J Natl Cancer Inst, 58, 1635-41. 

AGUNDEZ, J. A., MARTINEZ, C., PEREZ-SALA, D., CARBALLO, M., TORRES, M. J. & GARCIA-MARTIN, E. 2009. 
Pharmacogenomics in aspirin intolerance. Curr Drug Metab, 10, 998-1008. 

AMSEL, L. P. & LEVY, G. 1969. Drug biotransformation interactions in man II: A pharmacokinetic study of the 
simultaneous conjugation of Benzoic and Salicylic Acids with Glycine. Journal of Pharmaceutical Sciences, 58, 
321-326. 

APPLEGARTH, D. A. & TOONE, J. R. 2001. Nonketotic hyperglycinemia (glycine encephalopathy): laboratory 
diagnosis. Mol Genet Metab, 74, 139-46. 

ATAMNA, H., LIU, J. & AMES, B. N. 2001. Heme deficiency selectively interrupts assembly of mitochondrial 
complex IV in human fibroblasts: revelance to aging. J Biol Chem, 276, 48410-6. 

AU, J., MARSH, K. J., WALLIS, I. R. & FOLEY, W. J. 2013. Whole-body protein turnover reveals the cost of 
detoxification of secondary metabolites in a vertebrate browser. J Comp Physiol B. 

BADENHORST, C. P., VAN DER SLUIS, R., ERASMUS, E. & VAN DIJK, A. A. 2013. Glycine conjugation: 
importance in metabolism, the role of glycine N-acyltransferase, and factors that influence interindividual 
variation. Expert Opin Drug Metab Toxicol. 

BADENHORST, C. P. S., JOOSTE, M. & VAN DIJK, A. A. 2012. Enzymatic characterization and elucidation of the 
catalytic mechanism of a recombinant bovine glycine N-acyltransferase. Drug Metab Dispos, 40, 346-52. 

BANDEIRA, S., FONSECA, L. J., GUEDES, G., RABELO, L. A., GOULART, M. O. & VASCONCELOS, S. M. 2013. 
Oxidative stress as an underlying contributor in the development of chronic complications in diabetes 
mellitus. Int J Mol Sci, 14, 3265-84. 

BARSHOP, B. A., BREUER, J., HOLM, J., LESLIE, J. & NYHAN, W. L. 1989. Excretion of hippuric acid during 
sodium benzoate therapy in patients with hyperglycinaemia or hyperammonaemia. J Inherit Metab Dis, 12, 
72-9. 

BARTLETT, K. & GOMPERTZ, D. 1974. The specificity of glycine-N-acylase and acylglycine excretion in the 
organicacidaemias. Biochem.Med., 10, 15-23. 

BATSHAW, M. L. & BRUSILOW, S. W. 1981. Evidence of lack of toxicity of sodium phenylacetate and sodium 
benzoate in treating urea cycle enzymopathies. J Inherit Metab Dis, 4, 231. 

BATSHAW, M. L., HYMAN, S. L., COYLE, J. T., ROBINSON, M. B., QURESHI, I. A., MELLITS, E. D. & QUASKEY, S. 
1988. Effect of sodium benzoate and sodium phenylacetate on brain serotonin turnover in the ornithine 
transcarbamylase-deficient sparse-fur mouse. Pediatr Res, 23, 368-74. 

BATTAGLIA, V., SALVI, M. & TONINELLO, A. 2005. Oxidative stress is responsible for mitochondrial 
permeability transition induction by salicylate in liver mitochondria. J Biol Chem, 280, 33864-72. 



104 
 

BELOBORODOVA, N., BAIRAMOV, I., OLENIN, A., SHUBINA, V., TEPLOVA, V. & FEDOTCHEVA, N. 2012. Effect 
of phenolic acids of microbial origin on production of reactive oxygen species in mitochondria and 
neutrophils. J Biomed Sci, 19, 89. 

BEN-SHACHAR, D. 2002. Mitochondrial dysfunction in schizophrenia: a possible linkage to dopamine. J 
Neurochem, 83, 1241-51. 

BENNETT, M. J., POLLITT, R. J., TAITZ, L. S. & VARIEND, S. 1990. Medium-chain acyl-CoA dehydrogenase 
deficiency: a useful diagnosis five years after death. Clin Chem, 36, 1695-7. 

BERNARDI, P., BROEKEMEIER, K. M. & PFEIFFER, D. R. 1994. Recent progress on regulation of the 
mitochondrial permeability transition pore; a cyclosporin-sensitive pore in the inner mitochondrial 
membrane. J Bioenerg Biomembr, 26, 509-17. 

BEYNEN, A. C. & GEELEN, M. J. 1982. Short-term inhibition of fatty acid biosynthesis in isolated hepatocytes 
by mono-aromatic compounds. Toxicology, 24, 183-97. 

BEYOGLU, D. & IDLE, J. R. 2012. The glycine deportation system and its pharmacological consequences. 
Pharmacol Ther, 135, 151-67. 

BEYOGLU, D., SMITH, R. L. & IDLE, J. R. 2012. Dog bites man or man bites dog? The enigma of the amino acid 
conjugations. Biochem Pharmacol, 83, 1331-9. 

BICHARA, D., CALCATERRA, N. B., ARRANZ, S., ARMAS, P. & SIMONETTA, S. H. 2013. Set-up of an infrared fast 
behavioral assay using zebrafish (Danio rerio) larvae, and its application in compound biotoxicity screening. J 
Appl Toxicol. 

BOOMGAARDEN, I., VOCK, C., KLAPPER, M. & DORING, F. 2009. Comparative analyses of disease risk genes 
belonging to the acyl-CoA synthetase medium-chain (ACSM) family in human liver and cell lines. Biochem 
Genet, 47, 739-48. 

BOTTCHER, D. & BORNSCHEUER, U. T. 2006. High-throughput screening of activity and enantioselectivity of 
esterases. Nat. Protocols, 1, 2340-2343. 

BRADSHAW, P. C. & PFEIFFER, D. R. 2006. Loss of NAD(H) from swollen yeast mitochondria. BMC Biochem, 7, 
3. 

BRAVO, L. 1998. Polyphenols: chemistry, dietary sources, metabolism, and nutritional significance. Nutr Rev, 
56, 317-33. 

BRAY, H. G., THORPE, W. V. & WHITE, K. 1951. Kinetic studies of the metabolism of foreign organic 
compounds; the formation of benzoic acid from benzamide toluene, benzyl alcohol and benzaldehyde and 
its conjugation with glycine and glucuronic acid in the rabbit. Biochem J, 48, 88-96. 

BRIDGES, J. W., FRENCH, M. R., SMITH, R. L. & WILLIAMS, R. T. 1970. The fate of benzoic acid in various 
species. Biochem J, 118, 47-51. 

BROEKEMEIER, K. M. & PFEIFFER, D. R. 1995. Inhibition of the mitochondrial permeability transition by 
cyclosporin A during long time frame experiments: relationship between pore opening and the activity of 
mitochondrial phospholipases. Biochemistry, 34, 16440-9. 

BROSNAN, J. T., DA SILVA, R. P. & BROSNAN, M. E. 2011. The metabolic burden of creatine synthesis. Amino 
Acids, 40, 1325-31. 



105 
 

BUCHNER, E. 1897. Alkoholische Gärung ohne Hefezellen. Berichte der deutschen chemischen Gesellschaft, 
30, 1110-1113. 

CALDWELL, J. 1982. Conjugation reactions in foreign-compound metabolism: definition, consequences, and 
species variations. Drug Metab Rev, 13, 745-77. 

CALDWELL, J. 1984. Xenobiotic acyl-coenzymes A: critical intermediates in the biochemical pharmacology 
and toxicology of carboxylic acids. Biochem Soc Trans, 12, 9-11. 

CASIDA, J. E. 1955. Toxicity of aromatic acids to the larvae of the mosquito Aedes aegypti L. and the 
counteracting influence of amino acids. Biochem J, 59, 216-21. 

CHANG, T. S. 2009. An updated review of tyrosinase inhibitors. Int J Mol Sci, 10, 2440-75. 

CHAUHAN, M., CHAUHAN, R. S. & GARLAPATI, V. K. 2013. Evaluation of a New Lipase from Staphylococcus 
sp. for Detergent Additive Capability. BioMed Research International, 2013, 6. 

CHEN, Q., HUANG, N. N., HUANG, J. T., CHEN, S., FAN, J., LI, C. & XIE, F. K. 2009. Sodium benzoate exposure 
downregulates the expression of tyrosine hydroxylase and dopamine transporter in dopaminergic neurons in 
developing zebrafish. Birth Defects Res B Dev Reprod Toxicol, 86, 85-91. 

CHERRY, J. R. & FIDANTSEF, A. L. 2003. Directed evolution of industrial enzymes: an update. Current Opinion 
in Biotechnology, 14, 438-443. 

CHILDS, B. 2001. A Logic of Disease. In: SCRIVER, C. R. (ed.) Metabolic and Molecular Bases of Inherited 
Disease, 8th ed.: www.ommbid.com, New York, McGraw-Hill. 

CHILDS, B., VALLE, D. & JIMENEZ-SANCHEZ, G. 2001. The Inborn Error and Biochemical Individuality. In: 
SCRIVER, C. R. (ed.) Metabolic and Molecular Bases of Inherited Disease, 8th ed.: www.ommbid.com, New 
York, McGraw-Hill. 

CONTER, C., ROLLAND, M. O., CHEILLAN, D., BONNET, V., MAIRE, I. & FROISSART, R. 2006. Genetic 
heterogeneity of the GLDC gene in 28 unrelated patients with glycine encephalopathy. J Inherit Metab Dis, 
29, 135-42. 

CONTI, A. & BICKEL, M. H. 1977. History of Drug Metabolism: Discoveries of the Major Pathways in the 19th 
Century. Drug Metabolism Reviews, 6, 1-50. 

COON, M. J. 2005. Cytochrome P450: nature's most versatile biological catalyst. Annu Rev Pharmacol Toxicol, 
45, 1-25. 

CREMIN JR, J. D., DRACKLEY, J. K., GRUM, D. E., HANSEN, L. R. & FAHEY JR, G. C. 1994. Effects of Reduced 
Phenolic Acids on Metabolism of Propionate and Palmitate in Bovine Liver Tissue In Vitro. Journal of Dairy 
Science, 77, 3608-3617. 

CYR, D. M., EGAN, S. G., BRINI, C. M. & TREMBLAY, G. C. 1991. On the mechanism of inhibition of 
gluconeogenesis and ureagenesis by sodium benzoate. Biochem Pharmacol, 42, 645-54. 

DAVIES, K. M., STRAUSS, M., DAUM, B., KIEF, J. H., OSIEWACZ, H. D., RYCOVSKA, A., ZICKERMANN, V. & 
KUHLBRANDT, W. 2011. Macromolecular organization of ATP synthase and complex I in whole mitochondria. 
Proc Natl Acad Sci U S A, 108, 14121-6. 

http://www.ommbid.com/
http://www.ommbid.com/


106 
 

DE VRIES, A., ALEXANDER, B. & QUAMO, Y. 1948. STUDIES ON AMINO ACID METABOLISM. III. PLASMA 
GLYCINE CONCENTRATION AND HIPPURIC ACID FORMATION FOLLOWING THE INGESTION OF BENZOATE 1. 
The Journal of Clinical Investigation, 27, 665-668. 

DEGUCHI, T., TAKEMOTO, M., UEHARA, N., LINDUP, W. E., SUENAGA, A. & OTAGIRI, M. 2005. Renal 
clearance of endogenous hippurate correlates with expression levels of renal organic anion transporters in 
uremic rats. J Pharmacol Exp Ther, 314, 932-8. 

DEMIR, E., KOCAOGLU, S. & KAYA, B. 2010. Assessment of genotoxic effects of benzyl derivatives by the 
comet assay. Food Chem Toxicol, 48, 1239-42. 

DERCKSEN, M., DURAN, M., IJLST, L., MIENIE, L. J., REINECKE, C. J., RUITER, J. P., WATERHAM, H. R. & 
WANDERS, R. J. 2012. Clinical variability of isovaleric acidemia in a genetically homogeneous population. J 
Inherit Metab Dis, 2012, 17. 

DI SALVO, M. L., CONTESTABILE, R., PAIARDINI, A. & MARAS, B. 2013. Glycine consumption and 
mitochondrial serine hydroxymethyltransferase in cancer cells: the heme connection. Med Hypotheses, 80, 
633-6. 

DUFFY, L. F., KERZNER, B., SEEFF, L., BARR, S. B. & SOLDIN, S. J. 1995. Preliminary assessment of glycine 
conjugation of para-aminobenzoic acid as a quantitative test of liver function. Clin.Biochem., 28, 527-530. 

DZURIK, R., SPUSTOVA, V., KRIVOSIKOVA, Z. & GAZDIKOVA, K. 2001. Hippurate participates in the correction 
of metabolic acidosis. Kidney Int Suppl, 78, S278-81. 

ELPELEG, O., MILLER, C., HERSHKOVITZ, E., BITNER-GLINDZICZ, M., BONDI-RUBINSTEIN, G., RAHMAN, S., 
PAGNAMENTA, A., ESHHAR, S. & SAADA, A. 2005. Deficiency of the ADP-forming succinyl-CoA synthase 
activity is associated with encephalomyopathy and mitochondrial DNA depletion. Am J Hum Genet, 76, 1081-
6. 

ERFLE, J. D. & SAUER, F. 1969. The inhibitory effects of acyl-coenzyme a esters on the pyruvate and α-
oxoglutarate dehydrogenase complexes. Biochimica et Biophysica Acta (BBA) - Enzymology, 178, 441-452. 

ESTELL, D. A. 1993. Engineering enzymes for improved performance in industrial applications. Journal of 
Biotechnology, 28, 25-30. 

FABISCH, W. & FELLNER, C. 1957. Excretion of hippuric acid in schizophrenic and depressive patients after 
E.C.T. Psychosom Med, 19, 320-5. 

FEDOTCHEVA, N. I., KAZAKOV, R. E., KONDRASHOVA, M. N. & BELOBORODOVA, N. V. 2008. Toxic effects of 
microbial phenolic acids on the functions of mitochondria. Toxicol Lett, 180, 182-8. 

FEDOTCHEVA, T. A., SHIMANOVSKII, N. L., KRUGLOV, A. G., TEPLOVA, V. V. & FEDOTCHEVA, N. I. 2012. Role 
of mitochondrial thiols of different localization in the generation of reactive oxygen species. Biochemistry 
(Moscow) Supplement Series A: Membrane and Cell Biology, 6, 92-99. 

FENTON, W. A., GRAVEL, R. A. & ROSENBLATT, D. S. 2013. Part 9: Organic acids. Chapter 94: Disorders of 
Propionate and Methylmalonate Metabolism. The Online Metabolic and Molecular Bases of Inherited 
Diseases. McGraw Hill. 

FISCHER, E. 1894. Einfluss der Configuration auf die Wirkung der Enzyme. Berichte der deutschen chemischen 
Gesellschaft, 27, 2985-2993. 



107 
 

FORMAN, W. B., DAVIDSON, E. D. & WEBSTER, L. T., JR. 1971. Enzymatic conversion of salicylate to 
salicylurate. Mol Pharmacol, 7, 247-59. 

FULTON, T. R., TRIANO, T., RABE, A. & LOO, Y. H. 1980. Phenylacetate and the enduring behavioral deficit in 
experimental phenylketonuria. Life Sci, 27, 1271-81. 

FURST, D. E., GUPTA, N. & PAULUS, H. E. 1977. Salicylate Metabolism in Twins. Evidence suggesting a generic 
influence and induction of salicylurate formation. The Journal of Clinical Investigation, 60, 32-42. 

FURUYA, K. N., DURIE, P. R., ROBERTS, E. A., SOLDIN, S. J., VERJEE, Z., YUNG-JATO, L., GIESBRECHT, E. & ELLIS, 
L. 1995. Glycine Conjugation of Para-Aminobenzoic Acid (PABA): A Quantitative Test of Liver Function. 
Clinical Biochemistry, 28, 531-540. 

