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Abstract

Molybdo-flavoenzymes (MFEs), aldehyde oxidase (AOX) and xanthine
oxidoreductase (XOR) are involved in the oxidation efi¢derocyclic compounds
and aldehydes, many of vdhi are environmental pollutants, drugs and vitamins.
This biotransformatiorgenerally generates more polar compounds that are more

easily excreted, thus MFEs have been classed as detoxication enzymes.

To date there has been scant study of the properiibstrate and inhibitor
specificities of MFEs in nomammalian vertebrate organisms. This investigation
focuses on MFEs in rainbow tro{@ncorhynchus mykisas it belongs to dass of

fishthathostasp JOH $2; $2; DQG RQH ;25

In this study the substrate specificity of rainbow trout liver AOX and XOR was
investigated using HPLC and spectrophotometric assays. AOX in hepatic cytosol
was found to be able to catalyse the oxidation of azanaphthalenegibglto a
group of compounds that are environmental pollutants such as phenanthridine,
phthalazine and cinchonine. In addition, xenobiotic aromatic aldehydes (vanillin
and dimethylaminocinnamaldehyde) and drugs such as allopurinol and
pyrazinamide were $strates. Several endogenous vitamins including pyridoxal
(vitamin B6), alltransretinal (vitamin A) and N-methylnicotinamide were also
biotransformed by the rainbow trout AOX. In contrast to liver no AOX activity was
detectable in kidney and gill tissuXOR activity in rainbow trout liver was
measurable with the endogenous purine xanthine, purine drug metabolites (1
methylxanthine and -éioxanthine) and Mheterocyclic drugs (allopurinol and

pyrazinamide). Unlike mammalian XOR that can utilise both NADd Q as



electron acceptors, trout XOR was exclusively NAI2pendent with no activity

being detected with O

EadieHofstee plots were using to determine the Km and Vmax of rainbow trout
AOX and XORwith different substrates and it was found the Vmathe rainbow
trout enzymes were generally lower and Km generally higher than mammalian

AOX and XOR.

Inhibitors of mammalian AOX were tested to determine if they couktant with
the piscine AOX. Environmental pollutants (17ethinyl estradiol and
phenathridine), an endogenous steroid (estradiol) and drugs (chlorpromazine and
menadione) were found to be effective inhibitors and were classed as competitive,
norrcompetitive and uncompetitivespectivelyusing LineweaveBurk plots. The

drug metabolite, xipurinol, was anon-competitive inhibitor of rainbow trout XOR.

In order to further characterise trout AOX protein purification was carried out. In
contrast to mammalian AOX, the piscine enzyme was not thermotolerant at 55°C
nor was it inhibited by benzddine, thus heat treatment and affinity
chromatography could not be used as a purification steps. Trout AOX was purified
210fold using ammonium sulphate fractionation, together with ion exchange and
gel filtration chromatography. The native molecular mafsthe piscine AOX was

295 kDa, which is similar to mammalian AOXs.

In conclusion this study yields new insight into groups of anthropogenic
environmental pollutants, drugs and vitamins that are substrates and inhibitors of an
ancestral vertebrate AOX. €htoxicological relevance of these findings is

discussed.



ACKNOWLEDGEMENTS

No project such as can be carried out by only one individual. | would like to

express my thanks to God who is the source and origin of all knowledge.

| fell highly privileged toexpress my heartiest gratitude to the worthy and kind
supervisor, Dr Dougie Clarke for his dynamic supervismomstructive criticism

and affectionate behaviour throughout this study. His wide knowledge and logical
way of thinking has been of great valter me. And his intensive and creative

comments have helped me step by step throughout this project.

My sincere deepest gratitude to all my family for their support and encouragement
through this work, | would like to thanky colleagues at the school Applied
Science who shared great research ideas during my time in Huddersfield

University.



Table of Contents

LISt Of TADIES:.....eeeie e VIII
IS Ao o TN =T S XI
List Of ADDIeVIatioNS..........oooviiiiiiiii e XVII
L. INEFOAUCTION. ..ttt e e e e e e e e e e e 1
1.1. Molybdeflavoenzyme StrUCTUIE............uuuurueieiiiiiiiiiiiiiiiiiiiiieeieeeeeeeeieeeees 1

1.2. Molybdenum cofactor and the catalytic mechanism of molladoenzymes4

1.3. Substrate specificity of aldehyde oxidase and xanthine oxidoreductasel0

1.4. Molybdeflavoenzymes inNibitorS.............uvuuviiiiiiiiiiiiiiiiiiiiiieeeeee 22
1.4.1. Alddnyde oxidase inhibitorS.............oovviiiiiiiic e, 22
1.4.2. Oxipurinol as a specific xanthine oxidoreductase inhibitor.................. 26
1.5. Species variation in molybdlavoenzyme activity.................evvevveivinennnnnns 29
1.5.1. Vertebrate molybdlavoenzymes...........ccooooeeiiiiiiiiiiii e, 30
1.5.2. Molybdeflavoenzymes in fiSh...............uuuiiiiiiiiiiiiiiiiiiiie 35
1.5.2.1. Aldehyde oxidase activity in fiSh liVer...............euvviiiiiiiiiiiiiiiiiiiiies 35
1.5.2.2. Extrahepatic aldehyde oxidase activity in.fish................cccccoeeeee ol 39
1.5.2.3. Aldehyde oxidase as reductase activity in.fiSh...............cccccccvvinnnnns 40
1.5.2.4. Xanthine oxidoreductase activity in fish..........c.ccccooooiii 41
1.5.2.5. Extrahepatic xanthine oxidoreductase activity infish....................... 46
1.5.3. Molybdeflavoenzymes as pollution monitoring in fish......................... 48
1.5.4. Genetic and structural properties of molyfideoenzymes in fish........... 53

1.6. Purification of aldehyde oxidase and xanthine oxidoreductase enzyme$9

1.7. AIMS OF thE PrOJECT. .. .uuuiiiiiiiiiiiiitiiiiiiii et 65
2.0. Materials and Methods............cooiiiiiiiii e 67
2.1.In vitro analysis of molbdo-flavoenzyme activity.............ccoeeeeeeeeeeeeeeneenn. 67
2.1.1. Preparation of CYtOSQL..........coooviiiiiiiiieeeeeeeeeeee 67
2.1.2. Gel filtration of CYtOSOL..........ooouiiiiii e 68
2.2. Protein determination............ooooeoeeiee e 68
2.2.1. Bicinchoninic acid reagentS..........ccooveeiiieee e 68
2.2.2. Bicinchonini@cid methodology.........ccoovviiiiiiiiiieeeiceeceee e, 69
2.3. Preparation of substrate StoCKS...........cccvvvviiiiiiiiiieeiieecee e 69
2.4. Spectrophotometric determination of aldehyde oxidase activity............. 70

2.5. Spectrophotometric determination of xanthine oxidoreductase activity..71
2.6. Determination of specific activity froapectrophotometric data................ 73

2.7. Determination of optimum conditions of molybitlvoenzymes................. 73



2.7.1. Determination of optimupH of buffer................coo 73

2.7.2. Temperature dependence of AOX and XOR activities........................ 73
2.7.3. Heat stability StUAY..........ccooeiieeeeee 74
2.8.Assay of molybddélavoenzyme activity using high pressure liquid
ChromMatograpny........cooiiiie e 74
2.8.1. HPLC analysis of tha vitro metabolism of molybddlavoenzyme substrates.
.................................................................................................................... 80
2.9. Determination of [{and Vo for molybdoflavoenzymes..............cccovveeeen. 81
2.10. Determination of the mode ohibition and inhibitor constant (Ki)........... 82
2.11. Purification of aldehyde OXidase.............covvviiiiieeeiiiiecee e, 85
2.11.1. Chromatography instruments media artentrators used.................. 85
2.11.2. Buffers used in purification protocals..............ccoeevvvviiiiiniiceeeceeiiinnn. 85
2.11.3. Purification 0f AOX.....ccooii i 86
2.11.3.1. Preparation Of CYtOSQL.........cccovveiiieiiiiieeeeeeeeeee e 86
2.11.3.2. Heat treatment StePD........iviee et ea s 86
2.11.3.3. Ammoniunsulphate fractionation Step...........cccevvvviieiiiieeeiiiiiiinnnn. 86
2.11.3.4. @Sepharose anion exchange fast flow chromatography................ 88
2.11.3.5. Affinity chromatogiphy on benzamidine Sepharose.GB.................. 88
2.11.3.6. Chromatofocusing on Mono P HR 5/2Q............cccooeiiiiiii, 89
2.11.3.7. Gel filtration chromatography...........ccoooeeeiiiiiiie, 89
2.11.3.8. MonoQ chromatography........cccceeeeeiiiiiiiiiii e 90
2.11.4. Sodium dodecyl sulphate polyacrylamide gel electrophoresis.......... 90
2.11.4.1. Staining of SDS polyacrylamide gels...........cccoeiiiiiii, 91
2.11.4.2. Determination of native molecular mass using Superose 6 chromatography.
.................................................................................................................... 92
2.12. Statistical aNalySiS........cciiiiiiiiiiiiiei e 93
P A T V[ I = 11 1= 0 (= P 93
G T =TT U ] £ S SSPPSRR 94
3.1. Quantification of molybdflavoenzyme activity............ccccoeeeeiiiiiiiiiiiinnnnnn. 94
3.1.1. Effect of pH on trout, rat and human molybideoenzymes activity........ 95
3.1.2. Effect of temperature on trout, rat and human moljladoenzymes activity.
.................................................................................................................... 97
3.1.3.Validation of theaccuracy and pcisionof HPLC assays...................... 100
3.2. Screening of molybditavoenzyme activities.............cceeeeviviiiiieeeeneeenes 101

3.2.1.AOX activity with exogenous aldehydes fimut tissue and mammalian liver
(03 (0 1o ) USRS 101



3.2.2. HPLC analysis of AOX activity with endogenous vitamins and vitamin
MELADOIIES. ... 105

3.2.3. Spectrophotometric and HPLC analysis of AOX activity with exogenous N

heteroCyclic COMPOUNGS..........uuuiiiiiiiiiiiii e 108
3.2.3.1. Phenanthridine. ..., 108
3.2.3.2. Phthalazing......cooeeeeiee e 111
3.2.3.3. CINCRONINE.....co oo 112
3.2.3.4. PYrazinamide..........uuiiiiieeeiieeiiiiiis e et e e e e e et e e e e aaaaee 113
3.3. Spectrophotometric and HPLC analysis of molyldeoenzyme activity with
endogenous purine and purine analogue substrates.............ccccceeeeeeeerinnnn, 118
3.3.1. Xanthine and-nethylxanthine ..............cccciiiiii e, 119
3.3.3. BMEICAPIOPUIINE ..o 136
3.3.4. AllOPUIINOL. ... e 145
3.4. Determination of the kinetic parameters for aldehyde oxidase and xanthine
oxidoreductase ifrout, rat and human..............cccooeeeeeeeee 148
3.4.1. Exogenous aldehydes as substrates for AOX.........ccccvvvieeeieieeiniinnn, 148
3.4.2. Endogenous vitamin aldehydes as substrates for. AOX.................... 150
3.4.2.1. Vitamin B6 (PYridoXal)..........ccuuuiiiiiiiiiiiiiiiiieie e 150
3.4.2.2. Vitamin A (altrans retinal)............c...cooriiiiiiiiii e 150
3.4.2.3. N-methyInicotinamide. ............ccceveueeveueeeeeeeeeeeeeeeee e, 151
3.4.3. Exogenous HHeterocycless substrates for AOX.........cccceeeeeeieeeriinnnn, 151
3.4.3.1. Phenanthriding.........coooooiii i, 151
3.4.3.2. PhthalazZing.......cceeeiiiee e a e 152
3.4.3.3. CINCRONINE ... 152
3.4.4. Endogenous and exogenous purines and purine analogs as substrates for XOR
.................................................................................................................. 152
344, 1. XaNthiNe......cco o 153
3.4.4.2. Imethylxanthine.........cooooiii 153
3.4.4.3. AlOPUIINOL... .o e e e aaanes 156
3.4.4.4. Bmercaptopuring (BMP)........coooviiii i 156
3.4.4.4. BthIOXaNTNINE.......oeiiiiii e e e e aaeee 156
3.4.3.4. PYrazinamide......couuuuiiii e e e e e eanees 157
3.5. Comparison of menadione, benzamidine and oxipurinol as melybdo
flavoenzyme inhibitors in different Species..........ccccccvvvviiiiiiiii 157
3.5.1. Determination of Ki for mobdo-flavoenzyme inhibitors in trout liver cytosol.
.................................................................................................................. 161
3.6. Purification of aldehyde oXidase...........ccccoeiieiieiiiiieeiiiin e e 169

Vi



3.6.1. Purification of AOX fron Wistar rat IVer..........oveevieiiiiiciiee i 169

3.6.2. SDS PAGE analysis of Wistar rat AOX........cccoeveeeeviiiiiiiiiiieeeeeeiiinnns 173
3.6.3. Purification of AOX from rainbow trout liver.............cccevvciiinieeeenieenes 174
3.6.4. Determination of the native molecular mass of rainbow trout liver AOX using
Superose 6 gel filtration chromatography............ccooeeeiiiiiiiiieiiie e, 179
3.6.5. SDS PAGE analysis of rainbow trout AOX...........ccooeeiiiiiiiiie, 181

I 1o 011 (o] PN 183

4.1. Quantification of molybdflavoenzyme activities itrout, human and rat.183

4.1.1. Exogenous aldehydes as substrates for AOX........cccccovvvvviiiiiinnnnnn. 185
4.1.1.1. Vanillin and DMAC.........cooiiiiiiiiie e 185
4.1.2. Endogenous vitamin aldehydes as substrates for. AOX.................... 187
4.1.2.1. Vitamin B6 pyridoxal...........ccccccviiiiiiiiiiiiiiiiii 187
4.1.2.2. Vitamin A altrans retinal............cccccvii 188
4.1.2.3. N-methylnicotinamide (NMN)...........ccoiiriieeeee e eee e 189
4.1.3. Exogenous {Neterocycless substrates for AOX........cccccvvvvvvvveinennnn. 191
4.1.3.1. Phenanthriding............ccoooviiiiiiiiiii 191
4.1.3.2. Phthalazine..........coiiiiiiiieeecee e e e 193
g G T80 TR O 1 T o o 11 = TP 194
4.1.3.4. PYrazinamide.......ccooieeiiiiieiiee et e e 195
4.1.4. Endogenous and exogenous purines and purine aasalsgbstrates for XOR
.................................................................................................................. 196
O B I € 1 11 1 = PSSR 196
4.1.4.2. Imethylxanthine...........ccccccii 199
4.1.4.3. AlIOPUIINOL. ... 199
4.1.4.4. Bmercaptopuring (BMP).........ccooviiiiiiiiiiiiii 200
4.2. Determination of kinetic parameters for algihoxidase and xanthine
oxidoreductase inhibitors for trougtand hUMaN.........c..coevveeiiiiiiieeee, 202
4.3. Purification of AOX from rainbow trout and Wistar rat liver cytosol......204
4.4, CONCIUSIONS.....ciiiiiiiieeeeee e 207
4.5. Recommendations for future Work..............ccccvvvviviiiiiiiiiiiiiiiiiiieeeee 210
LT (=] (=] =] o USRS 212
B.0. APPENAICES. ...ttt e et e e e e e e ataa e e e aaeaanae 237
6.1, APPENTIX L. 237
6.2, APPENIX 2.. e 238
LSRRG T Y o] 0 1= [0 | TSRS 240

VIi



List of Tables:

Table 1: Examples of mammalian molybdtavoenzyme substrates................ 11

Table 2 Aldehyde oxidase catalyzed reduction of different compounds in
=T 010 = £ PSSP 21

Table 3: Xanthine oxidoreductase catalyzed reduction ded#nt compounds in
L AF= 0] g = 1 PP TP PP UTRPPP 22

Table 4. Summary of the effects of prototypical inhibitors on human aldehyde
[0 T0 F= S SRS SPPPPPP 24

Table 5: Summary of the effect of aldehyde oxidase inhibitors with-imaman
5] 0L o[RS 25

Table 6: Summary of the effects of xanthine oxidoreductase inhibitors allopurinol
and oxipurinol withdifferentrammalian SPecCies...........cccceeeeeiiiiiiieeeiei e, 28

Table 7: Summary of molybddlavoenzymes in mice...........cccceeeeiiiiiiieeennnnns 32

Table 8 Summary of aldehyde oxidase genes and tisstietdition in different
SPIECIES vttt ettt e et e e e ettt e e e e e et e e e e e e e et et e e — ittt ———————aateeetea——————————— o —————t11aa 33

Table 9: Summary of xanthine oxidoreductase tissue distribution in different
5] 0L [P 34

Table 10.Summary ofn vitro studies of hepatic aldehyde oxidase activity in fish
5] 0L o[ 36

Table 11: Summary of fish species that have no detectable hepatic AOX a8%vity.
Table 12: Summary of extrahepatic and hepatic AOX activity in fish specied0

Table 13:1In vitro studies of hepatic xanthine oxidoreductase activifisim
species measured using spectrophotometry...........cccevvvvvvieeee e eeeee e 42

Table 14: Summary of fish species that had no detectable XOR activity.....44

Table 15: Summary oin vitro studies of hepatic xanthine oxidoreductase activity

in fish species using electrophoresis and histochemical dye methods......... 45
Table 16 Extrahepatic XOR activity in fisSh...........ccccooiiiiiiiieemiiiiiiiieeee, a7
Table 17:HepaticXOR activity as a biomarkers for pollution in fish.............. 49
Table 18: Extrahepatic XOR activity as biomarkers forlp@bn in fish............. 50

VIiI



Table 19:Hepatic and extrahepatic AOX activity as a biomarkers for pollution in
115 SRR PPUURPPPRRPR 52

Table 20: AOX and XORgenes in fish, amphibians, reptiles, birds and mammals

Table 21: Summary of purification protocols for aldehyde oxidase from rodent
5] 0L [ SRR 60

Table 22: Summary of purification protocols for aldehyde oxidase fromnmoaient
5] 0L 0[P RRPSSUUPPP PP 61

Table 23: Summary of xanthine oxidoreductase purification from different species.

Table 24.Preparation of protein calibration standards.............cccccevvvvieeeren 69
Table 25: List of stock substrates, products and solvent used paéhem....70

Table 26: Wavelength and molar absorption coefficients used for the
spectrophotometric measurement of aldehyde oxidase activity................... 71

Table 27 Summary of xanthine oxidoreductase assay setup........................2
Table 28 Isocratic HPLC protocols for the measurement of MFE activity.....77
Table 29: Gradient HPLC protocols for the measurement of MFE activity....78

Table 30:HPLC program for the separation of allopurinol,-M&thylnicotinamide
and their metabolite..............oooiii e A9

Table 31HPLC program for the separation efiéercaptopurine,-1
methylxanthine, xanthine, phthalazine, pyrazinamide and their metaholites79

Table 32HPLC program for the separation of-Methylnicotinamide and its

Table 33HPLC program for the separation of phenanthridine aBai)6(
PhENANTNIIAONE ... 79

Table 34: Summary of AOX and XOR inhibitors assays........cccccccccvviiiiieeneen. 83
Table 35: SDSpolyacrylamide gel electrophoresis reage(SDS PAGE)......... 90

Table 36: Summary of Coomassie Blue and Silver stains used for protein
visualisation of SDEPAGE..........uuii e 91



Table 37: Summary of gel filtration standards used for native molecular mass
(0[S (=14 a1 [ =110 o OO UPPORRTTSPPTR 92

Table 38: Summary oin vitro studies of hepatic aldehyde oxidase activity in
different species using HPLC éuspectrophotometric assays with different
SUDSITALES. ..t eiiiiieiee et rree bbb 118

Table 39:Kinetic constants fotrout, rat and humaliver AOX substrates in
spectrophotometric and HPLC aSSaYS..........uuvuruiiiiiicemeererniiiiiieeeeeeeeeeeanas 149

Table 40: Kinetic constants for trout, rat and human liver XOR substrates in
spectrophotometric and HPLC aSSAYS.........uuururuiiiiricemeeeireiiiineeeeeeeeeeeeenas 155

Table 41: Summary of inhibition anstant (Ki) and mode of inhibition of different

inhibitors with trout AOX and XDH..............uuuuiiiiiiiii e e e eeees 168
Table 42: Summary of Wistar rat AOX purification..........ccccceeveeiiiiiiaccennnn 172
Table 43: Summary of rainbow trout AOX purification............ccccceeeiiiieienns 178

Table 44:Elution volume and relative molecular mass of the proteins standards on
Superose 6 16/70 gel filtration chromat@gny............ccooeeeeeiiiiiiiceeei e, 179



List of Figures:
Figure 1: The domain structure of the AOX and XDH enzyme family............ 3
Figure 2: Molybdenum Cofactor structure in molybdenum enzymes.............: 4

Figure 3: The movement of electron flow out from the molybdenum center of
MOlYDAOTIAVOBNZYMES.......ccc o 5

Figure 4: Oxidative and reduction half reaction and electron flow out from the
molybdenum center of molybetavoenzymes..........ccccooeeeieiiiiiiiceceiin

Figure 5: Postulated linear electron transfer sequence and site of electron egress to
2 (o101 <] o110 ] (TP UUPPTP 8

Figure 6: Oxidation reaction by molybdffavoenzymes AOX and XOR........... 9

Figure 7: Oxygen atom transfer reaction molybflavoenzymemnvolving an
AIAENYAE.......ceeee e —————— 9

Figure 8: Oxygen atom transfer reaction molybfiavoenzyme involving an N
L] (=] o Toy Yo = OSSP 10

Figure 9: Role of xanthine oxidoreductase in endogenous purine catabolism in
L AF= 0] g = 1 PP PRSPPI 13

Figure 11: Biotransformation of altrans retinal to retinoic acid by aldehyde
(0)r(]0 F= 1= TSP 15

Figure 12: Oxidation of pyridoxal to 4yridoxic acid by aldehyde oxidase.....16
Figure 13: Biotrangormation of vitamin B3 in mammals..................c....ovveeee. 17
Figure 14: Oxidation of phthalazine by aldehyde oxidase-fhihalazinone.....18

Figure 15: Biotransformation of phenanthridine to its metabolite phenanthridinone

DY AOX ettt ettt eeeee ettt ettt ettt enet ettt ettt seaee ettt en e 18
Figure 16: Metabolism of methotrexate to its corresponding metabolite 7

hydroxymethotrexate DY AOX.........uuiiiiiiiiiee e ceeeieciee e e e erne e e e e e e 19
Figure 17: Biotransformation of @nercaptopurineby AOX and XOR.............. 20
Figure 18: Structures of the aldehyde oxidase inhibitars..............cccccccoeeuee. 23

XI



Figure 19: Generation of the xanthine oxidoreductase inhibitor oxipurinol from

ANOPUINOL.. ... eeer e 27
Figure 20: Summary of AOX and XDH genes irshi..........cccccooviiiiiiiiceeeeen 55
Figure 21: Proposed evolution of AOX and XDH genes in fish..................... 56
Figure 22: Summary of evolution of AOX and XDH genes in fishes, amphibians,
reptiles, birds and mammals.............coooiiiiiiiice 57
Figure 23: Eadie HOfStee PlOL.........uueiiiieiii e e 81
Figure 24: LineweaverBurk plotswith different types of inhibitors.................. 84
Figure 25: AOX purification protoCoIS............ooooiiiiiiiiiiiimee e 87
Figure 26: Effect of pH on of trout, human and rat AOX activity................... 95
Figure 27: Effect of the pH on of trout, human and rat XOR activity............. 96

Figure 28: Effect of the assay incubation temperature on of trout, human and rat
AOX ACHIVILY ... eeee e emr e e e e e e e e e e e e e e amenreeeees? 97

Figure 29: Effect of the assay incubation temperature on of trout, human and rat
DO ] 3= T 1AV, | YU 99

Figure 30: Spectrophotometric assays of aldehyde oxidase activities using rainbow
WURXW :LVWDU UDW DQG KXPDQ OLYHU F\WIBZ/RO DW

Figure 31: Spectrophotometric assays of aldehyde oxidase activities using rainbow
WURXW :LVWDU UDW DQG KXPDQ OLYHU F\WIBZ/RO DW

Figure 32: HPLC analysis of then vitro biotransformation of vanillin by rainbow
L0 L0 1U ) 03 (01T | I PP 103

Figure 33: HPLC analysis of the vitro biotransformation of vanillin by liver

Figure 34: HPLC analysis of the vitro biotransformation of endogenous
compound pyridoxal by liver cytosol from different species.............cc......... 105

Figure 35: HPLC analysis of then vitro biotransformation of endogenous
compound altrans retinal by liver cytosol from different species................ 106

Figure 36: HPLC analysis of then vitro biotransformation of i
methylnicotinamide by liver cytosol from different species......................... 107

Xl


file:///G:/09.2014%20PhD%20Thesis%20new%20correction%20after%20Viva/29.09.14%20PhD%20Thesis%20new%20version%20after%20Viva%20111%20333.docx%23_Toc399771385

Figure 37: Spectrophotometric assays of aldehyde oxidase activities using rainbow
WURXW :LVWDU UDW DQG KXPDQ OLYHU F\WRVRO DW
PhENANTNMIAINE. ... s 108

Figure 38: HPLC analysis of the vitro biotransformation of phenanthridine by
L 01U 03 (0 1o | P 109

Figure 39: HPLC analysis of the vitro biotransformation of phenanthridine by
rainbow trout, Wistar rat, and human liver cytosol...........ccccooeeiiiiiiceeinnnnn. 110

Figure 40: HPLC analysis of then vitro biotransformation of phthalazine by
rainbow trout, Wistar rat and human liver cytosol.............cccoovvviienneiinnnee. 111

Figure 41: HPLC analysis of then vitro biotransformation of cinchonine te 2
cinchoninone by rainbow trout, Wistar rat and human liver cytosal............ 112

Figure 42: HPLC analysis of then vitro biotransformation of pyrazinamide by
UDLQERZ WURXW OLYHU.EA\WRVRQ..DW.....0.&.....114

Figure 43: HPLC analysis of the vitro biotransformation of pyrazinamide by
Wistar rat and human liver cytosol at 37°C. Incubatiath O, as an electron
= (o103 =] o 1o ] (ST 115

Figure 44: HPLC analysis of then vitro biotransformation of pyrazinamide by
Wistar rat ad human liver cytosol at 37°C.Incubation with NA&s an electron
2 (o107 <] o 1o ] (AP OPPPSPPT 116

Figure 45: Spectrophotometric assays of xanthinedoreductase activities using
UDLQERZ WURXW :LVWDU UDW DQG KXPDQ Q2YHU F\W

Figure 46: HPLC analysis of the in vitro biotransformation of xanthine + NAPR
raiNDOW troUt CYLOSQL........ccoiiiiiiiiii e e 121

Figure 47: HPLC analysis of the imitro biotransformation of -Inethylxanthine +
NAD" by rainhOW trout CYtOSQL.........coevvieueireeeieceemiee et 122

Figure 48: HPLC analysis of the vitro biotransfamation of xanthine by rainbow
TrOUL [IVE CYLOSOL... .o e e e e e e e e e aan 123

Figure 49: HPLC analysis of then vitro biotransformation of -inethylxantine by
rainbow trout iVer CYtoSOl @t 3 ........c.ooveveeeeeeeeee e eneeeen 124

Figure 50: HPLC analysis of the vitro biotransformation of xanthine by Wistar
= 0 LAV 03 V) (0 1= o 1 PP RUUPPPRTIN 125

Figure 51: HPLC analysis of the vitro biotransformation of -imethylxanthine by
Wistar rat iVer CYEOSIOAt B37C.......c.o.eveeeeeeeeeeeeeeeeeeeeee oot eemne e, 126



Figure 52: HPLC analysis of then vitro biotransformation of xanthine by human
TN VZ=T 03 (0 1o U 127

Figure 53: HPLC analysis of then vitro biotransformation of inethylxanthine to
1-methyluric acid by human liver cytosol at’87..........c.coceveeeeeeeeeeeeeeeeen, 128

Figure 54: HPLC analysis of the in vitro biotransformation of xanthine by rainbow
trout liver cytosol with and without enzyme inhibitars...........ccooeeeeeiivieennen. 130

Figure 55: HPLC analysis of the vitro biotransformation of -inethylxanthine by
rainbow trout liver cytosol with and withouainthine oxidoreductase and aldehyde
OXIdASE INNIDITOIS .. ..o e e e e e e e 131

Figure 56: HPLC analysis of the vitro biotransformation of xanthingy Wistar
rat liver cytosol with and without enzyme inhibitors..............ccooooviiiceee . 132

Figure 57: HPLC analysis of the vitro biotransformation of -inethylxanthine by
Wistar rat liver cytosol with and without enzyme inhibitars........................ 133

Figure 58: HPLC analysis of the vitro biotransformation of xanthine by human
liver cytosol with and without enzyme inhibitors..........cccoeviieiiicicceciccee. 134

Figure 59: HPLC analysis of the vitro biotransformation of dnethylxanthine by
human liver cytosol with and without enzyme inhibitars...................cccceeeen. 135

Figure 60: HPLC analysis of the vitro biotransformation of @nercaptopurine by
FabDIt [IVEr CYLOSOL.....ooiiiiiiiiiee e e 137

Figure 61: HPLC analysis of analytes produced followihg in vitro incubation of
6-mercaptopurine with rainbow trout liver cytosol at 37°C..............vvvvvvnnnnee 138

Figure 62: HPLC analysis of analytes pracked following then vitro incubation of
6-mercaptopurine with Wistar rat liver cytosol at 37°5C............cccoeeiviviieeen.. 139

Figure 63: HPLC analysis offttein vitro biotransformation of @nercaptopurine by
AUMaAN IVEr CYEOSOL... e 140

Figure 64: HPLC analysis of the vitro biotransformation of @nercaptopurine by
Wistar rat liver cytosol with and without enzyme inhibitars...................... 141

Figure 65: HPLC analysif thein vitro biotransformation of @nercaptopurine by
human liver cytosol with and without enzyme inhibitats...................c e 142

Figure 66: HPLC analysis of the vitro biotransformation of @hioxanthine by
rainbow trout liver cytosol at 37°C.......ooi i 143

XV



Figure 67: HPLC analgis of thein vitro biotransformation of 4hioxanthine by
rainbow trout liver cytosol with and without enzyme inhibitars................... 144

Figure 68: HPLC analysis of the vitro biotransformation of allopurinol to
oxipurinol by Wistar rat liver cytosol at 37°C..........ooovvvvviviviiiccee e 145

Figure 69: HPLC analysis of the vitro biotransformation of allopurinol by
human liver cytoSol at 37°C........ccooiiiiiieeeeeeeee e 146

Figure 70: HPLC analgis of thein vitro biotransformation of allopurinol by
rainbow trout liver cytosol at 37°C.......ooo i 147