FURUYAMA, K. & SASSA, S. 2000. Interaction between succinyl CoA synthetase and the heme-biosynthetic 
enzyme ALAS-E is disrupted in sideroblastic anemia. J Clin Invest, 105, 757-64. 

GAMAGE, N., BARNETT, A., HEMPEL, N., DUGGLEBY, R. G., WINDMILL, K. F., MARTIN, J. L. & MCMANUS, M. 
E. 2006. Human sulfotransferases and their role in chemical metabolism. Toxicol Sci, 90, 5-22. 

GARROD, A. E. 1902. About Alkaptonuria. Med Chir Trans, 85, 69-78. 

GATLEY, S. J. & SHERRATT, H. S. 1977. The synthesis of hippurate from benzoate and glycine by rat liver 
mitochondria. Submitochondrial localization and kinetics. Biochem J, 166, 39-47. 

GATLEY, S. J. & SHERRATT, S. A. 1976. The localization of hippurate synthesis in the matrix of rat liver 
mitochondria. Biochem Soc Trans, 4, 525-6. 

GREGERSEN, N., KOLVRAA, S. & MORTENSEN, P. B. 1986. Acyl-CoA: glycine N-acyltransferase: in vitro studies 
on the glycine conjugation of straight- and branched-chained acyl-CoA esters in human liver. 
Biochem.Med.Metab Biol., 35, 210-218. 

GREGUS, Z., FEKETE, T., HALASZI, E. & KLAASSEN, C. D. 1996a. Does hepatic ATP depletion impair glycine 
conjugation in vivo? Drug Metab Dispos, 24, 1347-54. 

GREGUS, Z., FEKETE, T., HALASZI, E. & KLAASSEN, C. D. 1996b. Lipoic acid impairs glycine conjugation of 
benzoic acid and renal excretion of benzoylglycine. Drug Metab Dispos, 24, 682-8. 

GREGUS, Z., FEKETE, T., VARGA, F. & KLAASSEN, C. D. 1992. Availability of glycine and coenzyme A limits 
glycine conjugation in vivo. Drug Metab Dispos, 20, 234-40. 

GREGUS, Z., FEKETE, T., VARGA, F. & KLAASSEN, C. D. 1993. Dependence of glycine conjugation on 
availability of glycine: role of the glycine cleavage system. Xenobiotica, 23, 141-153. 

GRIFFITH, A. D., CYR, D. M., EGAN, S. G. & TREMBLAY, G. C. 1989. Inhibition of pyruvate carboxylase by 
sequestration of coenzyme A with sodium benzoate. Archives of Biochemistry and Biophysics, 269, 201-207. 

GRILLO, M. P. & BENET, L. Z. 2002. Studies on the reactivity of clofibryl-S-acyl-CoA thioester with glutathione 
in vitro. Drug Metab Dispos, 30, 55-62. 

GRILLO, M. P. & LOHR, M. T. 2009. Covalent binding of phenylacetic acid to protein in incubations with 
freshly isolated rat hepatocytes. Drug Metab Dispos, 37, 1073-82. 



108 
 

GUILLEMETTE, C. 2003. Pharmacogenomics of human UDP-glucuronosyltransferase enzymes. 
Pharmacogenomics J, 3, 136-58. 

GUO, Y., ZHANG, L., LIU, Y., HU, H., LI, J., TIAN, Q., YU, P., ZHANG, F., YANG, T., GUO, Y., PENG, X., DAI, M., 
CHEN, W. & DENG, H. 2013. Suggestion of GLYAT gene underlying variation of bone size and body lean mass 
as revealed by a bivariate genome-wide association study. Hum Genet, 132, 189-199. 

GUTKNECHT, J. 1992. Aspirin, acetaminophen and proton transport through phospholipid bilayers and 
mitochondrial membranes. Mol Cell Biochem, 114, 3-8. 

HAMOSH, A. & JOHNSTON, M. V. 2013. Part 8: Amino acids. Chapter 90: Nonketotic hyperglycinemia. The 
Online Metabolic and Molecular Bases of Inherited Diseases. McGraw Hill. 

HANSCH, C. & LEO, A. 1995. Exploring QSAR, Washington, American Chemical Society. 

HANSCH, C., LIEN, E. J. & HELMER, F. 1968. Structure-activity correlations in the metabolism of drugs. Arch 
Biochem Biophys, 128, 319-30. 

HAZAN, R., LEVINE, A. & ABELIOVICH, H. 2004. Benzoic acid, a weak organic acid food preservative, exerts 
specific effects on intracellular membrane trafficking pathways in Saccharomyces cerevisiae. Appl Environ 
Microbiol, 70, 4449-57. 

HERESCO-LEVY, U., JAVITT, D. C., ERMILOV, M., MORDEL, C., SILIPO, G. & LICHTENSTEIN, M. 1999. Efficacy of 
high-dose glycine in the treatment of enduring negative symptoms of schizophrenia. Arch Gen Psychiatry, 
56, 29-36. 

HIRAGA, K., KOCHI, H., HAYASAKA, K., KIKUCHI, G. & NYHAN, W. L. 1981. Defective glycine cleavage system in 
nonketotic hyperglycinemia. Occurrence of a less active glycine decarboxylase and an abnormal 
aminomethyl carrier protein. J Clin Invest, 68, 525-34. 

HOUTEN, S. M. & WANDERS, R. J. 2010. A general introduction to the biochemistry of mitochondrial fatty 
acid beta-oxidation. J Inherit Metab Dis, 33, 469-77. 

HUCKLE, K. R., TAIT, G. H., MILLBURN, P. & HUTSON, D. H. 1981. Species variations in the renal and hepatic 
conjugation of 3-phenoxybenzoic acid with glycine. Xenobiotica, 11, 635-44. 

IRJALA, K. 1972. Synthesis of p-aminohippuric, hippuric, and salicyluric acids in experimental animals and 
man. Ann Acad Sci Fenn A, 154, 1-40. 

ITOH, T., ITO, T., OHBA, S., SUGIYAMA, N., MIZUGUCHI, K., YAMAGUCHI, S. & KIDOUCHI, K. 1996. Effect of 
carnitine administration on glycine metabolism in patients with isovaleric acidemia: significance of 
acetylcarnitine determination to estimate the proper carnitine dose. Tohoku J Exp Med, 179, 101-9. 

JACKSON, A. A., BADALOO, A. V., FORRESTER, T., HIBBERT, J. M. & PERSAUD, C. 1987. Urinary excretion of 5-
oxoproline (pyroglutamic aciduria) as an index of glycine insufficiency in normal man. Br J Nutr, 58, 207-14. 

JACKSON, A. A., GIBSON, N. R., LU, Y. & JAHOOR, F. 2004. Synthesis of erythrocyte glutathione in healthy 
adults consuming the safe amount of dietary protein. Am J Clin Nutr, 80, 101-7. 

JACKSON, A. A., PERSAUD, C., HALL, M., SMITH, S., EVANS, N. & RUTTER, N. 1997. Urinary excretion of 5-L-
oxoproline (pyroglutamic acid) during early life in term and preterm infants. Arch Dis Child Fetal Neonatal Ed, 
76, F152-7. 



109 
 

JACKSON, A. A., PERSAUD, C., MEAKINS, T. S. & BUNDY, R. 1996. Urinary excretion of 5-L-oxoproline 
(pyroglutamic acid) is increased in normal adults consuming vegetarian or low protein diets. J Nutr, 126, 
2813-22. 

JAIN, M., NILSSON, R., SHARMA, S., MADHUSUDHAN, N., KITAMI, T., SOUZA, A. L., KAFRI, R., KIRSCHNER, M. 
W., CLISH, C. B. & MOOTHA, V. K. 2012. Metabolite Profiling Identifies a Key Role for Glycine in Rapid Cancer 
Cell Proliferation. Science. , 336, 1040-1044. 

JAVITT, D. C., SILIPO, G., CIENFUEGOS, A., SHELLEY, A. M., BARK, N., PARK, M., LINDENMAYER, J. P., SUCKOW, 
R. & ZUKIN, S. R. 2001. Adjunctive high-dose glycine in the treatment of schizophrenia. Int J 
Neuropsychopharmacol, 4, 385-91. 

JENNER, A. M., RAFTER, J. & HALLIWELL, B. 2005. Human fecal water content of phenolics: the extent of 
colonic exposure to aromatic compounds. Free Radic Biol Med, 38, 763-72. 

JHA, N., JURMA, O., LALLI, G., LIU, Y., PETTUS, E. H., GREENAMYRE, J. T., LIU, R. M., FORMAN, H. J. & 
ANDERSEN, J. K. 2000. Glutathione depletion in PC12 results in selective inhibition of mitochondrial complex 
I activity. Implications for Parkinson's disease. J Biol Chem, 275, 26096-101. 

KALBAG, S. S. & PALEKAR, A. G. 1988. Sodium benzoate inhibits fatty acid oxidation in rat liver: Effect on 
ammonia levels. Biochemical Medicine and Metabolic Biology, 40, 133-142. 

KASUYA, F., IGARASHI, K. & FUKUI, M. 1990. Glycine conjugation of the substituted benzoic acids in vitro: 
structure-metabolism relationship study. J Pharmacobiodyn, 13, 432-40. 

KASUYA, F., IGARASHI, K. & FUKUI, M. 1991. Glycine conjugation of the substituted benzoic acids in mice: 
structure-metabolism relationship study II. J Pharmacobiodyn, 14, 671-7. 

KELLER, W. 1842. On the Conversion of Benzoic Acid into Hippuric Acid. Provincial Medical Journal and 
Retrospect of the Medical Sciences, 4, 256-257. 

KELLEY, M. & VESSEY, D. 1990. The effects of ions on the conjugation of xenobiotics by the aralkyl-CoA and 
arylacetyl-CoA N-acyltransferases from bovine liver mitochondria. J Biochem Toxicol, 5, 125-135. 

KELLEY, M. & VESSEY, D. 1994. Characterization of the acyl-CoA: Amino acid N-acyltransferases from primate 
liver mitochondria J. Biochem. Toxicol., 9, 153-158. 

KELLEY, M. & VESSEY, D. A. 1992. Structural comparison between the mitochondrial aralkyl-CoA and 
arylacetyl-CoA N-acyltransferases. Biochem J, 288 ( Pt 1), 315-7. 

KELLEY, M. & VESSEY, D. A. 1993. Isolation and characterization of mitochondrial acyl-CoA: glycine N-
acyltransferases from kidney. J.Biochem.Toxicol., 8, 63-69. 

KENDREW, J. C., BODO, G., DINTZIS, H. M., PARRISH, R. G., WYCKOFF, H. & PHILLIPS, D. C. 1958. A Three-
Dimensional Model of the Myoglobin Molecule Obtained by X-Ray Analysis. Nature, 181, 662-666. 

KHASNAVIS, S. & PAHAN, K. 2012. Sodium benzoate, a metabolite of cinnamon and a food additive, 
upregulates neuroprotective Parkinson disease protein DJ-1 in astrocytes and neurons. J Neuroimmune 
Pharmacol, 7, 424-35. 

KIKUCHI, G., MOTOKAWA, Y., YOSHIDA, T. & HIRAGA, K. 2008. Glycine cleavage system: reaction mechanism, 
physiological significance, and hyperglycinemia. Proc Jpn Acad Ser B Phys Biol Sci, 84, 246-63. 



110 
 

KNIGHTS, K. M. 1998. Role of hepatic fatty acid:coenzyme A ligases in the metabolism of xenobiotic 
carboxylic acids. Clininal and Experimental Pharmacology and Physiology, 25, 776-782. 

KNIGHTS, K. M. & DROGEMILLER, C. J. 2000. Xenobiotic-CoA Ligases: Kinetic and Molecular Characterization. 
Current Drug Metabolism, 1, 49-66. 

KNIGHTS, K. M. & MINERS, J. O. 2012. Amino Acid Conjugation: A Novel Route of Xenobiotic Carboxylic Acid 
Metabolism in Man, John Wiley & Sons, Inc. . 

KNIGHTS, K. M., SYKES, M. J. & MINERS, J. O. 2007. Amino acid conjugation: contribution to the metabolism 
and toxicity of xenobiotic carboxylic acids. Expert Opin. Drug Metab. Toxicol. , 3, 159-168. 

KNOX, W. E., HOROWITZ, M. L. & FRIEDELL, G. H. 1969. The proportionality of glutaminase content to growth 
rate and morphology of rat neoplasms. Cancer Res, 29, 669-80. 

KOERSNER, P.-E. 1947. II, 8. SOME OBSERVATIONS ON THE HIPPURIC ACID TEST IN SCHIZOPHRENIA. Acta 
Psychiatrica Scandinavica, 22, 145-155. 

KOLVRAA, S. 1979. Inhibition of the glycine cleavage system by branched-chain amino acid metabolites. 
Pediatr Res, 13, 889-93. 

KOLVRAA, S. & GREGERSEN, N. 1986. Acyl-CoA:glycine N-acyltransferase: organelle localization and affinity 
toward straight- and branched-chained acyl-CoA esters in rat liver. Biochem.Med.Metab Biol., 36, 98-105. 

KRAHENBUHL, L., REICHEN, J., TALOS, C. & KRAHENBUHL, S. 1997. Benzoic acid metabolism reflects hepatic 
mitochondrial function in rats with long-term extrahepatic cholestasis. Hepatology, 25, 278-83. 

KRIEGER, I., WINBAUM, E. S. & EISENBREY, A. B. 1977. Cerebrospinal fluid glycine in nonketotic 
hyperglycinemic: effect of treatment with sodium benzoate and a ventricular shunt. Metabolism, 26, 517-24. 

KRIVOSIKOVA, Z., SPUSTOVA, V. & DZURIK, R. 1998. Participation of P-dependent and P-independent 
glutaminases in rat kidney ammoniagenesis and their modulation by metabolic acidosis, hippurate and 
insulin. Physiol Res, 47, 177-83. 

KUBOTA, K. & ISHIZAKI, T. 1991. Dose-dependent pharmacokinetics of benzoic acid following oral 
administration of sodium benzoate to humans. European Journal of Clinical Pharmacology, 41, 363-368. 

KURE, S., ICHINOHE, A., KOJIMA, K., SATO, K., KIZAKI, Z., INOUE, F., YAMANAKA, C. & MATSUBARA, Y. 2004. 
Mild variant of nonketotic hyperglycinemia with typical neonatal presentations: mutational and in vitro 
expression analyses in two patients. J Pediatr, 144, 827-9. 

KUSHNAREVA, Y. E. & SOKOLOVE, P. M. 2000. Prooxidants open both the mitochondrial permeability 
transition pore and a low-conductance channel in the inner mitochondrial membrane. Arch Biochem 
Biophys, 376, 377-88. 

LAKERAM, M., LOCKLEY, D. J., SANDERS, D. J., PENDLINGTON, R. & FORBES, B. 2007. Paraben transport and 
metabolism in the biomimetic artificial membrane permeability assay (BAMPA) and 3-day and 21-day Caco-2 
cell systems. J Biomol Screen, 12, 84-91. 

LAU, E. P., HALEY, B. E. & BARDEN, R. E. 1977. Photoaffinity labeling of acyl-coenzyme A:glycine N-
acyltransferase with p-azidobenzoyl-coenzyme A. Biochemistry, 16, 2581-2585. 



111 
 

LEES, H. J., SWANN, J. R., WILSON, I. D., NICHOLSON, J. K. & HOLMES, E. 2013. Hippurate: The Natural History 
of a Mammalian-Microbial Cometabolite. J Proteome Res. 

LEMASTERS, J. J., QIAN, T., HE, L., KIM, J. S., ELMORE, S. P., CASCIO, W. E. & BRENNER, D. A. 2002. Role of 
mitochondrial inner membrane permeabilization in necrotic cell death, apoptosis, and autophagy. Antioxid 
Redox Signal, 4, 769-81. 