Figure 71: Inhibition of trout, hunan and rat aldehyde oxidase by menadione and
DENZAMITING. .. e e e 159

Figure 72: Inhibition of trout, human and rat xanthine oxidoreductase
OXIPUINOL L PH 7.4t 160

Figure 73: Saturation kinetics plot for menadione inhibition with DMAC as an
AOX substrate in troutver CYLOSOL.............oovvviiiiiiiiiiiereeeee e 162

Figure 74: LineweaverBurk plot for menadione inhibition with DMAC as an
AOX substrate in trout liver CYtOSOL............oovvviiiiiii i 162

Figure 75: Saturation kinetics plot for estradiol inhibition with DMAC as an AOX
substrate in trout IVer CYtoSQL.............uuuiiiiiiiiiieeeiiiiieeee e 163

Figure 76: LineweaverBurk plot for estradiol inhibition with DMAC as an AOX
substrate in trout iVer CYtoSQL..............ueviiiiiiiiieeciiiei e 163

Figure 77: 6 DW X UDW LR Q N L egthiylLestvad® OrRidtiarRiith DMAC
as an AOX substrate in trout liver CytoSOl..............uveeiiiiiiicccreeeeccee e, 164

Figure 78: Lineweaver % X UN S O RetfiinyRddtradiol inhibition with DMAC
as an AOX substrate in trout liver CytoSOl..............uveviiiiiiiccceeeeeeeee e 164

Figure 79: Saturation kinetics plot for chlorpromazine inhibition with DMAC as an
AOX substrate in trout liver CYtoSOL...........ccccuvuiiiiiiiiieeeiiiiieeeeeeeee e 165

Figure 80: LineweaverBurk plot for chlorpromazine inhibition with DMAC as an
AOX substrate in trout liver CYtOSOL.............uuiiiiiiiiiiiieeeiiiiiieeeeeeeee e 165

Figure 81: Saturation kinetics plot for phenanthridine inhibition with DMAC as an
AOX substrate in trout liver CYytOSOL..........cooovviiiiiiiiiieceece e, 166

Figure 82: LineweaverBurk plot for phenanthridine inhibition with DMAC as an
AOX substrate in trout liver CYytOSOL..........cooovviiiiiiiiiiecre e, 166



Figure 83: Saturation kinetics plot for oxipurinol inhibition with xanthine as an
XOR substrate in trout lIVer CYtOSOL.........cooeeeiiiiiiiiiiieeee e 167

Figure 84: LineweaverBurk plot for oxipurinol inhibition with xanthine as an
XOR substrate in trout liver CYtOSOL..........cccovviiiiiiiiiieeer e e 167

Figure 85: Chromatography of heat treated ammonium sulphate fractionated rat

Figure 86: Mono-Q 5/10 anion exchange chromatography column of pooled
fractions from affinity chromatography Step............ccccovviiiiimemniiiiiiiiiiee, 171

Figure 87: SDS PAGE of purified hepatic AOX from Wistar rat liver.......... 173

Figure 88: Thermal stability of rainbow trout, human and rat liver AOX activity at

Figure 89: Chromatography of ammonium sulphate fractionated trout liver cytosol
on a Qsepharose column at pH 8.6............uviiiiiiii i, 175

Figure 90: Superose 6 16/70 gel filtration chromatography column of pooled active
fractions from @sepharose chromatography step........ccccoeevviiiiiiceciicicceennn. 176

Figure 91: Mono-Q 5/10 anion exchange chromatography column of pooled active
fractions from gel filtration chromatography step........cccccceeviiiiiiccc. 177

Figure 92: Calibration curve for determination of molecular mass of AOX by gel
filtration chromatography.........cccciiiiiiiiiii e 179

Figure 93: SDS PAGE of purified hepatic AOX from rainbow trout liver.....181

XVI



List of Abbreviations:

Abbreviation:

Definition:

2-PY:
4-PY:
6-MP:
ADP:
AhR:
ALDH:
AMP:
AOX:
AOH1:
ATP:
ATR:
BSA:
Cv:
CYP:
DAD:

DMAC:

DCPIP:

EBT:
FAD:
GMP:
IMP:
HPLC:
H,0O.,:

kDa:

LOD:

N*'-methyt2-pyridone5-carboxamide
N*-methyt4-pyridone3-carboxamide
6-mercaptopurine
Adenosine diphosphate
Aryl hydrocarbon receptors
Aldehyde dehydrogenase
Adenosine monophosphate
Aldehyde oxidase
Aldehyde oxidase homologue 1
Adenosine triphosphate
All -transretinal (vitamin A)
Bovine serum albumin
Coefficient of variation
Cytochrome P450
Diode array detector
Dimethylaminocinnamaldehyde
2,-@ichlorophencindophenol
Erochrome black T
Flavin adenine dinucleotide
Guanosine monophosphate
Inosine monophosphate
High performance liquid chromatography
Hydrogen peroxide
kilo Dalton
Michaelis constant

Limit of detection

XVII



Abbreviation:

Definition:

LOQ:
MFEs:
MoCo:
MTT:
MB:
mM:
NMN:
NAD™:
INT:
NPAHS:
NBT:
NADH:
PMS:
PAOX:
PBS:
PCR:
RSD:
TTC:
TAN:
XDH:
XO:

XOR:

Lower limit of Quantification
Molybdo-flavoenzymes

Molybdenum cofactor

Dimethylthiazotdiphenyl tetrazolium bromide
Methylene blue

Millimolar

N*-methylnicotinamide

Nicotinamide adenine dinucleotide
lodonitro-tetrazolium

Nitrogen containing polycyclic aromatic hydrocarbons
Nitro blue tetrazolium

Nicotinamide adenine dinucleotide (reduced form)

Phenazine methosulphate

Pseudogene altlgde oxidase

Phosphate buffer saline

Polymerase chain reaction

Relative standard deviation

Tetrazolium chloride
Total ammonia nitrogen
Xanthine dehydrogenase
Xanthine oxidase.

Xanthine oxidoreductase

XVIII



1. Introduction.

The term used to descriltiee chenical substances which ai@reign to animal life

is xenobiotics. Thesehemical substances include drugs,cosmetics,food additives,
environmental pollutants, pesticides, flavouring fragrances and industrial
chemical¢ldle and Gonzalez. 20Q®any of hesechemical substances access
bodies by the diet, atmospheredrinking water anddrug administration. These
substancegyo through a broadarieties of processes of detoxication of which
generally generateompounds that am@uch less toxicmuch more polar, and also
quickly excretablg Timbrell. 2009. Of these processesidation has an important
purpose in the metabolism stichxenobiotics Themicrosomal cytochrome-B50
moncoxygenase play an important role in this biotransformatioprocess;
howeverthe cytosak enzymes arealso involved in this biotransformation process
This thesis is concernedith two cytosolic molybddlavoenzymes(MFES),
namelyaldehyde oxidase @X; EC 1. 2. 3. 1) andanthine oxidoreductase (XOR;
EC 1. 2. 3. 2)In mammalstie second atheseenzyme, XOR, exist as two forms
xanthine dehydrogenase (XDH; EC 1. 17. 1. 4) aanthine oxidase (XO; EC 1.
17. 3. 2) that are derived from a single gene and both have identical primary amino
acid sequence. The native dehydrogenase form that uses B#\RN electron
acceptor can be converted to the XO form that usess@n electno acceptor by
cysteine oxidation orinited proteolysigNishino and Nishino. 199 Nishinoet al,
2008. The change fromthe XDH to the XO form is associated with a
confamatioral change in protein structure that prevents the bulky NADm
entering the electron acceptor binding site while the smadigygen canenter this
site (Nishino and Nishino. 199Nishino et al, 200§. The conversion of XDH to

XO hasonly beendemonstrated in mammalian species thatehapecificcysteines



(e.gin rats XDH hascysteine 535 and cysteine 992) dpsines (e.g in rats XDH

has lysine 754 and lysine 771) that are the site of proteolytic cleavage. The
conversion of XDH to XQOn vivothat result in the enzyme using moleculaygen

as electron acceptor results in oxygen free radicals being generated which have
been shown to be responsible for protein damage, DNA mutation and cell
membrane disintegration linked with many diseases such as cancer, liver damage
and cardiovascular sktase (Nishinakaet al, 200). These enzymes are present in
almost all organisms from bacteria to hum@eedham. 20Q1Garattini et al,

2008 Garattiniet al, 2009, Prydeet al, 201Q Garattini and Terao. 201 Garattini

and Terao. 2012Hartmannet al, 2012 Kurzawski et al, 2012 Garattini and

Terao. 2013

1.1 Molybdo-flavoenzyme structure

Both MFEs enzymes AOX and XOR are composedof molybdenum cofactor
(MoCo), one flavin adenine dinucleotide (FAD) and a pair of -faenticd metal
sulfur centers [2F2S] (Palmeret al, 1969 Nishino. 1994 Borgeset al, 2002
Nishinoet al, 2002 Garattiniet al, 2008 Prydeet al, 201Q Garattini and Terao.
2011 Garattini and Terao. 2012Garattini and Terao. 20)3 Molybdo
flavoenzymes are homodimers as active ®and are composed from a pair of
identical subunits of approximately @%Da (Figure ). Their structure is split into
three distinct domains as follows: an 85 kD&e@ninal domain that include Moco
along with the substrate binding site, and atehninus that includes a 20 kDa
domains with a couple of [2F&S] clusters, anda 45 kDa flavin adenine
dinucleotide (FAD) joining domaifKisker. 1997 Hille. 2005 Mendel and Bittner.
2006a Wollers. 2008 Garattini and Terao. 201Z&5arattini and Terao. 2013

Mendel. 2013



Figure 1. The domain structuref the AOX and XDH enzyme family.

The Nterminus domain binds the two fSg clustes, the center domain include the FAD binding
site and the @erminus domains the location of this Mepterin cofactor(Mendel and Bittner.
2006a Mendel. 2013

The crystallization of mammalian molybdlavoenzymes has provided much
information about tb domain structure of molybeitavoenzymegRomaoet al,
1995 Enrothet al, 200Q Truglio et al, 2002 Prydeet al., 201Q Mahro et al,
2011, Coelhoet al, 2012 Garattini and Terao. 201Kikuchi et al, 2012 Garattini
and Terao. 201,3Viendel. 2013 Both bovine XO and XDH have been determined
by X-ray crystallography to be separated into three-ckuhains. The first sub
domain (residues-165) at the Nerminus has a pair of iresulphur cofactors. It is
linked to the FAD binding domain (residues 2281) by a long portion connected
with amino adils (residues 16825) to another linker portion (residues 5&21)
this then links to a specific stdbmain containing on the molybdenum cofactor
(residues 591,332), which is located close to the interfaces of the FAD binding

domain and the iron sulphianrothet al, 200Q Kikuchi et al, 2012.



1.2.Molybdenum cofactor and the catalytic mechanism of
molybdo-flavoenzymes

Molybdenum itself is biologically inactive unless bound to a tricyclic pterin
compound where it tieforms molybdenum cofactor (Mog (Figure 3. Moco is
situated at the active site ADX and XORMendel and Bittner. 200§bThe pterin
structure coordinates to the molybdenum metal by an enedithiolate side chain
(Hille. 2005. The molybdeflavo enzymes, AOX and XOR, contain antive site

that is believed to be in a fix@ordinate complex with two enedithiolate ligands of
the molybdopterin cofactor, one oxo group, one sulfide group, and one hydroxyl or
water molecule. This coordination results in a square pyramidal geomeidtuses

and is the site for substrate binding and enzyme inhibiBoondinoet al, 2005).

Figure 2: Molybdenum Cofactor structure in molyéum enzymes.

The active site structure is attached with the pyranopterin compound through two enedithiolate side
chains ¢reen colourto produce the molybdenum cofactor. Based on Mendel,.2013



The molybdenum cofactd@ purpose is to transfer electoout of the molybdenum
center following the oxidation reaction has taken place. This results in the reduction
of molybdenum from Mo (VI) to Mo (IV)Hille. 2005 Okamotoet al, 2013. The
movement of electron flow in MFEs is shown Fidure 3, in which the Fe/S | and

Fel/S Il are a pair of iresulfur center.

Figure 3: The movement of electron flow out from the molybdenum center of molybdo
flavoenzymesAccording toOkamotoet al,, 2013.

The nolybdo-flavoenzymes AOX and XOR exhibitvo types of reactios atthe
same timeinvolving the molybdenum cofactor, oxidative darreductive half
reactiors. The oxidative half reaction atéhmolybdenum site, anthe reduction
half reaction at the FAD site ashown in(Figure 4) (Calzeiet al, 1995 Hille and
Nishino. 1995 Nishino and Okamoto. 200@kamotoet al, 2004 Hille. 2005
Brondinoet al, 2006 Kitamuraet al, 2006 Pryde et al, 201Q Okamotoet al,
2013. Hectron donors such as vanillin act at molybdenum site, reducing it from
Mo (V1) to the Mo (1V) state. The reducing equivalents transfer directly to the FAD
site or via theiron-sulfur center as shown iniffare 5)(Calzeiet al, 1995 Hille

and Nishino. 1998eedham. 199&itamuraet al, 2006 Beedham. 2010

The reduction half reactiomakes place at the FAD &, and the enzyme is
reoxidizedby interacion with oxygenin case of AOX and XO or with NADin
case of XDH, and FADHIis reduced into FAD. The reduction of oxygen leads to

formation of superoxide anion and hydrogen peroxat®] these two prodigt



damag the cell, but the cell itself has an enzyme to protect from this aftack
superoxide anion the enzyme superoxide diagaiand for hydrogen peroxide the
enzymehydrogen peroxidas@elley et al, 2010Q. XDH displays partialoxidase
activity under conditions in which NADlevels are diminishedsuch as the
ischemic/hypoxic microenvironment encountered in vascular inflammé@tarris

and Massey. 1997 This same inflammatory milieu leads to enhanced XO levels
and thus ineased XO-derived ROS formation,resulting in activation of
redoxdependent cell signaling reactions and alterations in vascular furasidn,
reduction of NAD leads to formation of NADH and "H In the presence of an
alternative electron donor, MFEs can medi#ie ieduction of various compounds
such as in my example, it reduced the fenthion sulfoxadéts reduced form
fenthion as shown in (Figu® (Kitamuraet al, 2003 Okamotoet al, 2004 Hille.
2005 Kitamuraet al, 2006 Beedham. 201,0Prydeet al, 2010Q. These enzymes
can be alternately reduced by the substrate after whiaxidesed by their
individual electron acceptors at the FAD site.vitro, potassium ferricyanide and

2, 6-dichloroindophenol (DCIP) have proven to be effective unnatural electron
acceptors for these enzymes that it canrbduced at FAD site Higure 9
(Krenitskyet al, 1972 Beedham. 19855lef and Stadtman. 200Ritamuraet al,

2006.



Figure 4. Oxidative and reduction half reaction and electron flow out from the
molybdenum center of molybeftavoenzymes.

According to (Hille and Nishino. 1995 Nishino and Okamoto. 20000kamoto et al, 2004
Beedham. 201@kamotoet al, 2013.



The mechanism of AR and XOR inhibitors was proposday Fridovich and
Handler. (1962), Rajagopalan and Handler ( 1962, 18641868) and Beedham
C (19%) that suggest 4 electrons carriers in molybdenum center of rabbit hepatic
AOX and XOR are responsible for the mechanisand reaction withartificial
electron accepter These studies demonstrated tfetricyanide,methylene blue,
phenazine metisulphatereact atthe iron sulphur cluster and, 3 dichlorophenol
indophenol (DCPIP) at near tbe molybdenum cofactor and that dyegroblue
tetrazolium  (NBT), trinitrobenzensulfonic acid and dimethylthiazel
diphenyltetrazolium bromide (MT)Treactat the FAD ste. Cytochrome @and with
oxygen in addition tdNAD" also react at the FAD centas h seen (Figure )5
(Fridovich and Handler. 196Rajagopalaret al, 1962 Rajagopalan and Handler.