LEVY, G. 1979. Pharmacokinetics of salicylate in man. Drug Metab Rev, 9, 3-19. 

LHEUREUX, P. E. & HANTSON, P. 2009. Carnitine in the treatment of valproic acid-induced toxicity. Clin 
Toxicol (Phila), 47, 101-11. 

LI, C., BENET, L. Z. & GRILLO, M. P. 2002. Studies on the chemical reactivity of 2-phenylpropionic acid 1-O-
acyl glucuronide and S-acyl-CoA thioester metabolites. Chem Res Toxicol, 15, 1309-17. 

LI, C., GRILLO, M. P. & BENET, L. Z. 2003. In vitro studies on the chemical reactivity of 2,4-
dichlorophenoxyacetyl-S-acyl-CoA thioester. Toxicol Appl Pharmacol, 187, 101-9. 

LINDER-HOROWITZ, M., KNOX, W. E. & MORRIS, H. P. 1969. Glutaminase activities and growth rates of rat 
hepatomas. Cancer Res, 29, 1195-9. 

LINO CARDENAS, C. L., BOURGINE, J., CAUFFIEZ, C., ALLORGE, D., LO-GUIDICE, J. M., BROLY, F. & CHEVALIER, 
D. 2010. Genetic polymorphisms of Glycine N-acyltransferase (GLYAT) in a French Caucasian population. 
Xenobiotica, 40, 853-61. 

LOO, Y. H., FULTON, T., MILLER, K. & WISNIEWSKI, H. M. 1980. Phenylacetate and brain dysfunction in 
experimental phenylketonuria: synaptic development. Life Sci, 27, 1283-90. 

LOO, Y. H., FULTON, T., MILLER, K. A. & WISNIEWSKI, H. M. 1979. VULNERABILITY OF THE IMMATURE RAT 
BRAIN TO PHENYLACETATE INTOXICATION: POSTNATAL DEVELOPMENT OF THE DETOXICATION 
MECHANISM. Journal of Neurochemistry, 32, 1699-1705. 

LOO, Y. H., POTEMPSKA, A. & WISNIEWSKI, H. M. 1985. A biochemical explanation of phenyl acetate 
neurotoxicity in experimental phenylketonuria. J Neurochem, 45, 1596-600. 

LOWRY, J., SUMPTER, E., MCSWEENEY, C., SCHLINK, A. & BOWDEN, B. 1993. Phenolic acids in the fibre of 
some tropical grasses, effect on feed quality, and their metabolism by sheep. Australian Journal of 
Agricultural Research, 44, 1123-1133. 

LUCAS, J. & ORTEN, J. M. 1954. Dietary protein and glycine as precursors of porphyrins in the rat. J Nutr, 52, 
89-97. 

MADEIRA, C., FREITAS, M. E., VARGAS-LOPES, C., WOLOSKER, H. & PANIZZUTTI, R. 2008. Increased brain D-
amino acid oxidase (DAAO) activity in schizophrenia. Schizophr Res, 101, 76-83. 

MAO, L.-F., CHU, C. & SCHULZ, H. 1994. Hepatic .beta.-oxidation of 3-phenylpropionic acid and the 
stereospecific dehydration of (R)- and (S)-3-hydroxy-3-phenylpropionyl-CoA by different enoyl-CoA 
hydratases. Biochemistry, 33, 3320-3326. 

MARSH, K. J., WALLIS, I. R., ANDREW, R. L. & FOLEY, W. J. 2006. The detoxification limitation hypothesis: 
where did it come from and where is it going? J Chem Ecol, 32, 1247-66. 



112 
 

MARSH, K. J., WALLIS, I. R. & FOLEY, W. J. 2005. DETOXIFICATION RATES CONSTRAIN FEEDING IN COMMON 
BRUSHTAIL POSSUMS (TRICHOSURUS VULPECULA). Ecology, 86, 2946-2954. 

MASUDA, T., NAKAMURA, K., JIKIHARA, T., KASUYA, F., IGARASHI, K., FUKUI, M., TAKAGI, T. & FUJIWARA, H. 
1996. 3D-Quantitative Structure-Activity Relationships for Hydrophobic Interactions: Comparative Molecular 
Field Analysis (CoMFA) including Molecular Lipophilicity Potentials as Applied to the Glycine Conjugation of 
Aromatic as well as Aliphatic Carboxylic Acids. Quantitative Structure-Activity Relationships, 15, 194-200. 

MATSUO, M., TERAI, K., KAMEDA, N., MATSUMOTO, A., KUROKAWA, Y., FUNASE, Y., NISHIKAWA, K., 
SUGAYA, N., HIRUTA, N. & KISHIMOTO, T. 2012. Designation of enzyme activity of glycine-N-acyltransferase 
family genes and depression of glycine-N-acyltransferase in human hepatocellular carcinoma. 
Biochem.Biophys.Res.Commun., 420, 901-906. 

MAURIN, A. C., JOUSSE, C., AVEROUS, J., PARRY, L., BRUHAT, A., CHERASSE, Y., ZENG, H., ZHANG, Y., 
HARDING, H. P., RON, D. & FAFOURNOUX, P. 2005. The GCN2 kinase biases feeding behavior to maintain 
amino acid homeostasis in omnivores. Cell Metab, 1, 273-7. 

MAWAL, Y. R. & QURESHI, I. A. 1994. Purification to homogeneity of mitochondrial acyl coa:glycine n-
acyltransferase from human liver. Biochem.Biophys.Res.Commun., 205, 1373-1379. 

MCVEAN, G. A. 2012. An integrated map of genetic variation from 1,092 human genomes. Nature, 491, 56-
65. 

MELENDEZ-HEVIA, E., DE PAZ-LUGO, P., CORNISH-BOWDEN, A. & CARDENAS, M. L. 2009. A weak link in 
metabolism: the metabolic capacity for glycine biosynthesis does not satisfy the need for collagen synthesis. 
J Biosciences, 34, 853-872. 

METGES, C. C., YU, Y. M., CAI, W., LU, X. M., WONG, S., REGAN, M. M., AJAMI, A. & YOUNG, V. R. 2000. 
Oxoproline kinetics and oxoproline urinary excretion during glycine- or sulfur amino acid-free diets in 
humans. Am J Physiol Endocrinol Metab, 278, E868-76. 

MINEO, H., OHDATE, T., FUKUMURA, K., KATAYAMA, T., ONAGA, T., KATO, S. & YANAIHARA, N. 1995. Effects 
of benzoic acid and its analogues on insulin and glucagon secretion in sheep. Eur J Pharmacol, 280, 149-54. 

MITCHELL, G. A., GAUTHIER, N., LESIMPLE, A., WANG, S. P., MAMER, O. & QURESHI, I. 2008. Hereditary and 
acquired diseases of acyl-coenzyme A metabolism. Mol.Genet.Metab, 94, 4-15. 

MORTENSEN, P. B., KOLVRAA, S. & CHRISTENSEN, E. 1980. Inhibition of the glycine cleavage system: 
hyperglycinemia and hyperglycinuria caused by valproic acid. Epilepsia, 21, 563-9. 

MOSES, J., SIDDIQUI, A. & SILVERMAN, P. B. 1996. Sodium benzoate differentially blocks circling induced by 
D-and L-dopa in the hemi-parkinsonian rat. Neurosci Lett, 218, 145-8. 

MULLIS, K. B. & FALOONA, F. A. 1987. Specific synthesis of DNA in vitro via a polymerase-catalyzed chain 
reaction. Methods Enzymol, 155, 335-50. 

MURPHY, M. P. 2009. How mitochondria produce reactive oxygen species. Biochem J, 417, 1-13. 

NAIR, N. U., DENARD, C. A. & ZHAO, H. 2010. Engineering of Enzymes for Selective Catalysis. Current Organic 
Chemistry, 14, 1870-1882. 

NAKAGAWA, Y. & MOLDEUS, P. 1998. Mechanism of p-hydroxybenzoate ester-induced mitochondrial 
dysfunction and cytotoxicity in isolated rat hepatocytes. Biochem Pharmacol, 55, 1907-14. 



113 
 

NAKAGAWA, Y. & MOORE, G. 1999. Role of mitochondrial membrane permeability transition in p-
hydroxybenzoate ester-induced cytotoxicity in rat hepatocytes. Biochem Pharmacol, 58, 811-6. 

NANDI, D. L., LUCAS, S. V. & WEBSTER, L. T., JR. 1979. Benzoyl-coenzyme A:glycine N-acyltransferase and 
phenylacetyl-coenzyme A:glycine N-acyltransferase from bovine liver mitochondria. Purification and 
characterization. J.Biol.Chem., 254, 7230-7237. 

NORMAN, C., HOWELL, K. A., MILLAR, A. H., WHELAN, J. M. & DAY, D. A. 2004. Salicylic acid is an uncoupler 
and inhibitor of mitochondrial electron transport. Plant Physiol, 134, 492-501. 

OATES, P. S. & WEST, A. R. 2006. Heme in intestinal epithelial cell turnover, differentiation, detoxification, 
inflammation, carcinogenesis, absorption and motility. World J Gastroenterol, 12, 4281-95. 

OHNUMA, T., SAKAI, Y., MAESHIMA, H., HATANO, T., HANZAWA, R., ABE, S., KIDA, S., SHIBATA, N., SUZUKI, T. 
& ARAI, H. 2008. Changes in plasma glycine, L-serine, and D-serine levels in patients with schizophrenia as 
their clinical symptoms improve: results from the Juntendo University Schizophrenia Projects (JUSP). Prog 
Neuropsychopharmacol Biol Psychiatry, 32, 1905-12. 

OLSEN, J., LI, C., SKONBERG, C., BJORNSDOTTIR, I., SIDENIUS, U., BENET, L. Z. & HANSEN, S. H. 2007. Studies 
on the metabolism of tolmetin to the chemically reactive acyl-coenzyme A thioester intermediate in rats. 
Drug Metab Dispos, 35, 758-64. 

OYANAGI, K., KUNIYA, Y., NAGAO, M., TSUCHIYAMA, A. & NAKAO, T. 1987. Cytotoxicities of sodium benzoate 
in primary culture of hepatocytes from adult rat liver. Tohoku J Exp Med, 152, 47-51. 

PALEKAR, A. 2000. Effect of pantothenic acid on hippurate formation in sodium benzoate-treated HepG2 
cells. Pediatr Res, 48, 357-9. 

PALEKAR, A. G. & KALBAG, S. S. 1991. Amino acids in the rat liver and plasma and some metabolites in the 
liver after sodium benzoate treatment. Biochemical Medicine and Metabolic Biology, 46, 52-58. 

PARK, H.-W., PARK, E. H., YUN, H.-M. & RHIM, H. 2011. SODIUM BENZOATE-MEDIATED CYTOTOXICITY IN 
MAMMALIAN CELLS. Journal of Food Biochemistry, 35, 1034-1046. 

PARK, W. H., KANG, Y. C., PIAO, Y., PAK, D. H. & PAK, Y. K. 2013. Causal effects of synthetic chemicals on 
mitochondrial deficits and diabetes pandemic. Arch Pharm Res, 36, 178-88. 

PAULING, L. & NIEMANN, C. 1939. The Structure of Proteins. Journal of the American Chemical Society, 61, 
1860-1867. 

PERRY, T. L., URQUHART, N., MACLEAN, J., EVANS, M. E., HANSEN, S., DAVIDSON, A. G. F., APPLEGARTH, D. 
A., MACLEOD, P. J. & LOCK, J. E. 1975. Nonketotic Hyperglycinemia. New England Journal of Medicine, 292, 
1269-1273. 

PERSAUD, C., FORRESTER, T. & JACKSON, A. A. 1996. Urinary excretion of 5-L-oxoproline (pyroglutamic acid) 
is increased during recovery from severe childhood malnutrition and responds to supplemental glycine. J 
Nutr, 126, 2823-30. 

PERSKY, H., GAMM, S. R. & GRINKER, R. R. 1952. Correlation between fluctuation of free anxiety and 
quantity of hippuric acid excretion. Psychosom Med, 14, 34-40. 

PERSKY, H., GRINKER, R. R. & MIRSKY, I. A. 1950. The excretion of hippuric acid in subjects with free anxiety. J 
Clin Invest, 29, 110-4. 



114 
 

PHIPPS, A. N., STEWART, J., WRIGHT, B. & WILSON, I. D. 1998. Effect of diet on the urinary excretion of 
hippuric acid and other dietary-derived aromatics in rat. A complex interaction between diet, gut microflora 
and substrate specificity. Xenobiotica, 28, 527-37. 

PIPER, P., CALDERON, C. O., HATZIXANTHIS, K. & MOLLAPOUR, M. 2001. Weak acid adaptation: the stress 
response that confers yeasts with resistance to organic acid food preservatives. Microbiology, 147, 2635-42. 

PIPER, P. W. 1999. Yeast superoxide dismutase mutants reveal a pro-oxidant action of weak organic acid 
food preservatives. Free Radic Biol Med, 27, 1219-27. 

PIPER, W. N., CONDIE, L. W. & TEPHLY, T. R. 1973. The role pf substrates for glycine acyltransferase in the 
reversal of chemically induced porphyria in the rat. Archives of Biochemistry and Biophysics, 159, 671-677. 

PITOCCO, D., ZACCARDI, F., DI STASIO, E., ROMITELLI, F., SANTINI, S. A., ZUPPI, C. & GHIRLANDA, G. 2010. 
Oxidative stress, nitric oxide, and diabetes. Rev Diabet Stud, 7, 15-25. 

POLITYCKA, B. 1997. Free and glucosylated phenolics, phenol β-glucosyltransferase activity and membrane 
permeability in cucumber roots affected by derivatives of cinnamic and benzoic acids. Acta Physiologiae 
Plantarum, 19, 311-317. 

POON, K. & PANG, K. S. 1995. Benzoic acid glycine conjugation in the isolated perfused rat kidney. Drug 
Metab Dispos, 23, 255-60. 

PORCELLI, A. M., GHELLI, A., ZANNA, C., PINTON, P., RIZZUTO, R. & RUGOLO, M. 2005. pH difference across 
the outer mitochondrial membrane measured with a green fluorescent protein mutant. Biochem Biophys 
Res Commun, 326, 799-804. 

PRAPHANPHOJ, V., BOYADJIEV, S. A., WABER, L. J., BRUSILOW, S. W. & GERAGHTY, M. T. 2000. Three cases of 
intravenous sodium benzoate and sodium phenylacetate toxicity occurring in the treatment of acute 
hyperammonaemia. J Inherit Metab Dis, 23, 129-36. 

PROBSTEIN, J. G. & LONDE, S. 1940. STUDIES OF LIVER FUNCTION BY MEANS OF QUICK'S HIPPURIC ACID 
TEST. Ann Surg, 111, 230-45. 

QUASTEL, J. H. & WALES, W. T. H. 1938. Faulty Detoxication in Schizophrenia. The British Journal of 
Psychiatry, 84, 622-625. 

RASTETTER, W. H. 1983. Enzyme engineering. Appl Biochem Biotechnol, 8, 423-36. 

RATNAKUMARI, L., QURESHI, I. A. & BUTTERWORTH, R. F. 1993. Effect of sodium benzoate on cerebral and 
hepatic energy metabolites in spf mice with congenital hyperammonemia. Biochemical Pharmacology, 45, 
137-146. 

RECHNER, A. R., KUHNLE, G., BREMNER, P., HUBBARD, G. P., MOORE, K. P. & RICE-EVANS, C. A. 2002. The 
metabolic fate of dietary polyphenols in humans. . Free Radical Biology & Medicine, 33, 220-235. 

RINALDO, P., O'SHEA, J. J., WELCH, R. D. & TANAKA, K. 1990. The enzymatic basis for the dehydrogenation of 
3-phenylpropionic acid: in vitro reaction of 3-phenylpropionyl-CoA with various acyl-CoA dehydrogenases. 
Pediatr Res, 27, 501-7. 

RITTER, J. K. 2000. Roles of glucuronidation and UDP-glucuronosyltransferases in xenobiotic bioactivation 
reactions. Chem Biol Interact, 129, 171-93. 



115 
 

RODRIGUEZ-ANTONA, C., GOMEZ, A., KARLGREN, M., SIM, S. C. & INGELMAN-SUNDBERG, M. 2010. 
Molecular genetics and epigenetics of the cytochrome P450 gene family and its relevance for cancer risk and 
treatment. Hum Genet, 127, 1-17. 

ROSS, P. & WOOTTON, I. D. P. 1964. Glycine conjugation and toxicity of phenolic acids. Clinica Chimica Acta, 
9, 434-440. 

RUSSELL, R. R., 3RD & TAEGTMEYER, H. 1992. Coenzyme A sequestration in rat hearts oxidizing ketone 
bodies. J Clin Invest, 89, 968-73. 

SAIKI, R., GELFAND, D., STOFFEL, S., SCHARF, S., HIGUCHI, R., HORN, G., MULLIS, K. & ERLICH, H. 1988. 
Primer-directed enzymatic amplification of DNA with a thermostable DNA polymerase. Science, 239, 487-
491. 

SAKUMA, T. 1991. Alteration of urinary carnitine profile induced by benzoate administration. Arch. Dis. 
Child., 66, 873-875. 

SALTZMAN, A. & CARAWAY, W. T. 1953. Cinnamic acid as a test substance in the evaluation of liver function. 
J Clin Invest, 32, 711-9. 

SCHACHTER, D. & TAGGART, J. V. 1953. Benzoyl coenzyme A and hippurate synthesis. J Biol Chem, 203, 925-
934. 

SCHACHTER, D. & TAGGART, J. V. 1954. Glycine N-acylase: purification and properties. J.Biol.Chem., 208, 
263-275. 

SCHWAB, A. J., TAO, L., YOSHIMURA, T., SIMARD, A., BARKER, F. & PANG, K. S. 2001. Hepatic uptake and 
metabolism of benzoate: a multiple indicator dilution, perfused rat liver study. Am J Physiol Gastrointest 
Liver Physiol, 280, G1124-36. 

SEKHAR, R. V., MCKAY, S. V., PATEL, S. G., GUTHIKONDA, A. P., REDDY, V. T., BALASUBRAMANYAM, A. & 
JAHOOR, F. 2011a. Glutathione synthesis is diminished in patients with uncontrolled diabetes and restored 
by dietary supplementation with cysteine and glycine. Diabetes Care, 34, 162-7. 

SEKHAR, R. V., PATEL, S. G., GUTHIKONDA, A. P., REID, M., BALASUBRAMANYAM, A., TAFFET, G. E. & 
JAHOOR, F. 2011b. Deficient synthesis of glutathione underlies oxidative stress in aging and can be corrected 
by dietary cysteine and glycine supplementation. Am J Clin Nutr, 94, 847-53. 

SHERWIN, C. P. & KENNARD, K. S. 1919. TOXICITY OF PHENYLACETIC ACID. Journal of Biological Chemistry, 
40, 259-264. 

SIDENIUS, U., SKONBERG, C., OLSEN, J. & HANSEN, S. H. 2004. In vitro reactivity of carboxylic acid-CoA 
thioesters with glutathione. Chem Res Toxicol, 17, 75-81. 

SIKKEMA, J., DE BONT, J. A. & POOLMAN, B. 1995. Mechanisms of membrane toxicity of hydrocarbons. 
Microbiological Reviews, 59, 201-22. 

SMITH, E. A. & MACFARLANE, G. T. 1996. Enumeration of human colonic bacteria producing phenolic and 
indolic compounds: effects of pH, carbohydrate availability and retention time on dissimilatory aromatic 
amino acid metabolism. J Appl Bacteriol, 81, 288-302. 

SMITH, J. N. 1958. Comparative detoxication. 5. Conjugation of aromatic acids in reptiles: formation of 
ornithuric acid, hippuric acid and glucuronides. Biochem J, 69, 509-16. 



116 
 

SMUTS, J. C. 1926. Holism and Evolution, London, Macmillan. 

SPUSTOVA, V., CERNAY, P. & GOLIER, I. 1989. Inhibition of glucose utilization in uremia by hippurate: liquid 
chromatographic isolation and mass spectrometric and nuclear magnetic resonance spectroscopic 
identification. J Chromatogr, 490, 186-92. 

SPUSTOVA, V. & DZURIK, R. 1991. Effect of hippurate on glucose utilization in rat kidney cortex slices. Ren 
Physiol Biochem, 14, 42-7. 

SPUSTOVA, V., DZURIK, R. & GERYKOVA, M. 1987. Hippurate participation in the inhibition of glucose 
utilization in renal failure. Czech Med, 10, 79-89. 

SPUSTOVA, V. & ORAVEC, C. 1989. Antitumor effect of hippurate. An experimental study using various 
mouse tumor strains. Neoplasma, 36, 317-20. 

STRAUSS, M., HOFHAUS, G., SCHRODER, R. R. & KUHLBRANDT, W. 2008. Dimer ribbons of ATP synthase 
shape the inner mitochondrial membrane. EMBO J, 27, 1154-60. 

SUMIYOSHI, T., ANIL, A. E., JIN, D., JAYATHILAKE, K., LEE, M. & MELTZER, H. Y. 2004. Plasma glycine and 
serine levels in schizophrenia compared to normal controls and major depression: relation to negative 
symptoms. Int J Neuropsychopharmacol, 7, 1-8. 

SUMNER, J. B. 1926. THE ISOLATION AND CRYSTALLIZATION OF THE ENZYME UREASE: PRELIMINARY PAPER. 
Journal of Biological Chemistry, 69, 435-441. 

SUMNER, J. B. 1933. THE CHEMICAL NATURE OF ENZYMES. Science, 78, 335. 

SWEETMAN, L. & WILLIAMS, J. C. 2013. Part 9: Organic acids Chapter 93: Branched Chain Organic Acidurias. 
The Online Metabolic and Molecular Bases of Inherited Diseases. McGraw Hill. 

TANAKA, K., BUDD, M. A., EFRON, M. L. & ISSELBACHER, K. J. 1966. Isovaleric acidemia: a new genetic defect 
of leucine metabolism. Proc Natl Acad Sci U S A, 56, 236-42. 

TANAKA, K. & ISSELBACHER, K. J. 1967. The isolation and identification of N-isovalerylglycine from urine of 
patients with isovaleric acidemia. J Biol Chem, 242, 2966-72. 

TEMELLINI, A., MOGAVERO, S., GIULIANOTTI, P. C., PIETRABISSA, A., MOSCA, F. & PACIFICI, G. M. 1993. 
Conjugation of benzoic acid with glycine in human liver and kidney: a study on the interindividual variability. 
Xenobiotica, 23, 1427-1433. 

TFOUNI, S. A. & TOLEDO, M. C. 2002. Estimates of the mean per capita daily intake of benzoic and sorbic 
acids in Brazil. Food Addit Contam, 19, 647-54. 

TROST, L. C. & LEMASTERS, J. J. 1996. The mitochondrial permeability transition: a new pathophysiological 
mechanism for Reye's syndrome and toxic liver injury. J Pharmacol Exp Ther, 278, 1000-5. 

TROST, L. C. & LEMASTERS, J. J. 1997. Role of the mitochondrial permeability transition in salicylate toxicity 
to cultured rat hepatocytes: implications for the pathogenesis of Reye's syndrome. Toxicol Appl Pharmacol, 
147, 431-41. 

TSAO, R. 2010. Chemistry and biochemistry of dietary polyphenols. Nutrients, 2, 1231-46. 



117 
 

TSAY, H. J., WANG, Y. H., CHEN, W. L., HUANG, M. Y. & CHEN, Y. H. 2007. Treatment with sodium benzoate 
leads to malformation of zebrafish larvae. Neurotoxicol Teratol, 29, 562-9. 

TURNER, N. J. 2003. Directed evolution of enzymes for applied biocatalysis. Trends in Biotechnology, 21, 474-
478. 

URE, A. 1841. On gouty concretions; with a new method of treatment. Pharm J Trans, 1, 24. 

VAN DER SLUIS, R., BADENHORST, C. P. S., VAN DER WESTHUIZEN, F. H. & VAN DIJK, A. A. 2013. 
Characterisation of the influence of genetic variations on the enzyme activity of a recombinant human 
glycine N-acyltransferase. Gene, 515, 447-453. 

VAN DER WESTHUIZEN, F. H., PRETORIUS, P. J. & ERASMUS, E. 2000. The utilization of alanine, glutamic acid, 
and serine as amino acid substrates for glycine N-acyltransferase. J.Biochem.Mol.Toxicol., 14, 102-109. 

VAN DOORN, M., VOGELS, J., TAS, A., VAN HOOGDALEM, E. J., BURGGRAAF, J., COHEN, A. & VAN DER GREEF, 
J. 2007. Evaluation of metabolite profiles as biomarkers for the pharmacological effects of thiazolidinediones 
in Type 2 diabetes mellitus patients and healthy volunteers. Br J Clin Pharmacol, 63, 562-74. 

VESSEY, D. A., KELLEY, M. & WARREN, R. S. 1999. Characterization of the CoA ligases of human liver 
mitochondria catalyzing the activation of short- and medium-chain fatty acids and xenobiotic carboxylic 
acids. Biochimica et Biophysica Acta, 1428, 455-462. 

VESSEY, D. A., LAU, E., KELLEY, M. & WARREN, R. S. 2003. Isolation, Sequencing, and Expression of a cDNA for 
the HXM-A Form of Xenobiotic/Medium-Chain Fatty Acid:CoA Ligase from Human Liver Mitochondria. J 
Biochem Molecular Toxicology, 17, 1-6. 

VESSEY, D. A. & LAU, E. P. 1998. Determination of the Sequence of the Arylacetyl Acyl-CoA:Amino Acid N-
Acyltransferase from Bovine Liver Mitochondria and Its Homology to the Aralkyl Acyl-CoA:Amino Acid N-
Acyltransferase. J Biochem Mol Toxic, 12, 275-279. 

VON WENDT, L. & SIMILÄ, S. 1982. Experience with non-ketotic hyperglycinaemia in Finland. Journal of 
Inherited Metabolic Disease, 5, 111-112. 

WANG, C. H., WANG, C. C. & WEI, Y. H. 2010. Mitochondrial dysfunction in insulin insensitivity: implication of 
mitochondrial role in type 2 diabetes. Ann N Y Acad Sci, 1201, 157-65. 

WANG, W., WU, Z., DAI, Z., YANG, Y., WANG, J. & WU, G. 2013. Glycine metabolism in animals and humans: 
implications for nutrition and health. Amino Acids. 

WEBSTER, L. T., SIDDIQUI, U. A., LUCAS, S. V., STRONG, J. M. & MIEYAL, J. J. 1976. Identification of separate 
acyl- CoA:glycine and acyl-CoA:L-glutamine N-acyltransferase activities in mitochondrial fractions from liver 
of rhesus monkey and man. J.Biol.Chem., 251, 3352-3358. 

WEINSHILBOUM, R. M., OTTERNESS, D. M., AKSOY, I. A., WOOD, T. C., HER, C. & RAFTOGIANIS, R. B. 1997. 
Sulfation and sulfotransferases 1: Sulfotransferase molecular biology: cDNAs and genes. FASEB J, 11, 3-14. 

WELLS, J. A., CUNNINGHAM, B. C., GRAYCAR, T. P. & ESTELL, D. A. 1987. Recruitment of substrate-specificity 
properties from one enzyme into a related one by protein engineering. Proceedings of the National Academy 
of Sciences, 84, 5167-5171. 

WEN, G. Y., WISNIEWSKI, H. M., SHEK, J. W., LOO, Y. H. & FULTON, T. R. 1980. Neuropathology of 
phenylacetate poisoning in rats: an experimental model of phenylketonuria. Ann Neurol, 7, 557-66. 



118 
 

WEN, H., YANG, H. J., AN, Y. J., KIM, J. M., LEE, D. H., JIN, X., PARK, S. W., MIN, K. J. & PARK, S. 2013. 
Enhanced phase II detoxification contributes to beneficial effects of dietary restriction as revealed by multi-
platform metabolomics studies. Mol Cell Proteomics, 12, 575-86. 

WETZEL, R. 1980. Applications of Recombinant DNA Technology: The new methods for precise manipulation 
of genetic material have made possible the transfer of genes between organisms, opening new avenues for 
basic and applied biochemical research. American Scientist, 68, 664-675. 

WHITE, A. 1941. Growth-Inhibition Produced in Rats by the Oral Administration of Sodium Benzoate: Effects 
of Various Dietary Supplements. Yale J Biol Med, 13, 759-68. 

WIJEYESEKERA, A., CLARKE, P. A., BICTASH, M., BROWN, I. J., FIDOCK, M., RYCKMANS, T., YAP, I. K. S., CHAN, 
Q., STAMLER, J., ELLIOTT, P., HOLMES, E. & NICHOLSON, J. K. 2012. Quantitative UPLC-MS/MS analysis of the 
gut microbial co-metabolites phenylacetylglutamine, 4-cresyl sulphate and hippurate in human urine: 
INTERMAP Study. Analytical Methods, 4, 65-72. 

WIKOFF, W. R., ANFORA, A. T., LIU, J., SCHULTZ, P. G., LESLEY, S. A., PETERS, E. C. & SIUZDAK, G. 2009. 
Metabolomics analysis reveals large effects of gut microflora on mammalian blood metabolites. Proc Natl 
Acad Sci U S A, 106, 3698-703. 

WILLIAMS, H. R. T., COX, I. J., D.G., W., COBBOLD, J. F. L., TAYLOR-ROBINSON, S. D., MARSHALL, S. E. & 
ORCHARD, T. R. 2010. Differences in gut microbial metabolism are responsible for reduced hippurate 
synthesis in Chron's disease. BMC Gastroenterology, 10, 108. 

WILLIAMS, R. E. & LOCK, E. A. 2005. Sodium benzoate attenuates D-serine induced nephrotoxicity in the rat. 
Toxicology, 207, 35-48. 

WISE, D. R. & THOMPSON, C. B. 2010. Glutamine addiction: a new therapeutic target in cancer. Trends 
Biochem Sci, 35, 427-33. 

WONG, Y. T. 1945. The Hippuric Acid Liver Function Test in Schizophrenia. The Journal of Nervous and 
Mental Disease, 102, 183-184. 

WU, G. 2010. Functional amino acids in growth, reproduction, and health. Adv Nutr, 1, 31-7. 

WU, G. 2013. Functional amino acids in nutrition and health. Amino Acids. 

WU, G., FANG, Y. Z., YANG, S., LUPTON, J. R. & TURNER, N. D. 2004. Glutathione metabolism and its 
implications for health. J Nutr, 134, 489-92. 

WU, G., WU, Z., DAI, Z., YANG, Y., WANG, W., LIU, C., WANG, B., WANG, J. & YIN, Y. 2013. Dietary 
requirements of "nutritionally non-essential amino acids" by animals and humans. Amino Acids, 44, 1107-13. 

XIE, G., CHEN, T., QIU, Y., SHI, P., ZHENG, X., SU, M., ZHAO, A., ZHOU, Z. & JIA, W. 2012. Urine metabolite 
profiling offers potential early diagnosis of oral cancer. Metabolomics, 8, 220-231. 