1964a Rajagopalaret al, 1968 Beedham. 1987

2,6-dichlorophenolindophenol Phenazine methosulphate Dimethylthiazol- diphenyl
{DCPlP) (PMS) tetrazolium bromide (MTT)

NAD™
0, 3 Cytochromec

T/\

R-H
 — > ——3p Nitro blue tetrazolium
(NBT)

R-OH
Substrates Reduced product
e.g- e.g- fenthion
fenthion sulfoxide

Methylene blue Ferricyanide
(mB)

Figure 5: Postulated linear electron transfer sequence and site of electron egress to
acceptorsRed colour indicates artdial electron acceptor and blaelour indicatesatural
acceptors



In molybdoflavoenzymesreactions the oxygen atom used in the hydroxylation
reaction of the carbon center of substrates containiigtiirocycle or aldehyde
functional groups islerived from water molecule rather than that from oxygen (O

itself as shown ir{Figure6) (Hille. 2009.

Figure 6: Oxidation reaction by molybdftavoenzymes AOX and XOR.

Oxidation reaction catalyzed by molybflavoenzymes AOX and XOR gerating an oxidized
substrate and also two reducing equivalériiie and Sprecher. 198%Kia et al, 1999 Beedham.
2001, Hille. 2005 Brondinoet al, 2006 Okamotoet al, 2013.

An example of an aldehyde substrate (vanillin) and its corresponding metabolite a
carboxylic acid (vanillic acid) is shown figure 7 while another example foma
N-heterocycle(1-methylxanthine) and its corresponding metaboliigria acid (

methyluric acid) is shown iRigure 8

Figure 7: Oxygen atom transfer reaction molybffavoenzyme involving an aldehyde.

The oxygen incorporated into the vanillic acid is from a water mole@deording to (Obach.
2004 Arnaud. 2011



Figure 8. Oxygen atom transfereaction molybddlavoenzyme involving an N
heterocycle

The oxygen incorporated into thendethyluric acid is from a water molecule. According@bach.
2004 Arnaud. 201}

1.3, Substrate specificity o aldehyde oxidase and xanthine

oxidoreductase

Many different alphatic compounds such awomatic aldehydes andlso N
heterocyclic compoundare substrates for AOand XOR that aréiotransformed
to their carboxylic acidor hydroxylated MNheterocyclic metabolites(Beedham.
2001, Garattini et al, 2003 Garattini et al, 2008 Garattini and Terao. 2011
Garattini andTerao. 2012 Garattini and Terao. 20L3Although the class of
substrates oMFEs are similarin their structureAOX and XORdiffer in inhibitor
responseas well as substratgpecificity (Krenitsky et al, 198§ Beedham. 2001
Kitamuraet al, 2006 Mendel and Bittner. 2006&undu et al, 2007 Beedham.
201Q Prydeet al, 201Q Garattini and Terao. 201%arattini and Terao. 201.3A
list of AOX and XOR substrates that illustrathe substree specificity ¢ the two
enzymes are given inable 1,many of which were utilised in the study detailed in

this thesis.
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Table 1: Examplesof mammalian molybddlavoenzymesubstrates

Substrates AOX XOR References
(Krenitskyet al, 1972 Krenitskyet al,
Allopurinol 1986 Rater et al, 199Q Yamamotoet al,
hyperuricemia drug) ++ +++++ | 1991 Beedham. 200Q1Garattini and Terao.
(hyp 9 2011, Garattini and Terao. 201&arattini
and Terao. 2013
Azaarenes
(phenanthridine, (Sorouraddinet al, 2009 Garattini and
phthalazine™, acridine, Terao. 2011 Garattini and Terao. 2011
quinoline, isoquinoline, * i Rashidiet al, 2013, (Beedhanet al, 199Q
hydroxyisoquinoline, 3- +++++ ™ Obach. 2004Panoutsopoulos and Beedha|
hydroxyisoquinoline, 2004 Kitamuraet al, 2006 Barr and Jones
quinoxaline, quinazoline and 2011, Garattini and Terao. 201Xarattini
cinnoline) and Terao. 201Zarattini and Terao. 2013
Environmental pollutant s
Cinchona alkaloid
(cinchonine, cinchonidine, (Palmeret al, 1969 Beedhanet al, 1992
quinine and quinidine) +++++ - Itoh et al, 2006 Al-Tayib. 2009 Liu et al,
Drugs andenvironmental 2009
pollutants
Hypoxanthine (Krenitskyetal., 1972 Kitamuraet al,
e - +++++ | 2006 Chenet al, 2012 Pasalicet al, 2012
Okamotoet al, 2013
6-Mercaptopurine (Kitamgrget al, 2006 Rashidiet al, 2907,
(anti-cancer drug) ++ +++++ Garattini and Tera}o_. 201 $orouraddiret
al., 2011 Garattini and Terao. 2012
(Johns. 196,/Beedham. 198%Chladeket
Methotrexate N ) al., 1997 Jordaret al, 1999 Kitamuraet
(anti-cancer drug) al., 1999 Beedham. 200XKitamuraet al,
2006 Liu et al, 2009
1-M ethylxanthine ) bt (Krenitskyet al, 1972 Reinkeet al, 1987,
(caffeine metabolite) Arnaud. 201)
1 S . (Murashigeet al, 1966 Krenitskyet al,
N(e';";;gi'%csomgm:ge conen | 1972 Ohkubo and Fujimura. 1978
metabolite) Kitamuraet al, 2006 Tayamaet al, 2007,
Kitamuraet al, 2008 Peretzet al, 2019
Pyrazinamide (Yamamotoet _al., 1987 Yamamotoet al,
e ) ++ +++++ | 1991 Shibutaniet al, 1999 Kitamuraet al,
2009
(Stanulovic and Chaykin. 197Krenitsky et
Pyridoxal al., 1972 Kitamuraet al.z 2006 Garattini
(vitamin B6) +++++ - and Terao. 201 Garattini qnq Terao. 2012
Peretzet al, 2012 Garattini and Terao.
2013
(Kitamuraet al, 2006 Garattiniet al, 2008
All-trans retinal N ) Teraoet al, 2009 Garattini and Terao.
(vitamin A aldehyde) 2011 Garattini and Terao. 201€hen and
Reese. 201,35arattini and Terao. 2013
(Beedham. 20Q10bach. 2004
Vanillin N ) Panoutsopoulo®t al, 2005 Garattini and
(present in food stuffs) Terao. 2011Garattini and Terao. 2012
Garattini andlerao. 2013
Xanthine (Krenitskyet al, 1972 Yamamotoet al,
) - +++++ | 2007, Chenet al, 2012 Pasalicet al, 2012
(endogenous purine) Okamotoet al, 2013

(+++++ = high activity ++

= intermdiate activity + = low activity- = no activity). ** Of the
azaarenes listed only phthalazine is a substrate for XOR.
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With regards endogenous roles of MFEs thest known role of XOR is in
endogenoupurine degradation in which it is involved in the biostormation of
hypoxanthine into xanthine and into the mpmar metabolite uriacid (Figure 9
(Krenitsky et al, 1972 Nishino and Okamoto. 200Kitamura et al, 2006

Garattiniet al, 2008 Okanotoet al, 2013.

12



Figure 9: Role of xanthine oxidoreductase in endogenous purine catabolism in mammals.

ADP: adenosine diphosphate, AMP: adenosine monophosphate, AlERDsne triphosphate,
GMP: guanosine maophosphate, IMP:nbsine monophosphate, XDH: xanthine dehydrogenase,
XO: xanthine oxidag®acheret al, 2006 Chen et al, 2012 Pasalicet al, 2012 Okamotoet al,

2013.
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Due to structural similarity to the endogenous substratem)ynexogenous
methylaed xanthines aralsosubstrate for XOR.XOR is involved in the oxidative
metabolism of the exogenous food constituent and pharmacological agent caffeine
(1, 3, 7trimethylxanthine). This ishown in Figure 10where cytochrome P450

1A2 is involved in thenitial demethylation steps and XOR is involved in the final
oxidation to generate the polamiethyluric acid that is excret@¢renitsky et al,

1972 Hamelinet al, 1994 Streetmaret al, 200Q Arnaud. 201}

Figure 1Q The roleof xarthine oxidoreductase icaffeine metabolism

CYP: cytochrome R50. XOR: xanthine oxidoreductag®elling et al, 1992 Hamelinet al, 1994
Baselt and Cravey. 1998rnaud. 2011

With regards AOX there are three well documented enumgge substratell -
trans retinalehyde isan endognous substrate for AO(Figure 1), thatplays an
important rolein the visual procesdt has been suggested that A@ay play an
important role inthis visual process by biotransformationadiftransretinaddehyde

14



to itscorresponding carboxyliacid metabolite which is retinoic acid, which known
as the active form of vitamin (Beedham. 20QKitamuraet al, 2006 Garattiniet
al., 2008 Garattini and Terao. 201XGarattini and Terao. 201Zarattini and
Terao. 2013 The biotransformatins of all-trans retinadehydeby AOX to its
corresponding carboxylic acid metabolite-taiins retinoic acid RA) was first
observe in rabbit liver cytosol, whaliscovered that thbiotransformation activity
did not need addition of NADfor its biotransformation proceg3omita et al,
1993 Tsujitaet al, 1994 Garattiniet al, 2008 Chen and Reese. 2Q1Garattini

and Terao. 2013

Figure 11 Biotransformation ofall-trans retinalto retinoic acidby aldehyde oxidase
Basedon.Chen and Reese, 2013.
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Anotherendogeous aldehydehat isan AOX substrate is pyridoxal (vitamin B6).
Pyridoxal its biotransformed to its corresponding carboxylic acid metabolite (4
pyridoxic acid) by AX (Figure 13 (Beedham. 20QlGarattini et al, 2003
Kitamuraet al, 2006 Garattiniet al, 2008 Garattini and Terao. 201 Garattini

and Terao. 2012Peretzet al, 2012 Garattini and Terao. 20)3Interestingly n

mice pyridoxal can be biotransformed by purified mouse aldehyde oxidase AOX1

as well as AOHL1 but it is not a substrate for AQi@arattiniet al, 2008.

Figure 12 Oxidation of pyridoxalto 4-pyridoxic acidby aldehyde oxidaseéccordingto.
Peretzet al., 2012.

As well as the oxidation of nechargd N-heterocyclic AOX is also involved in the
oxidation of charged Meterocyclic which have a CHZNyroup. An example for
such a compoundsas corresponding metabolite ofitamin B3 (N-
methylncotinamide)that metabolised by AOX and X(igure 13 (Murashigeet
al., 1966 Ohkubo and Fujimura. 1978eedham.1987 Shibataet al, 1988

Beedham. 20Q1Sugihareet al, 2006 Kunduet al,, 2007, Prydeet al, 2010.
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Figure 13: Biotransformation of vitamin B3 in mammals

The oxidation of N-methylnicotinamide % AO to N-methyl2-pyridone5-carboxamide (2Y)
and N-methyt4-pyridone5-carboxamide (4€Y).Started with methylation of nicotinamide by
nicotinamide methyltransferase accordingPtydeet al, 2010.

As well as aldehydes, AOcan also catalyse the idation of nitrogen containing
polycyclic aromatic hydrocarbons (NPAHs) which have a CHghbup (Table )
that are environmental pollutantn @xample forthese compounds phthalazine
(Figure 14, which its biotransformed to itscorresponding metabolitel-
phthdazinone by mammalian AQ(Stubleyet al, 1979 Beedhamet al, 199Q

Obach. 2004Panoutsopoulos and Beedham. 2@err and Jones. 2011
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Figure 14 Oxidation of phthalazine by aldehyde oxidase {phthalazinong¢Obach. 2004

Barr and Jones. 2011

Another examplefor an nitrogen containing polycyclic aromatic hydrocarbons
(NPAHs) AOX substrate is phenanthridine that is biotransformed to more polar
metabolite phenanthridinone by XOQ(Figure 15 aiding its excretion % O X FHNAU

DO %YHHGKDP .LWDPHWDDO 6RURXUBWGDQ
SKHQDQWKULGLQH LV DQ D]I]DDUHQH SROOXWDQW
HQYLURQPHQWY IURP LQGXVWULDO D@BMmherditalHYV DVV

1977 Balchet al, 1995 Osborneet al, 1997 de Voogt and Laan 2009.

Figure 15 Biotransformation of phenanthridine to its metabolite phenanthridinone by
AOX. Basedon .Sorouraddiret al, 2009.
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One important drug substrate for XOs the pteridine compourniethotrexte (4
aminoN'%-methylpteroyiL-glutamic  acid). This antileukemia drug is
biotransformed by A®& to7-hydroxymethotrexate (Figure 1§Kitamura et al,
2006 Garattiniet al, 2008 Liu et al, 2009 Prydeet al, 201Q Garattini and Terao.

2011, Garattini and Terao. 201&arattini and Terao. 20).3

Figure 16. Metabolism of methotrexate to its corresponding metabolite 7
hydroxymethotrexate by AX. According to(Liu et al, 2009 Prydeet al, 201Q Garattini and
Terao. 2013

Another example of a substrate for X@s well as XOR i§$-mercaptopurineThis
purine drugis biotransformed by XQo 6-mercaptopurin€-one (6-thioxanthine)
and 8hydroxy-6-mercaptopurineand further biotransformation to its final
metabolie 6thiouric acid by both A& and XOR. 6-methylmercaptopurinehich

is anothermetaboliteof 6-mercaptopurine producedby metyltransferas which

is alsofurther biotransformation to final metaboliteoc-6-methylmercaptopurine
by both XO andAOX (Figure 17 (Beedham. 20QKitamuraet al, 2006 Rashidi

et al, 2007 Sorouraddiret al, 2011, Garatini and Terao. 2013
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Figure 17: Biotransformatiorof 6-mercaptopuriney AOX andXOR.

Accordingto (Beedham. 2001Rashidiet al, 2007 Sorouraddiret al, 2011 Garattini and Terao.
2013
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Both AOX and XOR arealsoinvolved inreductiveactivity with many substrates in
the presence of an electron donor in anaerobic condii@eedham. 20Q10bach.
2004 Kitamura et al, 2006 Beedham. 2010 The reductiveactivity of AOX is
generally found to be greaténan hat of XOR with many substrates according to
(Beedham. 200). Tables 2 and 3ummarisethe reductiveactivities of AOX and

XOR with different compounds

Table 2 Aldehyde oxidase catalyzeddudion of different compound® mammals

AOX substrates

AOX generated metabolites

References

Acetophenone oxime,
salicylaldoxime and

benzamidoxime

Corresponding oxo compounds

and a ketimine

(Tatsumi and
Ishigai. 1987

Aromatic and heterocyclic
hydroxamic acids (e.g
salicylhydroxamic acid,
nicotinohydroxamic acid and

anthranilhydroxamic acid

Amides (salicylamidge

nicotinamide and anthranilamide

(Sugihara and
Tatsumi. 1986
Katsuraet al, 1993

Fenthion sulfoxide

Fenthion

(Leoniet al, 2009

Methyl red and orange

Cleavage of the azo linkage
Dimethyl-p-phenylenediamine

and Gamino benzoic acid

(Kitamura and
Tatsumi. 1983
Stoddart and Levine.
1992 Miyajimaet al,
2000

Nicotinamide-N-oxide,
imipramine -N-oxide,
cyclobenzaprineN-oxide and

s-(-)-nicotine-1-N-oxide

Their parent amines
(nicotinamide, imipramine

cyclobenzaprine andicoting

(Kitamura and
Tatsumi. 1984
Sugihareet al, 1996
Kitamuraet al, 200)

Nitrated polycyclic hydrocarbons

Hydroxylamines

(Tatsumiet al, 1989

Nitrosoamines (N

nitrosodiphenylamine)

Hydrazines (1,4
diphenylhydrazine)

(Tatsumiet al, 1983

Sulindac sulfoxide

Sulindac sulfide

(Payet al, 198Q
Duggan. 1981
Kitamuraet al, 200)

Zonisamide

2-sulfamoylacetylphenol

(Kitamuraet al, 200])
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Table 3: Xanthine oxidoreductase catalyzexdiction of different compounds mammals.