XIE, W., WOOD, A. R., LYSSENKO, V., WEEDON, M. N., KNOWLES, J. W., ALKAYYALI, S., ASSIMES, T. L., 
QUERTERMOUS, T., ABBASI, F., PAANANEN, J., HÄRING, H., HANSEN, T., PEDERSEN, O., SMITH, U., LAAKSO, 
M., DEKKER, J. M., NOLAN, J. J., GROOP, L., FERRANNINI, E., ADAM, K.-P., GALL, W. E., FRAYLING, T. M. & 
WALKER, M. 2013. Genetic variants associated with glycine metabolism and their role in insulin sensitivity 
and type 2 diabetes. Diabetes. 



119 
 

YAMAMOTO, A., NONEN, S., FUKUDA, T., YAMAZAKI, H. & AZUMA, J. 2009. Genetic polymorphisms of 
glycine N-acyltransferase in Japanese individuals. Drug Metab Pharmacokinet, 24, 114-7. 

YAO, K.-W., MAO, L.-F., LUO, M. J. & SCHULZ, H. 1994. The relationship between mitochondrial activation 
and toxicity of some substituted carboxylic acids. Chemico-Biological Interactions, 90, 225-234. 

YE, G., ZHU, B., YAO, Z., YIN, P., LU, X., KONG, H., FAN, F., JIAO, B. & XU, G. 2012. Analysis of urinary 
metabolic signatures of early hepatocellular carcinoma recurrence after surgical removal using gas 
chromatography-mass spectrometry. J Proteome Res, 11, 4361-72. 

YE, S. F., ZHOU, Y. H., SUN, Y., ZOU, L. Y. & YU, J. Q. 2006. Cinnamic acid causes oxidative stress in cucumber 
roots, and promotes incidence of Fusarium wilt. Environmental and Experimental Botany, 56, 255-262. 

YE, Y. L., CHAN, Y. T., LIU, H. C., LU, H. T. & HUANG, R. F. 2010. Depleted folate pool and dysfunctional 
mitochondria associated with defective mitochondrial folate proteins sensitize Chinese ovary cell mutants to 
tert-butylhydroperoxide-induced oxidative stress and apoptosis. J Nutr Biochem, 21, 793-800. 

YILMAZ, S., UNAL, F. & YUZBASIOGLU, D. 2009. The in vitro genotoxicity of benzoic acid in human peripheral 
blood lymphocytes. Cytotechnology. 

YOSHIMURA, T., SCHWAB, A. J., TAO, L., BARKER, F. & PANG, K. S. 1998. Hepatic uptake of hippurate: a 
multiple-indicator dilution, perfused rat liver study. Am J Physiol, 274, G10-20. 

ZENGIN, N., YUZBASIOGLU, D., UNAL, F., YILMAZ, S. & AKSOY, H. 2011. The evaluation of the genotoxicity of 
two food preservatives: sodium benzoate and potassium benzoate. Food Chem Toxicol, 49, 763-9. 

ZHANG, Y., CHOHNAN, S., VIRGA, K. G., STEVENS, R. D., ILKAYEVA, O. R., WENNER, B. R., BAIN, J. R., 
NEWGARD, C. B., LEE, R. E., ROCK, C. O. & JACKOWSKI, S. 2007. Chemical Knockout of Pantothenate Kinase 
Reveals the Metabolic and Genetic Program Responsible for Hepatic Coenzyme A Homeostasis. Chemistry & 
Biology, 291-302. 

ZUPPI, C., MESSANA, I., TAPANAINEN, P., KNIP, M., VINCENZONI, F., GIARDINA, B. & NUUTINEN, M. 2002. 
Proton nuclear magnetic resonance spectral profiles of urine from children and adolescents with type 1 
diabetes. Clin Chem, 48, 660-2. 

 
 



A1 

 

Appendix I: GLYAT augmentation therapy  

 

 

 

 

 

 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/IB2011/053721  

 

The patent application was filed by:  

At van Rooy, DM Kisch Inc., Pretoria, South Africa  

 
  



A2 

 

--.. 

WIPO ~ PCT 
~ The International Patent System 

W'•l;"·'':i•M!!W@IQ;t•lQ§;ill·1;M4¢1tMl(•'I 

Receipt of Electronic Submission 

It is hereby acknowledged that a PCT International Application has been received via the 

Secure Electronic Submission Software of the IB. Upon receipt, Application Number and a 

Date of Receipt (Administrative Instructions, Part 7) has been automatically assigned. 

Submission Number: 40598 

Application Number: PCT/IB2011/053721 

Date of Receipt: 24 August 201 1 

Receiving Office: International Bureau of the World Intellectual Property Organi-

zation 

Your Reference: P42226PCOO 

Applicant: NORTH-WEST UNIVERSITY 

Number of Applicants: 4 

Title: RECOMBINANT THERAPEUTIC GLYCINE N-

ACYLTRANSFERASE 

Documents Submitted: P42226PCOO-appb-P000003.pd 242471 24 August 2011 15:24:28 
f 

P42226PCOO-appb-P000002.pd 166191 24 August 2011 15:27:46 

f 1 

P42226PCOO-appb-P000001.pd 128880 24 August 2011 15:16:46 
f 

P42226PCOO-appb.xml 845 24 August 2011 15:44:26 

P42226PCOO-fees.xml 2469 24 August 2011 15:44:26 

P42226PCOO-vlog.xml 1516 24 August 2011 15:44:26 

PCT101.GML 3392 24 August 2011 16:12:1 4 

P42226PCOO-requ.xml 4676 24 August 2011 16:08:36 

P42226PCOO-appb-P000004.pd 614122 24 August 201 1 15:19:18 
f 

Signed by: EMail=lizrn@dmkisch.com, CN=Marius Le Roux, 

OU=www.verisign.com/repository/CPS incorp. by 

Ref .. LIAB.L TD(c)99, OU=WIPO Customer CA, O=World 

Intellectual Property Organization 

Timestamp of Receipt: 24 August 2011 16: 11 

Official Digest of 88:E6:7B:71:6A:72:B7:95:AA:90:46:8D: l l:97: 3D: 

Submission: 24:E0:87 :E5 :E 9 

/Geneva, RO/IB/ 



A3 

 

1 

RECOMBINANT THERAPEUTIC GLYCINE N-ACYL TRANSFERASE 

INTRODUCTION AND BACKGROUND TO THE INVENTION 

This invention relates to a method of producing a recombinant enzyme. 

5 More particularly, this invention relates to a method of producing water 

soluble enzymatically active recombinant glycine N-acyltransferase 

(GLYAT (E.C. 2.3.1 .13)). 

Detoxification of toxic metabolites by the human body is an essential 

10 physiological process. The detoxification process decreases the toxicity of 

several endogenous metabolites, such as steroid hormones, and 

exogenous toxins, which could include compounds in food or industrial 

chemicals . 

15 The detoxification process is divided into three main phases. Phase I 

detoxification activates metabolites by adding functional groups. The 

activated compounds generated by phase I detoxification are often more 

reactive and toxic than the original metabolites, and are further processed 

by phase II detoxification systems. In phase II detoxification, a range of 

20 conjugation reactions serve to make the activated compounds less toxic 

and more soluble, for excretion in the urine and bile. Phase Il l 

detoxification involves the elimination of toxins from cells. 
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Organic acidemias are a group of metabolic disorders caused by 

dysfunctional organic acid metabolism. The deficiency of certain 

metabolic enzymes causes the accumulation of acids which are not 

normally present in high levels in the human body. There are several 

5 known organic acidemias, with methylmalonic acidemia, propionic 

acidemia, isovaleric acidemia, glutaric aciduria, and maple syrup urine 

disease being some common examples. 

lsovaleric acidemia is an autosomal recessive disorder. It is caused by a 

10 deficiency of isovaleryl coenzyme A dehydrogenase. A deficiency of this 

enzyme results in accumulation of intermediates of leucine catabolism, 

including isovaleric acid, 3- and 4-hydroxyisovaleric acid , isovaleryl­

carnitine and isovalerylglycine. 

15 lsovalerylglycine is formed when isovaleric acid conjugates to glycine by 

glycine N-acyltransferase (GL YAT). The isovalerylglycine is less toxic than 

isovaleric acid, indicating that glycine conjugation is of critical importance 

in the treatment of isovaleric acidemia. 

20 Urea cycle disorder is a genetic disorder caused by an enzyme deficiency 

in the urea cycle responsible for eliminating ammonia from the blood 

stream. In urea cycle disorders, nitrogen accumulates in the form of 

ammonia resulting in hyperammonemia which ultimately causes 

irreversible brain damage, coma and/or death. 
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A known method for enhancing glycine conjugation capacity in individuals 

suffering from organic acidemias is the administration of glycine 

supplements. Assays on liver samples have however shown that there is 

5 great variability in the glycine conjugation capacity in humans. 

It is therefore evident that a means of augmenting the natural capacity for 

glycine conjugation would not only be beneficial to the general health of 

humans but may further present as an alternative therapeutic strategy for 

10 individuals affected by organic acidemias, urea cycle disorders, 

aminoacidurias, and exposure to some xenobiotic chemicals. 

GLYAT is an enzyme responsible for the phase II detoxification of several 

toxic organic acids by means of conjugation to glycine. Several toxic 

15 compounds, both xenobiotic and endogenously derived metabolites, are 

detoxified by conjugation to glycine. In addition to GL YAT's role in the 

detoxification of benzoic acid , the enzyme is also important in the 

management of certain inborn errors of metabolism. 

20 To date, no system for the bacterial expression and purification of an 

enzymatically active recombinant GL YAT has been reported. 

A disadvantage associated with the lack of a system for expression of an 

enzymatically active recombinant GL YA T is that there is no commercially 



A6 

 

4 

viable product currently available for directly improving the capacity of the 

glycine-conjugation detoxification system, particularly in the case of 

patients with metabolic disorders. 

5 OBJECTS OF THE INVENTION 

10 

It is accordingly an object of the present invention to provide a novel 

method of producing water soluble enzymatically active recombinant 

glycine N-acyltransferase (GLYAT) enzyme and to provide GLYAT 

produced with such a method. 

It is a further object of the invention to provide use of a pharmaceutically 

effective amount of GL YAT in a method of enhancing detoxification and for 

treating and/or preventing metabolic disorders in mammals. 

15 It is yet another object of the invention to provide a method of enhancing 

detoxification in mammals and for treating and/or preventing metabolic 

disorders with which the aforesaid disadvantage may be overcome or at 

least minimised. 

20 SUMMARY OF THE INVENTION 

According to a first aspect of the invention there is provided a method of 

producing water soluble enzymatically active recombinant glycine N­

acyltransferase (GL YAT) including the steps of: 

providing a suitable expression host; 
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preparing a vector including a gene for expressing GL VAT in the 

expression host to form an expression plasmid; 

transforming the host with the expression plasmid to form an 

expression system; 

5 expressing the GL YA T gene in the expression system; and 

separating the expressed GL VAT from the expression system. 

Further according to the invention the step of separating the expressed 

GLYAT from the expression system may include the steps of separating 

1 o the water soluble fraction of the expression system from the insoluble 

material and concentrating or lyophilising the separated GL YA T. 

Further according to the invention the expression host may be selected 

from the group consisting of eukaryotic systems, including yeast cell 

15 expression-, insect cell expression- and mammalian cell expression 

systems; prokaryotic systems, including Escherichia coli and Bacillus 

subtilis and archaeon systems. 

Further according to the invention the method includes a further step of 

20 combining the separated expressed GL VAT with glycine. 

According to a second aspect of the invention there is provided water 

soluble enzymatically active recombinant GL VAT prepared in accordance 

with the first aspect of the invention. 
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6 

According to a third aspect of the invention there is provided a 

medicament comprising water soluble enzymatically active recombinant 

GL YAT prepared in accordance with the first aspect of the invention. 

According to a fourth aspect of the invention there is provided use of a 

pharmaceutically effective amount of water soluble enzymatically active 

recombinant GL YAT prepared in accordance with the first aspect of the 

invention in a method of: 

1 o improving the capacity of a glycine-conjugation detoxification system; 

enhancing detoxification; or 

treating and/or preventing metabolic disorders and acute or chronic 

poisoning with compounds such as xylene or aspirin in mammals. 

15 According to a fifth aspect of the invention water soluble enzymatically 

active recombinant GL YAT may be used in a method of: 

improving the capacity of a glycine-conjugation detoxification system; 

enhancing detoxification; or 

treating and/or preventing metabolic disorders and acute or chronic 

20 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 
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enzymatically active recombinant GL YAT per kilogram of body mass 

depending on the demand for increased glycine conjugation. 

According to a sixth aspect of the invention there is provided use of a 

5 pharmaceutically effective amount of water soluble enzymatically active 

recombinant GL Y AT prepared in accordance with the method of the first 

aspect of the invention in a method of manufacturing a medicament for 

use in: 

improving the capacity of a glycine-conjugation detoxification system; 

10 enhancing detoxification; or 

treating and/or preventing metabolic disorders and acute or chronic 

poisoning with compounds such as xylene or aspirin in mammals. 

Further according to the invention the metabolic disorders may be any one 

15 or more of the conditions selected from the group consisting of organic 

acidemias selected from propionic acidemia, isovaleric acidemia and 

glutaric aciduria, aminoacidurias selected from maple syrup urine disease 

and hyperglycinemia; and urea cycle disorder. 

20 According to the seventh aspect of the invention there is provided a 

medicament prepared from water soluble enzymatically active 

recombinant GL YAT in accordance with the first aspect of the invention 

together with at least one inert pharmaceutically acceptable carrier or 
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diluents in a dosage form selected from the group consisting of tablets; 

capsules; suspension; syrup; intradermal-; intramuscular-; intravenous-; 

and subcutaneous injection. 

5 The water soluble enzymatically active recombinant GLYAT may be 

administered by intravenous injection (IV) with a preparation of the 

enzyme in a form that is targeted to the desired sub-cellular 

compartments. Alternatively, water soluble enzymatically active 

recombinant GL YAT may be administered by using a GL YAT enzyme 

10 fused to the membrane permeating TAT (transactivator of transcription) 

peptide, allowing the recombinant enzyme to effectively cross cell 

membranes to reach the desired mitochondrial matrix. Further 

alternatively, water soluble enzymatically active recombinant GL YAT may 

be administered by using a colloidal system that contains unique and 

15 stable lipid-based submicron- and micron-sized structures. 

Further according to the invention the step of administering the biologically 

effective amount of water soluble enzymatically active recombinant 

GL YAT may include the further step of administering the water soluble 

20 enzymatically active recombinant GL YAT in combination with glycine to 

further stimulate glycine conjugation capacity. 
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BRIEF DESCRIPTION OF THE FIGURES 

The invention will now be described further, by way of example only, with 

reference to the accompanying figures wherein: 

5 figure 1: 

figure 2: 

10 

15 figure 3: 

20 figure 4: 

is a diagram illustrating the pColdlll expression vector 

used for expression of bovine GL YAT in accordance with 

a preferred embodiment of the invention; 

is a polymerase chain reaction (PCR) amplification of an 

open reading frame (ORF) encoding bovine GL YAT from a 

plasmid into which the ORF encoding bovine GL YAT had 

already been cloned (the original PCR amplification and 

cloning were performed using cONA from bovine liver); 

is a sodium dodecyl sulfate (SOS) polyacrylamide gel 

electrophoretogram (PAGE) illustrating the total and 

soluble fractions of the expression of recombinant bovine 

GL YAT (lanes 2 and 3, respectively); 

is an SOS-PAGE analysis illustrating the total and soluble 

fractions of the expression of recombinant bovine GLYAT 

(lanes 2 and 3, respectively) as well as the partially 

purified enzyme (nickel affinity chromatography) in lane 4; 
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figure 5: 

5 

figure 6: 

10 

figure 7: 

15 

figure 8: 

10 

is an SOS-PAGE analysis illustrating the enzyme after 

partial purification using nickel affinity chromatography (in 

this purification 20 mM imidazole was added to the wash 

purification buffers); 

is an SOS-PAGE analysis illustrating the expression of a 

soluble recombinant human GLYAT gene (lanes 4 to 9), 

with an N-terminal fusion of the hexahistidine tag and Trx­

tag; 

is an SOS-PAGE analysis illustrating the nickel-affinity 

purification of wild-type recombinant human GL YAT (lane 

3) and single nucleotide polymorphism (SNP) variants of 

human GLYAT (lanes 4 to 9); and 

is a spectrophotometric assay illustrating enzyme activity 

of recombinant human GL YAT and bovine liver GL YAT in 

the presence and absence of glycine. 

20 DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION 

According to a preferred embodiment of the invention there is provided a 

method for producing water soluble enzymatically active recombinant 

glycine N-acyltransferase (GL YAT). 
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The method includes the steps of providing a suitable expression host 

providing a GL YAT expressing gene; preparing a vector including a gene 

for expressing GL YAT in the expression host to form an expression 

5 plasmid; transforming the host with the expression plasmid to form an 

expression system; expressing the GL YAT in the expression system; 

separating the expressed GL YA T from the expression system; and 

combining the separated expressed GLYAT with glycine. 

1 O The expression host is selected from the group consisting of eukaryotic 

systems, including yeast cell expression, insect cell expression and 

mammalian cell expression, prokaryotic systems, including Escherichia 

coli and Bacillus subtilis and archaeon systems. It was found that 

Escherichia coli (E. co/1) provided a particularly suitable host. 

15 

The gene encoding bovine GL YAT was isolated from bovine liver RNA 

and cloned, by means of reverse transcription and polymerase chain 

reaction (PCR) amplification, into a pColdlll expression vector (as 

illustrated in figure 1). The pColdlll expression vector allows for the 

20 expression of a protein in E. coli at 15 degrees Celsius, which enhances 

the expression of soluble, enzymatically active recombinant proteins. 
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Various other vectors could also be used for the expression of 

recombinant human and bovine GLYAT, or other GLYAT variants, in 

eukaryotic, prokaryotic and archaeon expression hosts. 

5 In order to obtain a suitable vector, a histidine-tag (His-tag) is attached to 

the C-terminus of the gene. In the alternative to C-terminal histidine tags, 

tags are selected from the group consisting of N- terminal hexahistidine 

tags, maltose binding protein (MBP), glutathione S-transferase, GST tags 

and Strep-Tag II. 

10 

GL YA T is alternatively expressed without any purification tags, and 

separated from the proteins of the expression host by utilising known 

protein purification strategies. Owing to the fact that GL YAT is a 

nucleotide-cofactor binding enzyme, it may further alternatively be purified 

15 by affinity chromatography. 

Example 1: Recombinant bovine GL VAT 

Recombinant bovine GLYAT was cloned into a set of three modified 

pColdlll (pColdlll-E, pColdlll-A and pColdlll-EH) expression vectors 

20 encoding C-terminal histidine tags. 

In order to clone the coding sequence into the expression vectors, the 

sequence is amplified through polymerase chain reaction (PCR) using 

primers containing Ndel and Xhol restriction enzyme sites to facilitate 
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directional cloning. The PCR reaction mixtures contained 1 X Takara 

ExTaq buffer, 10 nmol of each dNTP, 25 pmol of each primer, 

approximately 50 ng of template DNA and 2 units of Takara ExTaq 

polymerase, in a final volume of 50 µI. Thermal cycling conditions were 94 

5 degrees Celsius for 1 min, then 30 cycles of 94 degrees Celsius for 30 

seconds, 70 degrees Celsius for 30 seconds, and 72 degrees Celsius for 1 

minute, followed by a final extension at 72 degrees Celsius for 10 minutes. 

After transforming E. coli with an expression plasmid containing a 

1 o recombinant GL YAT coding sequence, colonies were screened for desired 

recombinant plasmids using either restriction analysis or PCR 

amplification. A colony was considered to be positive if an excised 

fragment of approximately 900 bp could be seen on an agarose gel , as 

illustrated in figure 2. 

15 

The recombinant protein was purified using a nickel affin ity purification 

process. Upon passage through a resin with nickel ions immobilised onto 

it, the histidine tags fused to the recombinant GL YAT binds tightly to the 

column matrix, by forming coordinate bonds with the nickel ions 

20 immobilised on its surface. This enables most other proteins to be 

washed from the column, while the histidine tagged GL YAT remains 

bound. The tagged protein was eluted with a buffer containing a high 

concentration of imidazole, which displaced the coordinate bonds between 
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the histidine residues and nickel ions, resulting in a partially purified 

recombinant protein. 

Referring to figure 3, a sodium dodecyl sulfate (SOS) polyacrylamide gel 

5 electrophoretogram (PAGE) was used to analyse the expression of bovine 

GLYAT from the pColdlll vector. The proteins were visualised by staining 

with Coomassie brilliant blue. Lane 2 illustrates the total fraction of 

expressed protein and lane 3 illustrates the soluble fraction of bacterial 

lysate; with the soluble recombinant GLYAT expressed not being clearly 

10 visible on the background of bacterial proteins. 

Referring to figure 4, recombinant bovine GL YA T was expressed from 

pColdlll with a C-terminal histidine tag. The soluble fraction was passed 

through a nickel affinity purification column, to purify the tagged 

15 recombinant GL YAT enzyme. The levels of soluble recombinant bovine 

GL YAT expressed were low, therefore, the final eluate of the purification 

was significantly concentrated. SOS-PAGE analysis revealed the total 

fraction of expressed protein in lane 2. Lane 3 represents the soluble 

fraction of the recombinant GL YAT with no significant amount of soluble 

20 recombinant GL YAT being visible against the background of bacterial 

proteins. Lane 4 illustrates the partially purified enzyme as a result of the 

nickel-affinity purification. The lower band indicates the active form of the 

GLYAT enzyme. 
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Referring to figure 5, 20 mM imidazole was added to the column wash 

buffers of the purification kit. The use of imidazole in the buffers resulted 

in the majority of the previously co-purifying proteins being lost. The lower 

bands, in figure 5, represent the enzymatically active bovine GLYAT and 

5 an unknown protein. 

10 

It was found that the recombinant bovine GL YA T enzyme, prepared in 

accordance with the invention, has similar biochemical characteristics to 

the GL YAT enzyme purified from bovine liver. 

Example 2: Recombinant human GL VAT 

The nucleotide sequence encoding the human GL YAT sequence was 

synthesised and cloned into the pET32 expression vector. 

15 The pET32 expression vector enables the expression of human GL YAT 

with an N-terminal hexahistidine tag and an N-terminal Trx-tag, which 

respectively facilitates the purification and correct fold ing of the enzyme. 

The expression vector encoding human GL YAT was transformed into 

20 Origami expression cells. The cells were also transformed with the pGro7 

vector from Takara, which resulted in co-expression of the GroES and 

GroEL chaperone proteins. Chaperone proteins aid in the correct folding 

of proteins and increase the yield of soluble recombinant enzymes. 
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The Origami cells containing the plasmids for expression of recombinant 

human GL YAT and the chaperone proteins were grown in liquid culture . It 

was found that the optimal expression of soluble GL YA T occurs in the 

absence of IPTG (lsopropyl ~-D-1-thiogalactopyranoside) , thus allowing 

5 GL YA T to be expressed at slow basal rate as oppose to the known 

method of inducing the fusion protein with IPTG to express. 

After expression, cells were harvested by means of centrifugation, and 

lysed using an optimised native lysis buffer containing 300 mM NaCl, 50 

10 mM phosphate buffer, pH 8.0, 10% glycerol, 1% Triton-X, lysozyme, and 

protease inhibitors. The cell lysates were clarified, using centrifugation at 

10 000 g for 30 minutes to remove the insoluble material and passed 

through Protino nickel affinity purification columns to selectively bind the 

hexahistidine tagged enzymes. The columns were washed, and the 

15 purified protein eluted in a final volume of 3 ml. 

Referring to figure 6, soluble recombinant human GL YAT 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, 

20 respectively, of a culture, of which the cells were lysed using the 

BugBuster protein extraction reagent. It was found that this lysis reagent 

was not suitable for the extraction of recombinant human GLYAT, as no 

soluble recombinant human GL YAT was visible. 
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As an alternative, the optimised native lysis buffer was used to isolate the 

protein from cultures expressing from 0 hours to 4 hours, and the soluble 

fractions were loaded in lanes 5 to 9. The hexahistidine-Trx-GLYAT fusion 

5 protein is indicated by the arrow, in the 55 kDa range. 

Referring to figure 7, the soluble recombinant human GLYAT fusion 

proteins are purified by means of nickel-affinity chromatography, using 

Protino Ni-TED columns. Lane 1 contains molecular weight markers, and 

1 o lane 2 is empty. Lane 3 contains the wild-type recombinant human GL YAT 

fusion protein, after purification. Lanes 4 to 9 contain purified recombinant 

human GL YAT, as prepared in accordance with the invention, fusion 

proteins, of the known single nucleotide polymorphism (SNP) variations of 

the gene. 

15 

Referring to figure 8, the resultant enzyme preparation was assayed for 

enzyme activity using the spectrophotometric assay for GLYAT. In the 

assay, bovine GL YAT is used as a positive control. Reactions without 

glycine were run as negative controls illustrating that the enzyme activity 

20 observed is glycine dependent. The recombinant human GL YAT illustrated 

an increase in optical density (OD) at 412 nm confirming the enzyme 

activity of recombinant human GL YAT, prepared in accordance with the 

invention, in the presence of glycine. 
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In addition to using a recombinant therapeutic GLYAT enzyme in the 

above described manner, it is possible that novel forms of the GL YAT 

enzyme may be obtained by rational and semi-rational enzyme 

5 engineering strategies, and these may alternatively be used for their 

specialised functions. Qualities of the GLYAT enzyme that may be 

subjected to modification by enzyme engineering strategies include 

catalytic rate, substrate specificity, stability, immunological aspects, and 

10 

optimal substrate concentration. 

There are six known natural SNP (single nucleotide polymorphism) 

variants of human GL YAT and site-directed mutagenesis was used to 

generate these variant coding sequences from the wild-type sequence. It 

was found that of the six SNP variants, two have higher enzyme activity 

15 than the wild-type GLYAT, and the rest have much lower activity than the 

wild-type GLYAT. It is to be expected that there would be clear benefits 

associated with the use of variants with increased catalytic rate, for 

example. 

20 Further findings and analysis 

In use, a pharmaceutically effective amount of 0.1 mg to 160 mg of the 

recombinant GL Y AT enzyme per kilogram of body weight, depending on 

the nature and extent of the metabolic disorder, is administered to a 

patient in need thereof by way of intravenous injection (IV) with a 



A21 

 

19 

preparation of the enzyme in a form targeting the desired sub-cellular 

compartments. Alternatively, the prepared recombinant GL YAT enzyme is 

administered by using a TAT (transactivator of transcription) peptide to act 

as a membrane permeating agent, which will allow the recombinant 

5 enzyme to effectively cross cell membranes to reach the desired 

mitochondrial matrix. Further alternatively, the prepared recombinant 

GL YA T enzyme is administered using a colloidal system that contains 

unique and stable lipid-based submicron- and micron-sized structures to 

enhance detoxification and to treat and/or prevent metabolic disorders and 

1 O acute or chronic poisoning with compounds such as xylene or aspirin in 

mammals. 

The metabolic disorders may be any one or more of the conditions 

selected from the group consisting of organic acidemias selected from 

15 propionic acidemia, isovaleric acidemia and glutaric aciduria; 

aminoacidurias selected from maple syrup urine disease, and 

hyperglycinemia, and urea cycle disorder. 

The recombinant GL YAT is further alternatively formulated into any one of 

20 the following dosage forms comprising tablet; capsule; suspension; syrup; 

intradermal-; intramuscular-; intravenous-; and subcutaneous injection. 

A medicament prepared from the recombinant GLYAT in combination with 

glycine is used to directly improve the capacity of the glycine-conjugation 
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20 

detoxification system in the treatment of patients exposed to chemical and 

industrial solvents and in the emergency treatment of acute aspirin 

poisoning. Glycine conjugation of several organic acids is enhanced by 

the use of a recombinant therapeutic GL YAT enzyme. 

It 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-acyltransferase (GL YAT) 

1 o enzyme, are possible without departing from the scope of the appended 

claims. 
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CLAIMS 

1. A method of producing water soluble enzymatically active 

recombinant glycine N-acyltransferase (GLYAT) including the steps 

of: 

5 - providing a suitable expression host; 

- preparing a vector including a gene for expressing GL YAT in the 

expression host to form an expression plasmid; 

- transforming the host with the expression plasmid to form an 

expression system; 

10 - expressing the GL YAT gene in the expression system; and 

- separating the expressed GLYAT from the expression system. 

2. A method according to claim 1 wherein the step of separating the 

expressed GL YAT from the expression system includes the steps of 

15 separating the water soluble fraction of the expression system from 

the insoluble material and concentrating or lyophilising the separated 

GLYAT. 

3. A method according to claim 1 wherein the expression host is 

20 selected from the group consisting of eukaryotic systems, including 

yeast cell expression-, insect cell expression-, and mammalian cell 

expression systems; prokaryotic systems, including Escherichia coli, 

and Bacillus subtilis; and archaeon systems. 



A24 

 

22 

4. A method according to any one of claims 1 to 3 including the further 

step of combining the separated expressed GL YAT with glycine. 

5 5. Water soluble enzymatically active recombinant GL YAT prepared in 

accordance with the method of any one of claims 1 to 4. 

6. A medicament comprising water soluble enzymatically active 

recombinant GL YAT prepared in accordance with the method of any 

1 o one of claims 1 to 4. 

7. Use of a pharmaceutically effective amount of water soluble 

enzymatically active recombinant GL YAT prepared in accordance 

with the method of any one of claims 1 to 4 in a method of: 

15 - improving the capacity of a glycine-conjugation detoxification 

system; 

- enhancing detoxification; or 

- treating and/or preventing metabolic disorders and acute or 

chronic poisoning with compounds such as xylene or aspirin in 

20 mammals. 

25 

8. Water soluble enzymatically active recombinant GL YAT for use in a 

method of: 

- improving the capacity of a glycine-conjugation detoxification 

system; 
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- enhancing detoxification; or 

- treating 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 

5 biologically effective amount of between 0.1 mg and 160 mg of water 

soluble enzymatically active recombinant GLYAT per kilogram of 

body weight. 

9. Use of a pharmaceutically effective amount of water soluble 

1 O enzymatically active recombinant GL YAT prepared in accordance 

with the method of any one of claims 1 to 4 in a method of 

manufacturing a medicament for use in: 

- improving the capacity of a glycine-conjugation detoxification 

system; 

15 - enhancing detoxification; or 

- treating and/or preventing metabolic disorders and acute or 

chronic poisoning with compounds such as xylene or aspirin in 

mammals. 

20 10. Use according to any one of claims 7 to 9 wherein the metabolic 

disorders are any one or more of the conditions selected from the 

group consisting of organic acidemias selected from propionic 

acidemia, isovaleric acidemia and glutaric aciduria; aminoacidurias 
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selected from maple syrup urine disease and hyperglycinemia, and 

urea cycle disorder. 

11 . Use according to any one of claims 7 to 10, wherein the water 

5 soluble enzymatically active recombinant GL YAT prepared in 

accordance with the method of claims 1 to 4 is administered in 

combination with glycine in order to further stimulate glycine 

conjugation capacity. 

1 O 12. A medicament comprising water soluble enzymatically active 

recombinant GLYAT prepared in accordance with the method of any 

one of claims 1 to 4 in combination with glycine, together with at least 

one inert pharmaceutically acceptable carrier or diluents in a dosage 

form selected from a group comprising tablet; capsule; suspension; 

15 syrup; TAT (transactivator of transcription) peptide; a colloidal system 

that contains unique and stable lipid-based submicron- and micron­

sized structures; intradermal-; intramuscular-; intravenous-; and 

subcutaneous injection. 