XOR substrates XOR generated metabolites References
6-bromomethyl-(9H)-purine 6-methylpurine (Porter. 199D

(Yee and Pritsos. 1997
Barnabeet al, 2002
(Panet al, 1984 Gustafson

Doxorubicin Its semiquinone metabolite

Mitomycin C 2,7-diaminomitosene ]
and Pritsos. 1992
Nitrated polycyclichydrocarbons Hydroxylamines (Tatsumiet al, 1989
S-(-)-nicotine-1-N-oxide Nicotine (Sugihareet al, 1996

1.4. Molybdo-flavoenzymesnhibitors.

For many years, inhibitors of AOX and XOhave been described with varying
degrees of detdRajagopalaret al, 1962. The inhbitors have been used in mainy

vitro systems such as partially purified enzyme, recombinant expressed enzyme, liver
cytosol and liver slices and across several species most notably rabbit, guinea pig and
human. Inhibitors are proposed to affedifferent domains and prosthetic groups in
AOX and XOR (Johns. 196,7Yoshihara and Tatsumi. 198%oshihara and Tatsumi.

1997, Sugiharaet al, 1999 Beedham. 20QXKitamuraet al, 2003 Vila et al, 2004

Pacheeet al, 2006 Diamondet al, 201Q Prydeet al, 201Q Barr and Jones. 2011

1.4.1. Aldehydeoxidase inhibitors

Examples of AOX inhibitors are menade, estradiol, chlorpromazine and
phenanthridine which areof widely differing chemical structurgFigure 1§.
Menadione (vitamin Kg) is a quinone that was discovered as a specifion
competitive AOX inhibitor by Rajagopalan etl., (1962) in rabbit lier with N-
methylnicotinamide as a substrance then many otheesearchers have confirmed

this in a multitude of speciesummarised in dble 4 and 5 with a variety of AOX
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substrates. Estradiokas found to be a necompetitive AOX inhibitor by Johns

(1967) in human liver with variety of @X substrates as summarised able 4.

Figure 18 Structures of the aldehyde oxidase inhibit@tsording to Merck Index (2014)
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e - Substrate Inhibitor Lo o
Speciegtissue Substrate Inhibitor Concentration | Concentration Ki or inhibition % Mode of inhibition References
Human/liver Phtfgﬁl’ige and Raloxifene 5-100pM 1-10pM 0.8nM Uncompetitive (Choughuleet al, 2013
. Menadione, stradiol . S
Human/ liver Phthala_z[ne and and17 r-ethinyl 2uM 50uM 0.29uM and.0.57uM Mixed mode of |nh|b|}|on, (Obach. 2008
vanillin estradiol respectively almost uncompetitive
Human /liver Phthalazine Menadione 2uM 50uM 0.20uM Non-competitive (Obachet al, 2009
Human /liver Phthalazine Chlorpromazine 2uM 50uM 0.57uM competitive (Obachet al, 2009
Human /liver Phthalazine eStrad('aOSI,Era di.(—)?thmyl 2uM 50uM 0.29uM and 0.57uM Uncompetitive (Obachet al, 2009
Human /liver Phthalazine Raloxifene 2uM 50uM 0.0029uM Uncompetitive (Obachet al, 2009
Benzaldehyde, 15 uM, 0.08 uM
Human /liver phenazine methosulfat] Menadione 56 UM and 55% Non-competitive (Johns. 196y
(PMS) 5 uM
Benzaldehyde, 15 uM, 0.08 uM
Human /liver phenazine methosulfat] -estradiol 56 UM and 50% Non-competitive (Johns. 196y
(PMS) 5 uM
Benzaldehyde, 15 uM, 0.08 uM
Human /liver phenazine methosulfat] Chlorpromazine 56 UM and 51% Competitive (Johns. 196y
(PMS) 5 uM
. 2-Hydroxypyrimidine, . 1 mM and 0.4 o .
Human /liver benzaldehyde Chlorpromazine 0.5uM mM 45% Competitive (Johns. 196y
Human/ liver 2-hydroxy-5- Menadione 0.54uM 25 uM 46% Non-competitive (Johns. 196y
fluropyrimidine
Raloxifene, estradiol,
. Phthalazine and ethinyl estradiol, 0.29uM, 0.57uM, Uncompetitive, hon (Barr and Jones. 2011
Human/ liver DMAC menadione and 5-100uM 0-1pm to SuM 0.2uM and 0.57uM competitive Barr and Jones. 2013
chlorpromazine
Human/liver Phihalazine Chlorproma;me and 0.0325uM 50uM 0.27 uM anq 0.62 Noncompetlt_l\(e and (Nirogi et al, 2013
estradiol (3uM) UM respectively uncompetitive
Table 4: Summary othe effects oprototypicalinhibitorson human aldehyde oxidase.
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Speciegissue Substrate Inhibitor Substrate Inhibitor Kiror inhibition Mode of References
P Concentration Concentration % inhibition
Bovind liver N*-methylnicotinamide | Phenanthridine 12 mM 0.2 mM - Competitive (Yielding and Tomkins. 1961
Guinea pidiver DMAC Raloxifene 5-100puM 1-10uM 3.2uM Uncompetitive (Choughuleet al, 2013
Guinea pig/liver Phthalazine Raloxifene 5-100puM 1-10uM 42nM Uncompetitive (Choughuleet al, 2013
. All -transretinal (vitamin . 0.01mM, 0.1mM | 0.02mM, 0.2mM 60%, 28% and -

Rhesus rankey /liver A) Menadione and 1mM and 2mM 15% Non-competitive (Lakshmanaret al, 1969
Rhesus monkey/liver DMAC Raloxifene 5-100puM 1-10uM 22uM competitive (Choughuleet al, 2013
Rhesus rankey/liver Phthalazine Raloxifene 5-100uM 1-10puM 230 nM competitive (Choughuleet al, 2013

Rabbit/liver Phthalazine Benzamidine 2uM 5mM - - (Stellet al, 1989
Benzaldehyde,
Rabbit/ liver phenazine mthosulfate | Chlorpromazine| 56 uM and 0.5uM 5uM 50% and 48% Competitive (Johns. 196y
(PMS)
. 200uM and
. Benzaldehyde,-2 Menadione, 500uM, 500uM | 78%, 48%, 48% | (Dick et al, 2005 Dick et al,
Rabbit liver hydroxpyrimidine and | chlorpromazine 2mM Non-competitive
7 Co . and 1000uM and 18% 2007
N™-methylnicotinamide and KCN .
respectively
Rabbit/liver N™-methylnicotinamide Menadione 1.5mM 0.1 uM 85% Non-competitive (Rajagopalaret al,, 1962
Rabbit/liver N™-methylnicotinamide Estradiol 5mM 0.2 uM 62% Non-competitive (Rajagopalaret al,, 1962
Phenazine (Rajagopalan and Handler
Rabbit/liver methosulphate, nitro Menadione 5mM 1.6 uM - Non-competitive jagop '
. 19643
blue tetrazolium (NBT)
. Phenazine . . . (Rajagopalan and Handler
Rabbit /liver methosulphate, nitro Estradiol 5mM 16 UM - Norncompetitive 19643 '
blue tetrazolium (NBT) H
2-hydroxypyrimidine, Menadione and
Sea breanfliver N*-methylnicotinamide ; 12 mM 0.1 mM 75% and60% Non-competitive (Kitamuraet al, 2003
-estradiol
or butyraldehyde
2-hydroxypyrimidne,
Sea bream /liver N*-methylnicotinamide | Chlorpromazine 12 mM 0.1 mMm 78% Nornrcompetitive (Kitamuraet al, 2003
or butyraldehyde

Table 5: Summary othe effect ofaldehyde oxidasihibitors withnonhumanspecies.
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Since then many other researchers have confirmed this in human, rabbi énease
liver as summarised inable 4 and 5 w#h a variety of AOX substrates. The discovery
of the related xenoestrogen oraR®Q W U D FH S W Lethihyl Gektrddiol as an
uncompetitive AOX inhibitor was made by in Obach 2004 in human liver with
phthalazine and vanillin as a substrates. Anotheraoompetitive inhibitor of AOX is
the drug chlorpromazine Johns (1967) in a difiergpecies with benzaldehyde and
phenazine methosulphats a substrate as summarised ablE 5. Since then many
other researchers have confirmed this in a human, rabbit andbream liver as
summarised in dble 4 and 5 with a variety of AOX substratéserestingly he
osteoporosis drug raloxifene has been found to have competitive arudmpetitive
properties as an AOX inhibitor by many researctsrshas Barr and Jones 2011,
2013 and Choughulet al. (2013) in human, guinea pig and rhesus monkegy lith
phthalazine and DMAC as a substrgfeable 4. The environmental NPAHSs,
phenanthridinds a competitive inhibitoin bovine liver with N-methylnicotinamide
as a substratéYielding and Tomkins. 1961)Finally the first researchers to find
benzamiine as a specific AOX inhibitor was Stell al (1989) in rabbit liver with

phthalazine s.a substrate as summarised abl€ 5.

1.4.2. Oxipurinol as a specific xanthine oxidoreductase inhibitor
With regards XOR inhibitoroxipurinol is the best documesd. The inhibitor
oxipurinol is generated when the agtut substrate drug allopool is

biotransformed by XOR (Bure 19.
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Figure 19 Generation of the xanthine oxidoreductase inhibitor oxipurinol from allopluri
According to Barr and Jones, 2011, Barr and Jones, 2013.

Thefirst researcheto find allopurinoland oxipurinolas a specific XOR inhibitowvas

by Elion. (1966)in bovine milk, mouse and human liweith xanthine as a substrate.
Since then many otheresearchers have confirmed this in a mudie of species
summarised in (@ble § with xanthine and pterin as XOR substrates. The mode of
inhibition with allopurinoland oxipurinolis competitive Qkamotoet al, 2008) and

Nishinoet al, 2008)(Table §.
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Substrate

Inhibitor

Speciegtissue Substrate Inhibitor Concentration Concentration Ki or inhibition % References

Bovine/milk Xanthine Oxipurinol 0.15mM 100uM 1uM (Okamotoet al, 2009
. . . . L (Nishinoet al, 2008

Bovineg milk Hypoxanthine and xanthin Oxipurinol 0.15mM 100uM 0.1 uMm Okamotoet al, 2009
Boving milk Xanthine Allopurinol 0.15mM 3.3uM 0.9nM (Okamotoet al, 2003
Bovine/milk Xanthine Allopurinol 40 uM 14-28 uM 6.3uM (Elion. 1966
Mousel/liver Xanthine Allopurinol 40 uM 14-28 uM 1.2 uM (Elion. 1966
Humanliver Xanthine Allopurinol 40 uM 14-28 uM 1.1uM (Elion. 1966
Human/ liver Pterin Allopurinol 0.6-10uM 100uM 86% (Obach. 2001
Human/ liver Xanthine Allopurinol 0.15mM 0.1-2mM 4 uM (Krenitskyet al, 1986

Wistar rat/liver Pterin Allopurinol - 100um - (Derbreet al, 2012

Table 6: Summary othe effects okanthine oxidoreductasehibitors allopurinol and oxipurinol witbifferentmammalian species.
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1.5. Species variation in molybdeflavoenzyme activity.

Molluscs, crustaceans, insectscteria, fungi and all vertebrate classes have been
foundto containthe twomolybdoflavoenzymeqAOX and XORJKrenitsky et al,
1972 Wurzinger and Hartenstein. 19Mouraet al, 1976 Woolfolk and Downard.
1977, Pometto and Crawford. 1983urneret al, 1987 Glatigny and Scazzocchio.
1995 Romaoet al, 1995 Xu and Johnson. 199%chraderet al, 1999 Beedham.
2001, Yasuharaet al, 2002 Garattini et al, 2008 Beedham. 201)Many species
differences show marked quantitatiefects wherusingcinchonidine as substratiee
AOX activity waslower in monkey than that in rabbi{§ukiyaet al, 2019. When is
used zebularine as substrati¢gh mouse, monkey and human andiésfoundthat the
activity of AOX washighest with mouse than that with monkey and huikieckeret

al., 2006.Sugihara et al.@97) found whenusing benzaldehyde and *N
methylnicotinamide as substrates with human andkaythat theAOX activity with
human wadower than that with monkégugiharaet al, 1997. In comparisontabbit
AOX has lower reductasactivity toward zonisamide as substrate as compared to
monkeyKitamura et al, 200). When Kitamura and Tatsumi.(1984) used
nicotinamide Noxide as substrate with rabbits, hogs, guinea pig, hamster, rat and
mice and itwas found that all had similar A& reductase activifKitamura and
Tatsumi. 1981 On the other handjrao et al.(1994) foundlower AOX reductae
activity with rat AOX than that with abbit AOX when naphthalene 1;2xide and

also benzo [a] pyreré,5-oxidewere useds substrat¢sliraoet al, 1994.
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1.5.1. Vertebrate molybdo-flavoenzymes

The number of MFE genes varies between mamntaisasfound that the numbers of
active AOX genes in vertebrates are ranged from 1 {®@idkinson. 1971 Lindsley
and Zimm. 1992 Teraoet al, 2006 Garattini et al, 200§ Garattiniet al, 2009
Teraoet al, 2009 Garattini and Terao. 201Garattini and Terao. 201&arattini and
Terao. 2013Kurosakiet al, 2013.Some vertebratesuch as Gres have four ofAOX
genes and one X® gene(rat, mice, pika as well as rabliGarattini et al, 2008
Teraoet al, 2009 Garattini and Terao. 201 Garattini and Terao. 201&urosakiet
al., 2013. Mouse ACXs are tle best characterise@flOX genes and proteins for all
vertebrates;Table 7 summarizes the tissue distribution and substrate specib€ity
mouse AX. It is interesting thatother mammalian speciggossess a reduced
conmplement of functional MFE genes. Do@Sanis lupus familiariy possess two
AOX geneJAOX4 and AOX3L1) andne XOR, whilebovine Bos tauru} has three
AOX genegAOX1, AOX4 and AOX3L1)andone XORTeraoet al, 2006 Kurosaki
et al, 2013.Humans have just enfunctional AKX gene (AOX1) and one XOR gene
(Garattini et al, 2008 Garattini and Terao. 201&arattini and Terao. 201Burosaki
et al, 2013).The chicken Gallus gallug possesses two AO genes(AOX1 and
AOX2)andone XORTeraoet al, 2006 Kurosaki et al, 2013.Cat (elix caus) has
just one functional AX gene (AOX3L1l)and one XOR gen@arattini and Terao.
2013 Kurosaki et al, 2013, while Cynomolgus monkg¥acaca fascicularignd
Rhesus monkeyMacaca mulattq have two AKX genes (AOX1 and AOX3L1) and
three AOX genes (AOX1,A0X4 andOX3L1) respectively anene XORGarattini
and Terao. 201Xurosakiet al, 2013.Horse Equus caballushas three A& genes
(AOX1, AOX4 and AOX3L1) andone XORgene (Kurosakiet al, 2013. Baboon

(PapioHamadryaghas three A& genes (AOX1AOX4 and AOX3L1)and only one
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XOR geng(Kurosakiet al, 2013. Interestinglydogsand catglo not expresan AOX
enzyme inhepatic tissueinlike other mammalian species stud{@draoet al, 2006
Garattini and Terao. 201Burosakiet al, 2013.A listing of the current knowledge of

MFEsAOX andXOR in several nosglire species is given on (Tab8and 9.