20 13. A method of producing water soluble enzymatically active 

recombinant glycine N-acyltransferase (GL YAT) as herein described 

and exemplified, with reference to the accompanying figures. 
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ABSTRACT 

This invention relates to a method of producing a recombinant enzyme, 

more particularly, this invention relates to a method of producing water 

soluble enzymatically active recombinant glycine N-acyltransferase 

5 (GLYAT (E.C. 2.1.3.13)), including the steps of providing a suitable 

expression host; preparing a vector including a gene for expressing 

GLYAT in the expression host to form an expression plasmid; transforming 

the host with the expression plasmid to form an expression system; 

expressing the GLYAT gene in the expression system; and separating the 

10 expressed GL YAT from the expression system. 
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Appendix II: Annotations for some important references  

 

 

Here brief annotations of some of the more important references used in this thesis are provided. The 

purpose is to briefly explain how these references contribute to our understanding of the field of glycine 

conjugation. The • symbol is used to indicate that a reference is of considerable interest.   

 

 

The importance of glycine conjugation in metabolism  

 

Conti and Bickel, 1977 

Of historical interest, this is a useful review of the early history of glycine conjugation and biotransformation. 

It discusses the discovery of hippurate in urine, the initial experiments by Ure demonstrating the conversion 

of benzoate to hippurate, and the finding by Dessaignes that hippurate is a peptide conjugate between 

glycine and benzoate.  

 

Lees et al., 2013 • 

This excellent review does not discuss the glycine conjugation pathway in detail, but offers a valuable 

summary of the factors that influence urinary hippurate excretion, such as the composition of the gut 

microbiome, age, gender, and several disease states. These include obesity, diabetes, hepatitis, and parasitic 

infections.  

 

Knights et al., 2007 •  

This is one of the better reviews of amino acid conjugation. It explains the formation and toxicity of acyl-CoA 

metabolites and suggests that the amino acid conjugations are important for inactivation of reactive acyl-
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CoA thioesters. Of special interest is the suggestion that the evolutionary conservation of the substrate 

selectivities of the amino acid conjugations implies that they are important defences against the 

mitochondrial toxicities of organic acids.  

 

Bartlett and Gompertz, 1974 • 

This paper reports a relationship between the acylglycines excreted in the urines of organic acidemia 

patients and the substrate selectivity of bovine GLYAT. It is of particular interest to those interested in the 

study and treatment of inborn errors of organic acid metabolism.  

 

Mitchell et al., 2008 • 

In this review the concept of CASTOR disorders is introduced. It reviews the importance of CoASH in 

metabolism and suggests that the pathogenesis of several inherited and acquired conditions may be 

explained by sequestration of CoASH, the toxicity of acyl-CoAs, and abnormal ratios of different acyl-CoA 

metabolites.  

 

Zhang et al., 2007 

This paper reports the results of a study where the pantothenate analogue hopantenate was administered 

to rats. This compound inhibits CoASH biosynthesis and results in fatal hypoglycaemia. It also results in 

transcriptional reprogramming of the liver, with increased expression of thioesterases and decreased 

expression of CoASH-consuming enzymes.   

 

Beyoglu et al., 2012 

This review suggests homeostatic regulation of amino acid levels in the brain as an alternative role for the 

amino acid conjugation pathways. The authors argue that the detoxification value of amino acid conjugation 

is low, because of the relatively small increase in water solubility that results from these conjugation 

reactions.  
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Beyoglu and Idle, 2012 • 

This review extends the argument that amino acid conjugations are neuroregulatory processes rather than 

detoxification mechanisms. The focus is on the relationship between glycine conjugation and the levels of 

glycine in plasma and CSF. The “glycine deportation system” is introduced in this paper.   

 

Guo et al., 2013 • 

In this paper a statistically significant correlation between three SNPs in or near the human GLYAT gene and 

musculoskeletal structure is reported, although no satisfactory explanation for this correlation is provided. 

The findings reported in this paper seem to suggest that the GLYAT gene influences the development of the 

musculoskeletal system by some mechanism that is not understood at present.  

 

Melendez-Hevia et al., 2009 

This good review of glycine metabolism compares the capacity of humans for glycine synthesis to the 

metabolic demands for glycine, and concludes that humans seem to have a moderate glycine deficiency. The 

authors suggest that although this glycine deficiency is not lethal, it can negatively impact collagen turnover 

and thereby contribute to the accumulation of damage to connective tissues.   

 

Wu et al., 2013 • 

This review of amino acid metabolism supports the view that glycine is a conditionally essential amino acid, 

and argues that there is no substantial experimental evidence supporting the assumption that some amino 

acids are nonessential. The “nonessential amino acids” play important roles in the regulation of gene 

expression, neurotransmission, and immune responses, suggesting that the traditional classification of 

amino acids as essential or nonessential must be abandoned and replaced by the more dynamic concept of 

“functional amino acids”.  
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The factors that influence the rate of glycine conjugation  

 

Gregus et al., 1992 • 

This paper reports a gradual reduction in the rate of benzoate clearance from blood with increasing doses of 

benzoate. The authors demonstrate that this is the result of hepatic glycine depletion, which results in 

reduced rates of glycine conjugation and CoASH sequestration. Importantly, the rate of excretion of 

exogenous hippurate is much higher than the maximum rate of glycine conjugation, suggesting that the rate 

of renal hippurate excretion reflects the rate of hepatic glycine conjugation. These findings are very 

important for the argument that glycine conjugation facilitates the urinary excretion of benzoate (Paper II).  

 

Gregus et al., 1993 • 

This paper reports that glycine availability, which depends on glycine cleavage system activity, influences the 

rate of glycine conjugation. The authors demonstrate that cysteamine, an inhibitor of the glycine cleavage 

system, increases hepatic glycine content about twofold and increases the rate of glycine conjugation by 

about 50%. These results demonstrate not only that the rate of glycine conjugation depends on glycine 

availability, but also that other factors limit this process when excess glycine is available.  

 

Gregus et al., 1996 • 

This paper demonstrates that although normal hepatic ATP levels do not limit glycine conjugation in vivo, 

ATP depletion may impair glycine conjugation. This is demonstrated by the reduced rate of glycine 

conjugation following administration of oligomycin, an inhibitor of ATP synthesis, or fructose, which depletes 

hepatic ATP. These results support the suggestion that the reduced rate of glycine conjugation in hepatitis 

patients may be the result of hepatic ATP depletion.  
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Interindividual variation in glycine conjugation capacity  

 

Sakuma, 1991 

This paper reports interindividual variation in the rate of glycine conjugation following administration of 

benzoate. Of particular interest is the demonstration of benzoylcarnitine excretion and carnitine depletion 

after administration of benzoate. The author also reports an unexplained increase in urinary excretion of 

propionylcarnitine and acetylcarnitine after benzoate administration, and argues that we do not fully 

understand the glycine conjugation pathway or the metabolic consequences of benzoate administration.  

 

de Vries et al., 1948 

This paper is very interesting because it reports interindividual variation in glycine conjugation capacity and, 

more importantly, interindividual variation in the glycine depletion induced by administration of large doses 

of benzoate. This suggests that the rate of glycine conjugation, which depends on glycine availability, may be 

significantly influenced by the rate at which glycine can be synthesised.  

 

Temellini et al., 1993 • 

This is one of the most important references used in this thesis. The authors report interindividual variation 

in the ability of human liver and kidney homogenates to synthesise hippurate from benzoate, CoASH, ATP, 

and glycine. The concentrations of the substrates used were similar for all samples, suggesting that different 

activities of ACSM2A and GLYAT in these samples must explain the differences in the rate of glycine 

conjugation. These results form an important part of the arguments in Chapters 2 and 4.  

 

Itoh et al., 1996 

This paper reports the treatment of two isovaleric acidemia patients by means of glycine and carnitine 

supplementation. Several interesting observations of relevance to this thesis, and especially Chapter 2, are 

described. For example, the healthier patient was also the one with higher isovalerylglycine excretion. 
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Despite the fact that the second patient had less residual isovaleryl-CoA dehydrogenase activity, which 

would suggest greater accumulation of isovaleryl-CoA, less isovalerylglycine was excreted. This suggests that 

differences in the rate of glycine conjugation may impact the clinical outcome of this disease, which is an 

important argument in Chapter 2.  

 

Williams et al., 2010 • 

This paper reports that the reduced urinary hippurate excretion observed in patients with Crohn’s disease is 

the result of abnormal composition of the gut microbiome, which is associated with decreased production of 

microbial metabolites such as phenylpropionate. Most importantly, it was demonstrated that these 

individuals did not have a defect of the hepatic glycine conjugation system, as indicated by normal rates of 

hippurate synthesis from an oral dose of benzoate. The results reported in this paper are very important for 

the argument that variation in urinary hippurate excretion must be clearly distinguished from variation in 

the rate of glycine conjugation (Paper II).  

 

 

Enzymes of the glycine conjugation pathway  

 

Schachter and Taggart, 1954 • 

This paper is of historical interest. It describes the partial purification of bovine liver GLYAT and reports the 

ability of this enzyme to use several acyl-CoAs as substrates, including benzoyl-CoA and isovaleryl-CoA. 

These findings were important for the later understanding of the origin of the urinary acylglycines excreted 

by patients with organic acidemias (Chapter 2).  

 

van der Westhuizen et al., 2000 

This paper reports the purification of GLYAT from human and bovine liver mitochondria. What makes this 

paper unique is the use of mass spectrometry to detect the formation of benzoyl-conjugates with other 
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amino acids including glutamate and alanine. The authors conclude that the use of other amino acids as acyl-

acceptor substrates, which is significantly slower than the reaction with glycine, is probably insignificant 

under normal physiological conditions.  

 

Webster et al., 1976 

The aim of this study was to investigate the molecular basis for the observation that primates conjugate 

arylacetic acids such as phenylacetate to glutamine, while glycine is used as the acyl-acceptor substrate in 

non-primates. The partial purification and characterisation of two separate N-acyltransferases from the liver 

of rhesus monkeys and humans is described. These are GLYAT, which synthesises hippurate, and the 

phenylacetyl-CoA:glutamine N-acyltransferase, which synthesises phenylacetylglutamine.  

 

Nandi et al., 1979 • 

This paper reports the purification and characterisation of the bovine GLYAT and phenylacetyltransferase 

enzymes. The results show that the GLYAT enzyme uses benzoyl-CoA and glycine to synthesise hippurate, 

while the phenylacetyltransferase uses phenylacetyl-CoA and glycine to synthesise phenylacetylglycine. 

These findings confirmed previous suggestions that the species differences in the formation of 

phenylacetylglutamine (primates) or phenylacetylglycine (non-primates) is a reflection of differing amino 

acid selectivity of the phenylacetyltransferase enzymes of these species.  

 

Matsuo et al., 2012 • 

This is a very important paper for at least three reasons. First, it is the first publication to report the bacterial 

expression of an enzymatically active recombinant human GLYAT. Second, it demonstrates that the GLYAT-

L1 gene encodes the phenylacetylglutamine forming enzyme in humans. Finally, and most importantly, this 

paper reports the transcriptional downregulation of GLYAT expression in hepatocellular carcinoma 

specimens, but not in normal liver samples or hepatitis specimens.  
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Yamamoto et al., 2009 

This paper reports the first data on the allele frequencies of human GLYAT variants in a small group of 

Japanese individuals.  

 

Lino Cardenas et al., 2010 

This paper reports the allele frequencies of GLYAT variants in a small population of French Caucasian 

individuals. Of particular importance to this thesis is the suggestion that the N156S variant of human GLYAT 

should be considered the “wild-type” human GLYAT. This is because the N156S variant, and not the 

reference sequence (NM_201648.2), has the highest allele frequency.  

 

 

Toxicity of the aromatic acids and detoxification by means of glycine conjugation  

 

Beloborodova et al., 2012 • 

This study demonstrates that phenolic acids, including benzoate and cinnamate, which accumulate in the 

blood of sepsis patients, stimulate the production of reactive oxygen species in isolated hepatic 

mitochondria, while inhibiting it in neutrophils. In contrast, the more hydrophilic phenolic acids, such as 

phenyllactate and 4-hydroxyphenylacetate, do not stimulate ROS production and, because of the presence 

of hydroxyl groups, can act as free radical scavenging antioxidants. This information forms a very important 

part of the arguments that the aromatic acids are toxic to mitochondria, and that this toxicity depends on 

lipophilicity (Paper II).  

 

Fedotcheva et al., 2008 • 

This paper reports that aromatic acids stimulate ROS production and inhibit complex I of the mitochondrial 

electron transport chain. Although the authors do not point this out, there seems to be a relationship 

between the lipophilicity of the acids and the extent of ROS production or complex I inhibition, with the 
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more lipophilic compounds being more harmful. This supports our argument that the toxicity of aromatic 

acids depends on lipophilicity, and that amino acid conjugation decreases the toxicity of these compounds 

by decreasing lipophilicity (Paper II).  

 

Trost and Lemasters, 1996 

This paper is valuable in making the connection between isovaleric acidemia and the detoxification of 

benzoate, because it demonstrates that several organic acids, including isovalerate and benzoate, are toxic 

to mitochondria and can induce the mitochondrial permeability transition. This common mechanism of 

toxicity supports our use of the analogy between glycine conjugation in isovaleric acidemia and the 

detoxification of benzoate by means of glycine conjugation (Paper II).  

 

Lakeram et al., 2007 

This study demonstrated that the ability of the parabens, alkyl esters of 4-hydroxybenzoate, to induce the 

mitochondrial permeability transition and cell death, is linearly related to the lipophilicity or octanol/water 

partition coefficient of the compound (Section 4.3 of Paper II). More importantly, it was demonstrated that 

diazinon, which inhibits the carboxylesterase mediated hydrolysis of parabens to the more hydrophilic 4-

hydroxybenzoate, significantly increased the toxicity of propylparaben to mitochondria. This indirectly 

supports the argument, in Section 5.3 of Paper II, that the toxicity of organic compounds to mitochondria 

can be reduced by biotransformation reactions that decrease lipophilicity.  

 

Gatley and Sherratt, 1976 • 

This paper is of historical interest because it describes the localisation of the enzymes of the glycine 

conjugation pathway to the mitochondrial matrix. However, its greatest value to this thesis is the 

observation that benzoate rapidly accumulates in the mitochondrial matrix to about 50X the external 

concentration. The authors suggested that this is a result of the pH gradient over the inner mitochondrial 

membrane, with the higher pH in the matrix favouring the dissociation of benzoic acid and accumulation of 
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benzoate. This observation is important for explaining why the glycine conjugation pathway is situated in the 

mitochondrial matrix, and why conjugation to glucuronic acid, which occurs in the cytoplasm, would not be 

ideal for the detoxification of benzoate (Figure 4 of Paper II).  

 

Caldwell, 1982 • 

In this paper the conjugation reactions in metabolism are reviewed and defined as processes that require 

high-energy intermediates, are catalysed by specific enzymes, consume relatively “nonessential” cofactors, 

and that generally tend to decrease the toxicity or facilitate excretion of the parent compounds.  
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Appendix III: A method for the cost-effective synthesis of 

benzoyl-CoA and other acyl-CoA thioesters   

 

 

 

 

 

 Patent application for the synthesis of acyl-CoAs  

 

 

Inventors:  

Christoffel Petrus Stephanus Badenhorst and Alberdina Aike van Dijk  

 

International application number:  

PCT/IB2011/053721  

 

The patent application was filed by:  

Ursula Brunetti, DM Kisch Inc., Johannesburg, South Africa  
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2 

SYNTHESIS OF ACYL-PANTETHEINE DERIVATIVES 

Technical Field 

5 The present invention relates to a novel synthesis method for acyl-pantetheine 

derivatives. The present invention further relates to the synthesis of acyl-pantetheine 

derivatives for use as a starting material in the enzymatic synthesis of acyl-coenzyme A 

derivatives. 