31



Table 72 Summaryof molybdoflavoenzymes immice

The substrate specificity along with tissue distribution of molyliaoenzymesn mice. Based on
(Kurosakiet al,, 2013.

Old enzyme
nomenclature
of AOX/XOR

New enzyme
nomenclature
of AOX/XOR

Tissue distribution

Known substrates

References

AOX1

Aox1

Liver, lung, heart,
kidney, testis, brain,
eye, spinal cord anc

spleen

Butyraldehyde, nicotinamide

octanal, phthalazinall-
trans retinadehyde,
pyridoxal, vanillin, 2
hydroxpyrimidine

(Moriwaki et al, 1996
Kurosakiet al, 1999 Wright
et al, 1999 Kurosi et al,
2004 Vila et al, 2004
Garattiniet al, 2008
Garattiniet al, 2009
Garattini and Terao. 2011
Garattini and Terao. 2012
Garattini and Terao. 2013
Kurosakiet al, 2013

AOH1

Aox3

Liver, lung and
testis

Benzaldehyde,butyraldehyd
octanal,phthalazine,
phenanthridine, alirans
retinadehyde,
2-hydroxpyrimidine

(Tomitaet al, 1993
Moriwaki et al, 1996
Kurosakiet al, 1999 Wright
et al, 1999 Teraoet al,
2001, Kurosakiet al,, 2004
Vila et al, 2004 Garattiniet
al., 2008 Garattiniet al,
2009 Garattini and Terao.
2011 Garattini and Terao.
2012 Garattini and Terao.
2013 Kurosakiet al, 2013

AOH2

Aox4

Skin, stomach,
Haderian gland,
sebaceous gland,

epidermis,eye,

pancreas, brain anc
esophagus

Phenanthridineall-trans
retinadehyde

(Holmes. 1979Sasai and De
Robertis. 199,/Teraoet al,
2001, Kurosakiet al, 2004
Vila et al, 2004 Garattiniet
al., 2008 Garattiniet al,
2009 Garattini and Terao.
2011 Garattini and Terao.
2012 Garattini and Terao.
2013 Kurosakiet al, 2013

AOH3

Aox3L1

Skin, Bowmans
gland andlfactory
mucosa

Benzaldehyde, octanal,
phthalazine, altrans
retinadehyde,
2-hydroxpyrimidine

(Kurosakiet al, 2004 Vila et
al., 2004 Garattiniet al,
2008 Garattiniet al, 2009
Garattini andlerao. 2011
Garattini and Terao. 2012
Garattini and Terao. 2013

Kurosakiet al, 2013

XOR

Xdh

Liver, muscle,
mammary glands,

oesophagus,

stomach,

duodenum, jejunum
lleum, colon,
rectum, lung,
kidney, heart, small
intestine and spleer|

Hypoxanthine, xanthine

(Yoshimura and Oka. 1989
Teraoet al, 1992 Falcianiet
al., 1994 Kurosakiet al,
1995 Kuroisakiet al, 1996
McManamaret al, 1999
McManamaret al, 2002,
Teraoet al, 2006 Garattiniet
al., 2008 Kurosakiet al,
2013
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Table 8. Summaryof aldehydeoxidasegenes and tissue distribution in different species

Species

AOX

Tissue distribution

References

Baboon
(PapioHamadryag

AOX1,A0X4 and
AOX3L1

Intestine extract. heart
kidney and liver

(Holmes and Vandeberg
1986 Garattiniet al.,
2008 Kurosakiet al,

2013

Bovine
(Bos taurug

AOX1,A0X4 and
AOX3L1

Lung, eye, kidney,
testis, liver, spleen ang
ciliary body

(Shimadeet al,, 1989
Calzeiet al, 1995
Beedham. 20Q1Teraoet
al., 2006 Garattiniet al,,
2008 Kurosakiet al,
2013

Cat
(Felix catus)

AOX3L1

Small intestine and
kidney

(Krenitskyet al, 1974
Beedham. 200 ITeraoet
al., 2006 Garattiniet al,
2008 Garattini and Terao

2013 Kurosakiet al,

2013

Chicken
(Gallus gallug

AOX1 and AOX2

Liver, Kidneybrain,
skin, muscle, thymus,
trachea, lung, spleen,
pancreas, stomach,
adrenal gland and testi

(Krenitskyet al,, 1974
Nishino and Nishino.
1989 Nishinoet al,

1989 Teraoet al, 2006
Garattiniet al, 2008
Kurosakiet al, 2013

Cynomolgus monkey
(Macaca fasciculari$

AOX1 and AOX3L1

Liver and nasal mucos

(Kawashimeet al,, 1999
Sugihareet al, 200Q
Diamondet al, 201Q Van
Rompay. 2012Kurosaki
et al, 2013

Dog
(Canis lupus
familiaris)

AOX4 and AOX3L1

Testis, Nasal mucosa,
lacrimal glands, skin
and oesophagus

(Krenitskyet al, 1974
Vila et al, 2004 Teraoet
al., 2006 Garattiniet al,

2008 Kurosakiet al,

2013

Horse
(Equus caballu$

AOX1,AOX4 ard
AOX3L1

Liver

(Seeleyet al, 1984
Prichardet al, 1997,
Rasanert al, 1993
Garattiniet al, 2008
Kurosakiet al, 2013

Human
(Homo sapieny

AOX1

Lung, liver and brain

(Krenitskyet al, 1974
Minoshimaet al,, 1995
Teraoet al, 1998

Beedham. 2001
Moriwaki et al,, 2001,
Peretzet al, 2007,
Garattiniet al, 2008
Garattini and Terao. 2011
Garattini and Terao. 2012
Garatini and Terao. 2013
Kurosakiet al, 2013

Rhesus monkey
(Macaca mulatta

AOX1,A0X4 and
AOX3L1

Liver and nasal mucos

(Krenitskyet al, 1974
Sugihareet al, 1997
Garattiniet al, 2008
Fukiyaet al., 2010
Garattini and Terao. 2011
Tawaet al, 2011,
Garattini and Terao. 2014
Garattini and Terao. 2013
Kurosakiet al, 2013
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Table 9 Summaryof xanthine oxidoreductasissue distribution in different species

Species

Tissuedistribution

References

Baboon
(PapioHamadryag

Intestine and liver

((Holmes and Vandeberg. 1986
Garattiniet al, 2008 Kurosakiet
al.,, 2013

Bovine
(Bos taurug

Heart, liver, mammary gland and mil

(Shimadeet al., 1989 Calzeiet al,
1995 Beedham. 20Q1Teraoet al,
2006 Garattiniet al, 2008
Kurosakiet al, 2013

Cat (Krenitskyet al, 1974 Beedham.
(Felix catus Liver, small intestine and kidney 2001, Teraoet al, 2006 Garattini
et al, 2008, Kurosakiet al, 2013
Chicken Skin, lung, brain, liver, muscle, spina Nigﬁ:iglgfa?n%\ég?g?éolegts;
cord, thymus, trachea, spleen, pancrg v ?
(Gallus gallug 2006 Garattiniet al, 2008

stomach, adrenal gland and testis

Kurosakiet al, 2013

Cynomolgus monkey
(Macaca fasciculari3

Testis, small intestine, brain and live

(Kawashimeet al, 1999 Sugihara
et al, 200Q Diamondet al,, 201Q
Van Rompay. 201Xurosakiet al,
2013

Dog
(Canis lupus familiarig

Nasal mucosa, skin, spleen, lacrima|

glands and oesophagus

(Krenitskyet al, 1974 Vila et al,
2004 Teraoet al, 2006 Garattini
et al, 2008 Kurosakiet al, 2013

Horse
(Equus caballug

Lung, skeletal muscle, liver and smal

intestine

(Seeleyet al, 1984 Prichardet al,
1991, Rasanert al, 1993
Garattiniet al, 2008 Kurosakiet
al., 2013

Human
(Homo sapien¥

Spleen, lung, mammary gland, kidne
liver, stomach, skeletal muscle and m

(Krenitskyet al, 1974 Minoshima
et al, 1995 Teraoet al, 1998
Beedham. 20QMoriwaki et al.,,
2001, Peretzet al, 2007, Garatini
et al, 2008 Garattini and Terao.
2011, Garattini and Terao. 2012
Garattini and Tera®2013 Kurosaki
et al, 2013

Rhesus monkey
(Macaca mulatta

Testis, small intestine, brain and live

(Krenitskyet al, 1974 Sugiharaet
al., 1997 Garattiniet al, 2008
Fukiyaet al, 201Q Garattini and
Terao. 2011Tawaet al, 2011

Garattini and Terao. 201&arattini
and Terao. 201, Xurosakiet al,

2013
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1.5.2. Molybdo-flavoenzymes infish

AOX and XOR in fishareresponsible for metabolism of various compaasdch as
aromatic aldehydes andl-heterocyclic compoundgLakshmananet al, 1964
Krenitskyet al, 1974 Wurzinger and Hartenstein. 19/®leareet al, 1976 .DPL VNL
DQG -H*HZV,N&sumiet al, 1992 Johnsonet al, 1993 Schlenk. 1998
Bleekeret al, 2001 Uedaet al, 2001 Uedaet al, 2002, Basha and Rani. 2003
Kitamuraet al, 2003 Pandeyet al, 2003 Ziegler. 2003 Isamah and Asagba. 2004
Resendeet al, 2005 Asagbaet al, 201Q Hegaziet al, 201Q Kurosakiet al, 2013.

These studies either measured the activity directly by monitoring substrate or product
concentrabns or used artificial elea@n acceptors as shown inafle 10and Fgure

3).

1.5.2.1. Aldehyde oxidase activity in fisHiver

As described in previous sections AOX activity is principally found in hepatic tissue
of mammal§Garattini and Terao. 201¥urosakiet al, 2013 and veral workers
havealsodemonstrated activity ithis tissue irbony fish, amorg the most primitive
vertebrate to have this activityThe first report of AOX in fish was by Lakshamanan
et al (1964) whoexaminedthe oxidation of the aldehydes of both vitardit (all-
trans retingland vitamin A2(3,4-dehydreall-trans retinglto the corresponding acids

by aldehyde oxidase enzyme in the liver efieral freshwatefish (Ophiocephalus
muralius Labeo calbasjiand (Cyprinus carpio communisas shown in (@ble 10.

The studyalsofoundthatthe enzyme from freshwatéish livers was infbited bythe

AOX inhibitor menadionéLakshmanaret al, 1964.
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Table 10Summary ofn vitro studies of hepatic aldehyde oxidase activity in fish species.

Common name, ( Latin name) Substrate Electron acceptor AOX activity References
African catfish (Isamah and Asagba.
(Clarias gariepinus) Benzaldehyde 2,6-DCPP 143.8 2004
Electric catfish (Isamah and Asagba.
(Malapterurus electricus) Benzaldehyde 2,6DCPIP 130 2004
African catfish d 1d
(Clarias gariepinus) Benzaldehyde 2,6DCPIP 1316.4%, 629.35 (Asagbaet al, 2010
Lesser spangled emperor
; +
(Lthrinus choerorynchus) Benzaldelgde MTT (Johnsoret al, 1993
Rankin cod
. X +
(Epinephels multinotatus) Benzaldehyde MTT (Johnsoret al, 1993
Red emperor
(Lutjanus sebae) Benzaldehyde MTT + (Johnsa et al, 1993
Sea breanfPagrus major) Benzaldehyde O, 4.35 (Kitamuraetal., 2003
Spangled emperor
: +
(Lethrinus nebulosus) Benzaldehyde MTT (Johnsoret al, 1993
Sea breanfPagrus major) DMAC O, 7.3 (Kitamuraet al, 2003
Goldfish(Carassius auratus) 2-hydroxypyrimidine | Fenthion sulphoxide 0.18 (Kitamuraet al, 2003
Goldfish(Carassius auratus) 2-hydroxypyrimidine 2-nitrofluorene + (Uedaet al, 2009
Goldfish(Carassius auratus) 2-hydroxypyrimidine nifusr(;?;?enr}ate ++ (Tatsumiet al, 1999
Sea breanfPagrus major) 2-hydroxypyrimidine 2-nitrofluorene 0.25 (Uedaet al, 2002
Sea breanfPagrus major) 2-hydroxypyrimidine nifusr(;gxggate 6.5 (Tatsumiet al, 1999
Smooth dogfisi{Mustelus canis) 6-methylpurine Ferricyanide 73 (Krenitskyet al, 1974
Largemouth bass . ) ) )
(Micropterus salmoides) 6-methylpurine Ferricyanide 10 (Krenitskyet al, 1979
(Trlzglzli?l?)tzzrzg?cﬂ?nus) 6-methylpurine Ferricyanide 10 (Krenitskyet al, 1979
Sea mullet . . . .
(Menticirrhus saxtilis) 6-methylpurine Ferricyanide 10 (Krenitskyet al, 1974
Blue fish(Pomatomus saltatrix) 6-methylpurine Ferricyanide 17 (Krenitskyet al, 1974
Spanish mackerel . ) ) )
. <
(Scomberonorus maculatus) 6-methylpurine Ferricyanide 26 (Krenitskyet al, 1979
Bluegill(Lepomis macrochirus) 6-methylpurine Ferricyanide 35 (Krenitskyet al, 1979
Channel catfish . : . .
-methyl F 2 K k 1,197
(Icatalurus punctatus) 6-methylpurine erricyanide 3 (Krenitskyet al, 1974
Summer flounder . . ) .
(Paralichthyes dentatus) 6-methylpurine Ferricyanide 47 (Krenitskyet al, 1974
Goldfish(Carassius auratus) 6-methylpurine Ferricyanide 27 (Krenitsky et al, 1974
Norfolk spot . ) ) .
(Leiostomus xanthurus) 6-methylpurine Ferricyanide 30 (Krenitskyet al, 1979
Pumpkinseed sunfish . . ) .
(Lepomis gibbosus) 6-methyipurine Ferricyanide 57 (Krenitskyet al, 1974
Nile tilapia juveniles . . ) .
(Oreochromis niloticus) Phthalazine Ferricyanide 275 (Hegaziet al, 2010
Northern hog sucker - (Wurzinger and
(Hypentelium nigricans) Vanillin O * Hartenstein. 1974
White sucker - (Wurzinger and
. Vanill + 4
(Catostamus commersoni) aniin ©: Hartenstein. 1974
Northern pike (Esox lucius) Vanillin 0, + H(aYYt:LZsI?egiﬁr ?3%4
Pumpkinseed sunfish - (Wurzinger and
o ++ 4
(Lepomis gibbosus) vanillin ©: Hartenstein. 1974
Walleye(Stizostedion vitreum) Vanillin o} ++ Hgv:/tlérnzs'?gﬁr i‘gf{;
Orange-fin labeo N 1 2 (Lakshmanart al,
(Labeo calbasu) Vitamin A;and A O, 67"t 708 1659
Great snakehead — 1 2 (Lakshmanaret al,,
(Ophiocephalus muralius) Vitamin A, and £ ©: 100.0%, 1128 1964
Common carp S 1 2 (Lakshmanaret al,
(Cyprinus carpio communis) Vitamin A,and 7 ©: 419", 4255 1964

Abbreviations: AOX activity nmol/min/mg liver, DMAC- p-dimethylaminocinnamaldehyde, 2, 6 DCRIE 6-dichlorophenaol
indophenol. MTT- Dimethylthiazotldiphenyltetrazolium bromide, A1, A%itamin A1 and A2, 7d and 21d (Acclimatised for 14
days in large aquaria then keptbowls of 20 litres for 7 days and 21 days).