I 0 Background of the Invention 

Coenzyme A esters are used as substrates by about 4% of enzymes, including several 

that are involved in fundamental biochemical reactions. Examples include enzymes of 

the Krebs cycle, [:I-oxidation enzymes, enzymes involved in histone modification and 

15 enzymes responsible for antibiotic resistance in bacteria. Studies of all these groups of 

enzymes are dependent on the use of coenzyme A esters as substrates or probes of 

enzyme function. 

Commercially available coenzyme A preparations are very expensive. Various 

20 procedures have been developed for the chemical or combined chemical and enzymatic 

synthesis of coenzyme A and coenzyme A analogues. Typical methods included the use 

of crude enzyme extracts together with pantothenic acid derivatives chemically 

phosphorylated at position 4' (Martin. D. P.; Bibart, R. T.; Drueckhammer, D. G. 

Synthesis of novel analogs of acetyl coenzyme A: mimics of enzyme reaction 

25 intermediates, J . Am. Chem. Soc. 116 (1994) 4660-4668). 

One of the most successful, recent approaches is a "one-pot" enzymatic synthesis that 

uses purified recombinant biosynthetic enzymes from E. coli as the catalysts for the 

synthesis of coenzyme A analogues from pantetheine derivatives and adenosine 

JO triphosphate. 

This method can be used to synthesize various analogues of coenzyme A by starting 

with the corresponding analogue of pantetheine. said pantetheine analogue being a 
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chemically synthesized pantothenic acid derivative (Nazi, I; Koteva, K. P.; Wright, G. D. 

One-pot chemoenzymatic preparation of coenzyme A analogues, Analytical 

Biochemistry 324 (2004) 100-105). 

5 The described method uses the purified recombinant CoA biosynthetic enzymes from 

Escherichia coli, namely pantothenate kinase (PanK), phosphopantotheine 

adenyltransferase (PPAT), and dephosphocoenzyme A kinase (DPCK) for the 

modification of chemically synthesized pantothenate derivatives. Chemical synthesis of 

pantothenic acid derivatives followed by one-pot assembly into the CoA scaffold by the 

I 0 purified biosynthetic enzymes allows facile access to a variety of CoA derivatives. The 

principle of the synthesis method is illustrated in Figure 1 for the synthesis of coenzyme 

A from underivatised pantetheine. 

OM H P4 ?a.dt: 

""J........_'"(,,l,_f N .. ,.-~~'( tj~.__......... Sl'f -... .._.._, 

0 0 AT11' ADP 

P-'u'!ttrtaelf"r.I? CS> 

O>< 
l H 

. ·" 
l 

0 

Co~nzvmeA 

... __ _ ,.. •, 

. \ 

Figure 1 The enzymatic synthesis of coenzyme A from pantetheine. The diagram 

15 shows the three enzymes, PanK, PPAT and DPCK, which are involved in the biosynthesis of 

coenzyme A from pantetheine. The symbol below PanK symbolises feedback inhibition on this 

enzyme by coenzyme A. 

In order to synthesize various analogues of coenzyme A, the corresponding pantetheine 

20 analogue is chemically synthesized from pantothenic acid as a precursor. This approach 

is unfortunately not very efficient with respect to the number of process steps involved 

therein. Moreover. the percentage of yield obtained from this approach is not 

satisfactory. with yields in the range of between 50% and 95% being obtained . The 

overall cost of synthesizing pantetheine derivatives in accordance with this method is 

25 therefore not economical. particularly for commercial production purposes. 
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Accordingly, there is a need in the art for an alternative, efficient and economical method 

for synthesizing acyl-coenzyme A derivatives that does not suffer from the shortcomings 

associated with methods of the prior art. as described herein above. 

Summary of the Invention 

According to a first aspect thereof. the present invention provides a method for the 

synthesis of acyl-pantetheine derivatives, the method including the steps of: 

l 0 a) providing a source of pantetheine; 

15 

~o 

b) providing a source of acyl ester; and 

c) contacting the source of pantetheine with the source of acyl ester to form the 

corresponding acyl-pantetheine derivative, having the general formula (I) 

0 ~-· ~· 
~ .......... ....... ~ C ~'l~'I 

II I I 
0 ~ ~ OH Oh 

.... ..... .. .... (I) 

wherein R is an acyl group. 

According to a second aspect thereof, the present invention provides a method for the 

synthesis of acyl -coenzyme A analogues, the method including the steps of: 

a) providing a source of pantetheine; 

25 b) providing a source of acyl ester; 

30 

c) contacting the source of pantetheine with the source of acyl ester to form the 

corresponding acyl-pantetheine derivative, having the general formula (I) 

... ... ......... (I) 

wherein R is an acyl group; and 
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d) subjecting the acyl-pantetheine derivative of step (c) to one or more enzymatic 

reactions to form the corresponding acyl-coenzyme A analogue, having the 

general formula (II): 

. . . . . .. . . .. . . (II) 

wherein R is an acyl group. 

In an embodiment of the present invention, the source of pantetheine is pantetheine 

20 obtained by the reduction of pantethine with dithiothreitol (OTT) and bicarbonate 

(NaHC03) . It will be thus be appreciated that step (a) discussed herein above may 

encompass the step of reducing pantethine to pantetheine. 

The source of acyl ester may be prepared by contacting an organic acid, having the 

25 general formula R-COOH wherein R is any acyl group, with a suitable activating agent. It 

will be appreciated that the present invention is not limited to the aforesaid preparation 

method and any suitable acyl ester may thus be employed herein. 

Non-limiting examples of the organic acid include benzoic acid, acetic acid, isovaleric 

JO acid, propionic acid, butyric acid, valeric acid, hexanoic acid, octanoic acid and 

dodecanoic acid. In a preferred embodiment of the invention, the organic acid is benzoic 

acid. 
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The activating agent may be any suitable activating agent, including, but not limited to N­

hydroxysuccinimide, hydroxylbenzotriazole. N-hydroxy-5-norbornene-2,3-dicarboximide 

and various activated acyl-chlorides. Preferably, the activating agent is N­

hydroxysuccinimide. 

Non-limiting examples of the acyl group mentioned herein above include benzoyl, acetyl, 

isovaleryl, propionyl, butyryl, va leryl, hexanoyl, octanoyl and dodecanoyl groups. In a 

preferred embodiment of the invention, the acyl group is benzoyl. 

I 0 According to a further preferred embodiment, the present invention provides for the 

source of acyl ester to be a N-hydroxysuccinimide (NHS) ester of benzoic acid. 

IS 

According to a yet further preferred embodiment, the present invention provides for R in 

any of the abovementioned formulae to be a benzoyl group. 

It is to be appreciated by those skilled in the art of the instant invention that the acyl­

pantetheine derivative, synthesized in accordance with the first aspect of the invention, 

may be employed in any suitable chemical process. 

20 In terms of the second aspect of the instant invention, the invention provides a novel 

method for the synthesis of various acyl-coenzyme A analogues from pantetheine and 

the corresponding acyl ester. 

In one embodiment, the enzymatic reactions referred to in step {d) of the second aspect 

:25 of the present invention is a ··one-pot" chemoenzymatic synthesis wherein three 

recombinant biosynthetic enzymes from Escherichia coli are employed as catalysts. In 

terms of this embodiment, recombinant pantothenate kinase (PanK). recombinant 

phosphopantotheine adenyltransferase (PPAT) and recombinant dephosphocoenzyme 

A kinase (DPCK) are employed as the ca talysts. 

JO 
It will, however, be appreciated that said enzymatic synthesis of step (d) may be carried 

out by any other suitable procedure known and/or described to one skilled in the art. 
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According to a third aspect thereof. the present invention provides for an acyl­

pantetheine derivative, having the general formula (I) 

0 ~· ./ 
~ ....... ,....... s. c ~.,~,, 

II I I 
0 4 OH OH 

. .. .... ........ (I) 

I 0 wherein R is an acyl group, prepared according to the method as described herein 

before in terms of the first aspect of the invention. 

15 

20 

25 

30 

According to a fourth aspect thereof, the present invention provides for an acyl­

coenzyme A analogue, having the general formula (II): 

0 OH 
I 

~0-?=0 

I 
GH 

.. .......... . (II) 

wherein R is an acyl group, prepared according to the method as described herein 

before in terms of the second aspect of the invention. 
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According to a fifth aspect thereof, the present invention provides for the use of a source 

of pantetheine and a source of acyl ester in the synthesis of an acyl-pantetheine 

derivative, having the general formula (I) 

0 V'i.· .· 
~ 

~ ........... s 
C ~'l~'I 
II I I 
0 ~ ~ CH OH 

······· ·· ·· ····(I) 

wherein R is an acyl group. 

According to a sixth aspect thereof, the present invention provides for the use of a 

source of pantetheine and a source of acyl ester in the synthesis of an acyl-coenzyme A 

analogue, having the general formula (II) : 

... . .... .... . ( II) 

wherein R is an acyl group. 

The foregoing and other objects, features and advantages of the present invention will 

become more apparent from the following description of certain embodiments of the 

JO present invention by way of a specific example. 
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Example of the invention 

The invention will now be described with reference to the following non-limiting example. 

5 Preparation of pantetheine from pantethine 

In this step, pantetheine is prepared by the reduction of pantethine with dithiothreitol 

(DTI) and bicarbonate. 

I 0 Pantethine (42 mg), sodium bicarbonate (160 mg) and on (80 µmole) are dissolved in 

3 ml of water, and left to stand for 10 minutes to allow reduction of the pantethine to 

pantetheine to take place: 

CH .f -i 0 <'.) 

15 ;(y,I,~!,~ _... 3~ ~ u v o H 
HO 3 !'I tj~ 

I I I 
0 0 H h Q :..t 

20 

25 

Di t h 1ot hreit ol 
bicar bonate 

in H20 

Ponte thine 

JO Preparation of the N-hydroxysuccinimide (NHS) ester of benzoic acid 

Benzoic acid and N-hydroxysuccinimide (10 mmoles of each) are dissolved in 40 ml of 

ethyl acetate (freshly distilled) in a screw-top Erlenmeyer flask. An equimolar amount of 
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dicyclohexylcarbodiimide is dissolved in 10 ml ethyl acetate and combined with the 

benzoic acid solution. The solution is thoroughly mixed and left to stand overnight at 

room temperature (in the dark). The insoluble white crystals of dicyclohexylurea are 

removed by filtration. The filtrate is dried under nitrogen to recover the white crystalline 

5 NHS-benzoic acid ester. 

Synthesis of S-benzoyl pantetheine 

This step involves the acylation of the already synthesized pantetheine to form S-

I 0 benzoyl pantetheine, as shown in the figure below: 

Pantetheine 

~.)--0 
( ----
0 

NHS-benzoic acid ester 
in Tl-ff 

Q 0 0 
I / c/s~N~., l 1' 

II I ,--- y, 
0 H H OH O H 

Benzoyl Pontetheine 

~--~ 
0 

N-hydroxy s uccinimide 

The above synthesized NHS-benzoic acid ester (0. 12 g) is dissolved in 7 ml 

15 tetrahydrofuran (THF). The THF is distilled over sodium borohydride before use, to 

remove peroxides that may have formed during storage. This is done by mixing 500 ml 

of THF with 0.2 grams of the reducing agent before transferring to the distillation 

apparatus. 

20 The water solution containing the pantetheine is combined with the NHS-benzoic acid 

ester THF solution in a small glass bottle and maintained as a single phase by vigorous 
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magnetic stirring for four hours. It is advised to test for the presence of free thiol groups 

at this stage. to determine the progress of the reaction. 

Test for free thiol groups: DTNB colour reaction 

A small amount (5 µI) of the reaction mixture is added to 495 µI of a 0.1 mM 5,5'­

dithiobis(2-nitrobenzoic acid) [DTNB] solution (in 100 mM TrisCI, pH 8.0). If the solution 

turns deep yellow, the reaction is left for another 30 minutes. 

I U The reaction mixture is subsequently transferred to a glass tube and left to settle into two 

phases. The upper THF layer is then removed under a stream of nitrogen gas. The 

remaining water is removed by freeze-drying . To dissolve the benzoyl pantetheine, 0.5 

ml of absolute ethanol is added to the tube, which is then heated to 50° C in a water 

bath, with frequent shaking , for about five minutes. Water (5 ml) is added to the reaction 

15 mixture and the mixture is again heated to 50° C, with frequent shaking. The mixture is 

left to cool, and if the solution becomes cloudy, more water is added in 2 ml volumes. 

and the process repeated. This procedure dissolves the S-benzoyl pantetheine while 

leaving excess NHS ester behind as a white residue on the walls of the tube. The 

solution is poured out, and the tube rinsed with another 5 ml of water. The water 

20 fractions are combined and used without further purification for further synthesis 

procedures as may be required. 

Enzymatic synthesis of S-benzoyl coenzyme A 

25 The corresponding acyl-coenzyme A analogue may be prepared from the acyl­

pantetheine derivative using procedures known to one skilled in the art and procedures 

forming part of the state of the art. 

One such procedure includes a "one-pot" chemoenzymatic synthesis from the S-benzoyl 

30 pantetheine and adenosine triphosphate using three recombinant biosynthetic enzymes 

from Escherichia coli as the catalysts. 
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This procedure includes the preparation of the reaction mixture by combining 20 mM 

KCI , 10 mM MgCl2, 18 mM adenosine triphosphate (ATP), 50 mM TrisCI, pH 7.5 and 5 

mM benzoyl-pantetheine. [No additional purification of the previously synthesized 

benzoyl-pantetheine is required]. The pH is adjusted to 7.5 and the volume is increased 

5 to 30 ml with water. 

The reaction is initiated by the addition of 5 mg of recombinant pantothenate kinase 

(PanK) and incubated at room temperature for 30 minutes. After 30 minutes, 5 mg of 

recombinant phosphopantotheine adenyltransferase (PPAT) is added, followed by 

IO another 30 minute incubation. Finally, 5 mg of recombinant dephosphocoenzyme A 

kinase (DPCK) is added, followed by a two hour incubation at room temperature. Gentle 

magnetic sti rring is performed throughout the incubations. After completion, the reaction 

mixture is passed through a 3 ml column of His·Bind resin to remove the recombinant 

enzymes. 

15 

Solid phase extraction can be used for purification and concentration of the benzoyl­

coenzyme A. The product is relatively stable and resistant to oxidation, in contrast to 

'free' coenzyme A. In addition, the inherent hydrophobicity of the benzoyl-group renders 

the corresponding coenzyme A product more hydrophobic, and hence much easier to 

20 purify by adsorption, using for instance a C18 solid phase extraction system. 

It will be apparent by the skilled artesian from the foregoing disclosures that numerous 

advantages are associated with the present invention. 

25 One such advantage is the fact that it not necessary to purify the acyl-pantetheine 

produced in step (c) prior to the enzymatic synthesis of step (d) in the synthesis of the 

corresponding acyl-coenzyme A. Since no intermediate purification step is required, the 

overall costs involved in the synthesis of the resultant coenzyme A product is 

significantly reduced . making the present invention more economically viable than the 

)() methods of the prior art. The present invention therefore provides a fast, convenient and 

efficient method for the synthesis of acyl-coenzyme A analogues. 



A57 

 

 

13 

Secondly. only two reaction vessels are employed for the synthesis of the acyl­

coenzyme A product. thus contributing to efficiency and convenience of the present 

method. 

5 Further advantages of the present invention reside in the fact that no losses of material 

occur, with the stoichiometric conversion of pantethine to the resultant acyl-coenzyme A 

analogue. This, in turn, allows for the possibility to scale up the instant method for 

commercial production purposes. 

I 0 Whilst only certain embodiments or examples of the invention have been shown in the 

above description, it will be read ily understood by any person skilled in the art that other 

modifications and/or variations of the invention are possible. Such modifications and/or 

variations are therefore to be considered as falling within the spirit and scope of the 

present invention as defined herein . 

lS 

Dated thi:; o1 C''.'y r.r 
._) ... . - I 

;.:!P.l:;i l.J S LE HOL.J), 
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