36




Ten years lateiKrenitsky et al, (1974) examinedhe activity of AOX with 6-
methylpurine as a substrate and potassium ferricyanide as electron acceptor in the
liver of several fishThe study foundhathighest activity ofAOX with pumpkinseed
sunfish(Lepomis gibbosysand lowest activity with blue fislPomatomus saltatr)x

as shown in (@ble 10 (Krenitsky et al, 1974. In the same year8)urzinger and
Hartenstein, (1974)sedvanillin asan AOX substrate with @as an electron acceptor
to measure AOX activity itivers of severalfish species such as Northern hog sucker
(Hypentelium nigricans Northern pikg[Esox lciug, pumpkinseedsunfish(Lepomis
gibbosu$ and valleye (Stizostedion itreum) (Table 1Q(Wurzinger and Hartenstein.
1974). Following these earliestudiesit was not till two decades later that there was
further research published on fish AOKatsumiet al, (1992) examined the activity
of aldehyde oxidasen goldfish (Carassius auratysand ga bream FRagrus majoy
livers using 2hydroxypyrimidine & aldehyde oxidase substrate and sodium
nifurstyrenate as electnoacceptor as shown in glble 10 (Tatsumiet al, 1992.
Johansoret al. (1993) examined allozymes of aldehyde oxidadleli@ variants of
this enzyme) inthe livers offour different species of fiskwhich are commercially
farmed in Australia, red emperotutjanus sebde spangled emperorn_¢thrinus
nebulosu} lesser spangled emperocethrinus choerorynchysand Rankin cod
(Epinephelus multinotatysThis studyused electrophoresis and stairtlee allozymes

in the gels, using benzaldehydef3X substrate and hypoxanthineXdR substrate
(Table 10 (Johnsoret al, 1993. The electron acceptaimethytdiphenyltetrazolium
bromide (MTT)was used to visualize electrophoreticigats of AOX and investigate
the genetic similarities of these species of fifhe study demonstrated that whilst
therewas statistically significant variation in allelic frequezsin three of the species,

there were no clear geograpal groupings ofpopulations. Supporting previous
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evidence that populationsf these fishare extensively connected, even over large
geographical distanc€onsecutivetsidies by Ueda&t al, (2001 and 200Rexamined
the activity of aldehyde oxidasm goldfish (Carassiusauratug and sea bream
(Pagrus majoy livers, using benzaldehydeoxidation as direct assay an@-
hydroxypyrimidine@s substrate with2-nitrofluorene as electron acceptan an
anaerobic and indirect assag shown inTable 10)(Uedaet al, 2001 Uedaet al,
2002. Kitamuraet al, (2003)alsoexamined hie activity of aldehyde oxidase witha
bream Pagrus majoy ard goldfish (Carassius auratys while using different
aldehyde oxidase substrateuch as benzaldehyde, dimethylaminocinnamaldehyde
(DMAC) as direct assay They also used 2-hydroxypyrimidine N-
methylnicotinamide or butyraldehyde as electron damatthe organothiophosphate
insecticidefenthion as an electron acceptorsémwn in (able 10 (Kitamuraet al,
2003. Isamah and Asagba, (200#d Asagbat al (2010)testedthe AOX activity
with benzaldehydas a substrateith African catfish Clarias gariepinu$ and electric
catfish Malapterurus electricusin liver using 2, 6-dichlorpheneindophenol (2 6-
DCPIP)as anartificial electran acceptor as shown {ifTable 1Q(lsamah and Asagba.
2004 Asagbaet al, 2010. While Hegazi et al, (2010)examined the activity of
aldehyde oxidase inuvenile Nile tilapia (Oreochromis niloticus liver using
phthalazine as substrate and potassium ferricyanide as an relactteptor which

reduced ind ferricyanideas shown in (@ible 1Q(Hegaziet al, 2010.

Several fish have lea reported to have noOX activity as shown in @ble 13. As
well asin vitro studies in vivostudieshave suggested AOX activity towards NPAHs
environmental pollutants exist in fish. Beanal (1985) demonstrated that quinoline
was metabolised thydroxyquinoline in rainbow trout@ncorhynchus mykis¢Bean

et al, 1989. Bleekeret al, (2001) examinedhe metabolism of thenvironmental
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pollutant phenanthridine in carpClyprium carpiQ liver and bileinto its metabolite
6(5H)}phenanthridinone (phenanthridone) suggesting that fish AOX catalysed this

biotransformatior{Bleekeret al, 2007).

Table 11 Summary of ish species that haveo detectabléepaticAOX activity. Basedon
Wurzingerand Hartenstein, (1974

Common name Latin name Substrate Electron acceptor
Stoneroller Minnow Campostomanomalous Vanillin O,
Carp Cypriumcarpio Vanillin 0,
Cutlips Minnow Exoglossunmaxilingua Vanillin 0,
Fathead Minnow Pimephalepromelas Vanillin O,
Margined Madtom Noturusinsignis Vanillin O,
Yellow Perch Percaflavescens Vanillin O,

1.5.2.2. Extrahepatic aldehydeoxidase activity in fish

Krenitsky et al, (1974) examined the activity of aldehyde oxidase with 6
methylpurine and potassium ferricyanide as electron accdptorCypriniformes and

one Perciformeswere tested for extriaepatic tssue distribution in intestine and
kidney. All species studied had measurable extrahepatic activity that was found to be
two and one fold lower respectively compared with litbe activity in extrahepatic
tissue lesshan thatm hepatic tissuéTable 13 (Krenitskyet al, 1974. Asagbaet al,

(2010) tested thAOX activity usingbenzaldehyde as a substrate witBikriformes
(African catfish in kidney, gills, muscle and brairsing 2,6dichlorpheneindophenol
(2,6-DCPIP) as an artificial elemn acceptor as shown indble 13. Interestingly
Asagbeaet al (2010 found that AOX activity decreased in African catfesttlimatised

for 14 days in large aquaria then kept in bowls of 20 litres for 7 days and 21 days.
Although the reason for this was not givéstcould be due to stress as two figh

approximately 30 cm we kept in small 20 litre bowl.
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Table 12 Summary of gtrahepaticand hepati@OX activity in fish speciesBased on
Krenitsky et al, (1974)*, and Asagba et al, (2010) **

Order Family Common name Latin name Habitat Organ AOX
Cypriniformes* Cyprinidae Goldfish Carassius auratus F/IP liver 27
Cypriniformes* Cyprinidae Goldfish Carassius auratus F/P intestine <14
Cypriniformes* Cyprinidae Goldfish Carassius auratus F/P kidney 19

Perciformes* Sciaenidae Norfolk spot Leiostomus xanthuru S/P liver <30

Perciformes* Sciaenidae Norfolk spot Leiostomus xanthuruy  S/P intestine 19
Siluriformes ** Clariidae African catfish Clarias gariepinus F/IP liver 7d 1316.8
Siluriformes ** Clariidae African catfish Clarias gariepinus F/P liver 21d 629.35

Siluriformes ** Clariidae African catfish Clarias gariepinus F/IP kidney 7d 640.38

Siluriformes ** Clariidae African catfish Clarias gariepinus F/IP kidney 21d | 460.48

Siluriformes ** Clariidae African catfish Clarias gariepinus F/P gill 7d 248.3
Siluriformes ** Clariidae African catfish Clarias gariepinus F/IP gill 21d 349.7
Siluriformes ** Clariidae African catfish Clarias gariepinus F/P muscle 7d | 148.45
Siluriformes ** Clariidae African catfish Clarias gariepinus F/IP muscle 21d | 107.5
Siluriformes ** Clariidae African catfish Clarias gariepinus F/P brain 7d 275.8
Siluriformes ** Clariidae African catfish Clarias gariepinus F/P brain 21d 125.6

Activity measured: AOX activity pmol/min/g of tissuAbbreviations: (S) salt water (marine), and (F) frestter,
(D) Demersal (benthic), (P) Pelagitd and 21d (Acclimatised for 14 days in largquaria then kept in bowls of 20 litres
for 7 days and 21 days)

1.5.2.3. Aldehyde oxidase as reductase activity in fish

The reductase activity of AOX has lobgen established siné&enitsky found it in
1974Krenitsky et al, 1974. The first report of AOXas a reductase in fish was by
Tatsumiet al, (1992) 7 D W V X P Lek&mihedRhe Sictivity of aldehyde oxidase as
reductasewith antibacterial sodium nifgtyrenate as electron acceptwhich was
reduced intocyanoepentenone, asn anaeobic and indirect reaction inotgfish
(Carassius auratysand ®a breamRagrus majoy livers, using 2hydoxypyrimidine
as an electron donor akown in (Bble j(Tatsumiet al, 1992. A decade lateUeda
et al, (2001 and 2002examined theeductasectivity of aldehyde oxidase usir®y
nitrofluorene which is a nitropolycyclic aromatic hydrocarbor{envirommental
pollutants found in automobile exhaust) as an electron accdptey demonstrated
that this was reducadto 2-aminofluorene irgoldfish (Carassius auratydiver, using
2hydrokypyrimidine as electron dono(Table 10 and inhibited by menadionas

shown in(Table 10 (Uedaet al, 2001 Uedaet al, 2003. Kitamuraet al, (2003)
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examined the activity of dehyde oxidase as reductase using fenthion sulphdaide
insecticidé as eletron acceptor which it reduceato fenthionin goldfish (Carassius
auratug, using 2hydroxypyrimidine as an electron donas shown in (@ble 10
(Kitamuraet al, 2003. Collectively these studies on AOX as a reductadesh liver
demonstrated thahe enzyme has the capacity to reductively metabolise compounds
that are environmentalofjutants demonstrating the importance of the study of this
importantdetoxication enzyme in theseganismsln vivothe physiologicalrelevance

of reductase activitys not known as these xenobiotic electron acceptors will be

competingwith anatural endogenous electron acceptor.

1.5.2.4. Xanthine oxidoreductase activity in fish

It was not until 10years after AOX activity was reportedfish that the first report of
XOR activity in fish appearedrenitsky et al (1974) Using xanthine as XOR
substrate withNAD™ or ferricyanide as an elecmoacceptor as shown in &ble
13)Krenitsky et al (1974)found activity in11 fish speciegKrenitsky et al, 1974.
Wurzinger and Hartenstein, (1974)Iso examined the activityof XOR using
hypoxantline as a XOR substratasing NAD" as an electron acceptior the liver of
several fistgpeciesas shown i{Table 13 (Wurzinger and Hartenstein. 197Cleae
et al (1976) demonstratedOR activity with several fish liver species such fadl
(Scophthalmus rhomblyscod (Gadus morhup dab Limandalimandg), lemon sole
(Microstomus ki, mackerel Scomber scombrisplaice (Pleuronectes platesia
perch Perca fluviatilig and whiting (Merlangius merlangysusing xarthine as a
XOR substrate O, or 2,6dichlorophencindophenol (B-DCPIP) and NAD as an

electran acceptor as shown (able 13(Cleareet al, 197§.

41



Table 13 In vitro studies of hepatic xanthine oxidoreductase activity in fish spewesured
using spectrophotometry

Common name, Latin name Substrate Electron acceptor X0 XOR % XDH References
Carp (Cyprinus carpio) Hypoxanthine NAD* 0 0 ++ (W“rz'”gerlggg Hartenstein
Cutlips minnow ( Exoglossum maxilingua)| Hypoxanthine NAD* 0 0 ++ (W“rz'”gerlggg Hartenstein
Margined madtom (Noturus insignis) Hypoxanthine NAD* 0 - + (W“rz'”gerlggg Hartenstein
Northern. hog §uqker Hypoxanthine NAD* 0 ) N (Wurzinger and Hartenstein
(Hypentelium nigricans) 1974
Stoneroller minnow Hypoxanthine NAD* and INT 0 o " (Wurzinger and Hartenstein
(Campostoma anomalous) 1974
White sucker(Catostamus commersoni) | Hypoxanthine NAD* 0 ; + (W“rz'“gerlggg Hartenstein
Yellow perch (Perca flavescens) Hypoxanthine NAD* 0 - ++ (W“rz'”gerlggg Haenstein.
Brown trout (Salmo trutta) Purine NAD* + 39 + (Resendet al, 2005
Zebra fish (Danio rerio) Pteridine 0O, or NAD* + + + (Ziegler. 2003
7d
African catfish (Clarias gariepinus) Xanthine (o + 2521('1 + (Asagbeet al, 2010
African catfish (Clarias gariepinus) Xanthine O, + 197 + (Isamah and Asagba. 2004
Electric catfish alapterurus electricus Xanthine 0, + 255.8 + (Isamah and Asagba. 2004
p
Channel catfish (Icatalurus punctatus) Xanthine Ferricyanide and NAD | <3 100 97 (Krenitskyet al, 1974
Spanish mackerel Xanthine NAD* and Ferricyanide| 14 120 88.4 (Krenitskyet al, 1979
(Scomberonorus maculatus)
Pumpkinseed sunfish(Lepomis gibbosus) Xanthine NAD* and Ferricyanide| <2 95 97.9 (Krenitskyet al, 1974
Sea mullet Menticirrhus saxatilis) Xanthine NAD" and Ferricyanide| - 150 100 (Krenitskyet al, 1974
Norfolk Spot ( Leiostonus xanthurus) Xanthine NAD" and Ferricyanide| <6 180 96.7 (Krenitskyet al, 1974
old fis| arassius auratus Xanthine NAD™" and Ferricyanide 8 120 93.4 Krenitskyet al, 197
Gold fish (C i t hi *and i id itsk I, 19
Largemouth bass Micropterus salmoides) Xanthine NAD* and Ferricyanide| <3 410 99.3 (Krenitskyet al, 1974
Florida pompano (Trachinotus carolinus) Xanthine NAD* - 180 100 (Krenitskyet al, 1974
Summer flounder (Paralichthyes dentatus] Xanthine NAD* and Ferricyanide| 5 210 97.6 (Krenitskyet al, 1974
ue fis omatomus saltatrix Xanthine Ferricyanide and NA 2 38 94.7 Krenitskyet al, 197
Blue fish (P t ltat h d d NAD k I, 19
Bluegill ( Lepomis macrochirus Xanthine NAD" and Ferricyanide| <3 180 98.4 Krenitskyet al, 197
g P!
Megrim (Lepidorhombus whiffagonis) Xanthine 0, or 2,6DCPIP 5 0 0 (Cleareet al, 1979
ike (Esox lucius anthine NARE 1 1 eareet al,
Pike (Esox | Xanth Oz0r26DCPIPand | g 23 00 cl 1, 197§
itin erlangius merlangus anthine A 1 eareet al,
Whiting (Merlang lang Xanth Qz0r260CPIPand | g 08 00 cl 1, 1979
Cod (Gadus morhua) Xanthine Qz0r260CPPand | g 98 100 (Cleareet al, 197§
Dab (Limanda limanda) Xanthine Qzor260CPIPand | g 221 100 (Cleareet al, 197§

Brill ( Scophthalmus rhombus) Xanthine 0, or 2,6DCPIP 0 197 100 (Cleareet al, 1979
Lesser spotted dogfish Xanthine 0, or 2,6DCPIP 0 24 100 (Cleareet al, 197§
(Scyliorhinus canicula)

Ray (Dipturus canutus) Xanthine 0, or 2,6DCPIP 0 148 100 (Cleareet al, 197§

Herring (Clupeaharengus) Xanthine O, or 2,6DCPIP 0 221 100 (Cleareet al, 1976

White pollack ( Pollachius virene) Xanthine 0, or 2,6DCPIP 0 0 100 (Cleareet al, 1979
Haddock (Melanogrammus aeglefinus) Xanthine 0, or 2,6DCPIP 0 - 100 (Cleareet al, 197§
Summer flounder (Paralichthyes dentatus) Xanthine 0O, or 2,6DCPIP 0 - 100 (Cleareet al, 1979
Black sole (Solea solea) Xanthine 0, or 2,6DCPIP 0 - 100 (Cleareet al, 197)

White sole( Solea solea) Xanthine O, or 2,6DCPIP 0 73 100 (Cleareet al, 1979

White trout (Salmo trutta) Xanthine 0, or 2,6DCPIP 0 116 100 (Cleareet al, 197§
Gurnard ( Chelidonichthys cuculus) Xanthine 0, or 2,6DCPIP 0 14 100 (Cleareet al, 1979
John dory ( Zeus faber) Xanthine 0, or 2,6DCPIP 0 - 100 (Cleareet al, 1979

Lemon sole Microstomus kitt) Xanthine 0, or 2,6DCPIP 0 52 100 (Cleareet al, 197§

Mackerel (Scomber scombrus) Xanthine 0O, or 2,6DCPIP 0 44 100 (Cleareet al, 1979

Plaice (Pleuronectes platessa) Xanthire 0, or 2,6DCPIP 0 79 100 (Cleareet al, 197§

Perch (Perca fluviatilis) Xanthine 2,6DCPIP 0 248 100 (Cleareet al, 197§
. f Xanthine or + (.DPL VNL DQG -|
Carp (Cyprinus carpio) Hypoxanthine NAD" or O, + - 99.4 1985
Giant catfish (Wallago attu) Xanthine NAD" or O, + 528 + (Pandeyet al, 2003
Nile tilapia juveniles (Oreochromis niloticus) Xanthine NAD* + 120 - (Hegaziet al, 2010
Mozambique tilapia Xanthine NAD* + 167 + (Basha and Rani. 20p3
(Oreochromis mossambicus)

Abbreviations: 2, @©CPIP +2, 6dichlorophencindophenol. MTT- Dimethylthiazotdiphenyltetrazaum bromide,
PMS-phenazine methosulphate. INHiodonitro-tetrazolium, 7d and 21d (Acclimatised for 14 days in large aquaria then
kept in bowls of 20 litres for 7 days and 21 days), XOR = sum of activity witn® NAD" as electron acceptor, XO =
activity with O, as electron acceptor.
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In addition, Kaminski and Jezewska, (198®xamined the activity oKOR in carp
(Cyprinus carpid liver using xanthine or hypoxanthine as substrate and N#DD;

as an electno acceptor as shown ifTable 13 (.DPL VNL DQG -H)3HZVND
While, Johnsoret al, (1993) examined the actity of XO with several fish liver
species such as lesser spangled empdrtrrifus choerorynchys rankin cod
(Epinephelus multinotatiis red emperor L(utjanus sebae and spangled emperor
(Lethrinus nebulosys with  hypoxanthine as substrate anddimethylthiazol
diphenyltetrazolium (MTTasan electron acceptaas shown i{Table 15 (Johnsoret
al., 1993. Pandeyet al, (2003)usedxanthine as XGsubstrate and(PMS) phenazine
methosulphat@as an electron acceptor to examihe activity of XOin giant catfish
(Wallago atty liver as show in (Table 13(Pandeyet al, 2003. Basha and Rani,
(2003) examinedthe ativity of XDH with Mozambique tilapia @reochromis
mossambicysliver, using xanthines substrate and NADs an electron acceptor as
shown in(Table 13(Basha and Rani. 20R3n addition,Ziegler, (2003) examinetthe
acivity of XOR using pteridine as substrate angdd® NAD" as an electron acceptor
with zebra fish Danio rerio) liver as shown in (able 13 (Ziegler. 2003. Isamah and
Asagba, (2004yising xanthine as substrate angad an electron acceptor to examine
the activity of XOin severalWestern NigeiDeltafish liver speciesisch asAfrican
catfish Clarias gariepinu$ andelectric catfish Malapterurus electricisas shown in
(Table13)(Isamah and Asagba. 200&Resende et al, (200Bxamined the divity of
XDH in brown trout Salmo truttd liver, using purine as substrate and NA&s an
electronacceptor, as shown in ble13) (Resendet al, 2005. Xanthine as substrate
and Q as an electron acceptor in African catfi§hafias gariepinu liver from Ddta
State, Nigeria as shown inglfle 13) (Asagbaet al, 2010. In addition Hegaziet al,

(2010)examined the aiwvity of XDH in Nile tilapia juveniles Qreochromis niloticus
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liver. Using xanthineas substrate and NADas anelectron acceptor, as shown in

(Table 13)(Hegaziet al, 2010Q. Several ish have been reportedd have no XOR

activity as shown in (able 14.

Table 14 Summary ofish species that had no detectable XOR activity

Common name Latin name substrate Electron acceptor Reference
Smooth dogfish Mg;:‘ius Xanthine NAD" and Fericyanide (Krenitskyet al, 1979
Northern pike Esox lucius | Hypoxanthine NAD" (Wurzmgerlgr;g Hartensteir
Pumpkinseed Lepomis . + (Wurzinger and Hartensteir|
sunfish gibbosus Hypoxanthine NAD 1979
Stizosédion : + (Wurzinger and Hartensteir|
Walleye vitreum Hypoxanthine NAD 1974
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As well as the spectrophotometric studies above many different researcharsealso

electrophoresis and histochemical dye methods to investigate the hepatic xanthine

oxidoreductase activity in flerent fish as seen in éble 15.

Table 15 Summary ofin vitro studies of hepatic xanthine oxidoreductase activity in fish species
usingelectrophoresis and histochemical dye methods

Electron

Common name, Latin name Substrate acceptor XOR XDH References
lesser spangled emperor .
(Lthrinus choerorynchus) Hypoxanthine MTT + + (Johnsoret al, 1993
Rankin cod ;
(Epinephelus multinotatus) Hypoxanthine MTT + + (Johnsoret al, 1993
Red emperor (Lutjanus sebae) Hypoxanthine MTT + + (Johnsoret al, 1993
Spangled emperor .

(Lethrinus nebulosus) Hypoxanthine MTT + + (Johnsoret al, 1993
Spotted murrel (Channapunctatus) Xanthine MTT - - (Sastry and Rao. 1984
Spotted murrel (Channa punctatus) Xanthine MTT - - (Sastry and Rao. 1982

Barbell (Barbus bocagei) Xanthine PMS - - (Peixotoet al, 2013
Orangefin labeo (abeo calbasy Hypoxanthine MTT + + (Singhet al, 2010
White sea bream Diplodus sargus | Hypoxanthine MTT + - (Lenfant. 2003
Juvenile Chinese sturgeon .
(Acipenser sinensis) Hypoxanthine MTT + - (Fenget al, 2012
White crappie . (Epifanio and Philipp.
(Pomoxis annularisadult Hypoxanthine EBT " i 1993
White crappie (Pomoxis annularis Hvpoxanthine EBT + i (Epifanio and Philipp.
embryos or larva yp 1999
Black crappie . (Epifanio and Philipp.
(Pomoxis nigromaculatysdult Hypoxanthine EBT * * 1993
Black crappie o .
(Pomoxis nigromaculatiis Hypoxanthine EBT + - (1%%%3”'0 and Philipp.
embryos or larva
Atlantic mackerel . (Smith and Jamieson.

(Scomber scombrjis Xanthine TTc * * 1978

Japanese medakaQ@ryzias htipeg Xanthine PMS + NBT + + (Nakano and Whiteley.

1965

Abbreviations: TTC +Tetrazolium chloride, EBTxErochrome black T, MTT Dimethylthiazotdiphenyltetrazolium
bromide, MS- phenazine methosulphate, NBitro blue tetrazolium
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1.5.2.5. Extrahepatic xanthine oxidoreductase activity in fish

Krenitsky et al, (1974) used spectrophotometric assay, xanthine as XOR substrate
and NAD' or ferricyanide as electron acceptormeasure extrahepafl@OR activity

in several fish speciesTwo Cypriniformes and on@erciformeswere tested for
extrahepatic tissue distribution in intestine and kidney XOR activity. All species
studied had measurable extrahepatic activity that wasdfdo be 4old lower in
intestine and 1-5old more in kidney compared with liverthe highest activityvas
found inthe kidney ofthe goldfish Carassius auratys(Table 16) (Krenitsky et al,
1974. The activity of extrahepatic XOR tested by Reseedal, (2005as testedn
one Salmoniformes in whictthe activity found in kidney obrown trout Galmo
trutta) was found to be 2-fold more compared with livefTable 1§(Resendeet al,
2005. Hegaziet al, (2010)also examined the d@rahepatic activity of XOR in one
Perciformes and found the activity iwhite muscle ofjuvenile Nile tilapia
(Oreochromis niloticusl.3-fold lower compared with live(Table 16 (Hegaziet al,
2010. Templeet al, (1979) examined the extrahepaX©OR activity in intestine of
goldfish Carassius auratyswith 100% XDH(Templeet al, 1979. Sastry and Rao.
(1982 and 1984found the activity of XOR in different tissue of spotted murrel
(Channa punctatusin kidney, gills, brain, intestine and muscléastry and Rao.
1982 Sastry and Rao. 1984. Hari and Neeraja (2012) examined the extrahepati
activity of XOR in one Cypriniformes and foundethactivity in the kdney of
Common carp(Cyprinus carpip as XQHari and Neeraja. 20)2 Nakano and
Whiteley (1965) examined the extrahepatativity of XOR in one Beloniformes and
found the ativity in intestinesof Jgpanese medakaD(yzias latipes)Nakano and

Whiteley. 1965.
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Table 16 Extralepatic XOR activityin fish

Order Family Common name Latin name Habitat Organ X0 XOR % XDH
Cyprinif ormes * Cyprinidae Goldfish C:J;Sti'ss FIP liver 8 120 934
Cypriniformes * Cyprinidae Goldfish C:J?astilss FP Intestine 3 33 91

CyprLrlf*o rmes Cyprinidae Goldfish C:J?;i'gs FIP Intestine - - 100
Cypriniformes * Cyprinidae Goldfish C:Jra;tilss FP Kidney 11 190 94.2
Cypriniformes ,,, Cyprinidae Common carp Cg/;rrrl)ri\éjs S/P Kidney 42.6 - -
Perciformes * Sciaenidae Norfolk spot Leiostomus S/P liver <6 180 96.7
xanthurus
. - Leiostomus .
Perciformes* Sciaenidae Norfolk spot xanthurus S/P Intestine <4 90 <95.6
Perciformes *** Cichlidae N”e t|If_;1p|a Orepc_hromls FIP liver + 160 99.4
juveniles niloticus
Perciformes *** Cichlidae N”e t|Igp|a Orqochromls FP White - 120 -
juveniles niloticus muscle
Perciformes , Sciaenidae Spotted murrel Channa S/IP liver 6.2 - -
punctatus
. o Channa :
Perciformes, Sciaenidae Spotted murrel punctatus S/P kidney 8.6 - -
. L Channa :
Perciformes , Sciaenidae Spotted murrel punctatus S/P gills 2.9 - -
. - Channa . :
Perciformes, Sciaenidae Spotted murrel punctatis S/P intestine 2.7 - -
Perciformes, Sciaenidae Spotted murrel Channa S/IP brain 8.2 - -
punctatus
. o Channa
Perciformes , Sciaenidae Spotted murrel punctatus S/IP muscles 55 - -

. L Channa :

Perciformes , , Sciaenidae Spotted murrel punctatus S/P liver 3.7 - -

. - Channa .

Perciformes , , Sciaenidae Spotted murrel punctatus S/P kidney 5.7 - -
Perciformes , , Sciaenidae Spotted murrel Channa S/P gills 4.2 - -
punctatus

. o Channa . .

Perciformes ,, Sciaenidae Spotted murrel punctatus S/IP intestine 8.0 - -

. L Channa :

Perciformes , , Sciaendae Spotted murrel punctatus S/P brain 5.0 - -

. N Channa
Perciformes , , Sciaenidae Spotted murrel punctatus S/P muscles 3.8 - -
Salmoniformes ** Salmonidae Brown trout Salmo trutta F/P liver + 39 +
Salmoniformes ** Salmonidae Brown trout Salmo totta F/P Kidney + 155 +

. — . Japanese : : :

Beloniformes , , ,, adrianichthyidae medaka Oryzias latipes S/P Liver - - +

. o . Japanese . :

Beloniformes , , ,, adrianichthyidae medaka Oryzias latipes SIP Gut - - +

Abbreviations F-freshwater fish,

Ssaltwaer fish, R pelagt. Activity measured:XDH and XO

activity nmol/min/mgof tissue,XO urate formed with @ XOR urate formedwith O, and NAD'".
Based on Krenitsket al, (1974)*, Resendet al, (2005) **, Hegaziet al{2010) ***, Templeet al,

(1979) **** (Sastry and Rao 1) ,(Sastry and Rao 1982), (Hari and Neeraja 2012),and
(Nakano and Whiteley 1965), ,.
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1.5.3. Molybdo-flavoenzymes as pollution monitoring in fish

As AOX and XOR biotransform substrates to more polar compounds, several research
groups have measut¢he activity of these enzymes in animals exposed to pollutant to
determine if they are increased or decreased could be used as pollution
biomarkers.Basha and Rani(2003) examined nduction of enzymesn fish in
response to oxidative stress causgdhéavy metals (such as cadmium, zinc, mercury
and copper) which are released into ponds, lakes and rivers in industrial efifuents
India. They discovered significant elevations of detoxification enameuding XO

in the liver and kidney of the freslater teleost, tilapiaQreochromis mossabicys
using »anthine as substratend NAD", iodophenyitetrazolium chloride(INT) as
electron acceptor. ?Aa result of cadmium toxicitgnd it was found that the XOR
increased-1.8 fold in liver andn kidneyTable 17 (Basha and Rani. 20p3Pandey

et al. (2003) examined biomarker respses including Xdn several tissues of the
freshwater giant catfishWallago dtu), obtained from two different sites, which
varied in levels of pollution, along the river Yamuna in in¢kee Bble 17 and
18),Water from thesite, was more heavily polluted as a result of increased industrial
activity and chemical use, was found to have higher pH and lower level of dissolved
oxygen corpared to the less polluted site. Uskanthine as substrate and phenazine
methosulphate (PM3Js electron acceptdhe researchefeund that XOactivity was
significantly higher in fish taken from the heavily polluted area and used this evidence
to propose that such X®e used future monitorgnof aquatic ecosystem pollution.
They found that astity was increased 2.47old in liver, 4.49fold in gill and 2.1%

fold in kidneyPandeyet al, 2003.Interestingly Sastry and Rao (1982 and 1984)
examined thepollution effect of mercuric chloride with spotted murr&€hénna

punctatus)iver and found no change on XOR activity by using xanthine as substrate
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(Table 19. In additionthe activity ofhepaticXOR tested with heavy metgabllution

with barbell Barbusbocageijound no change on its activi{yPeixotoet al, 2013
(Table 17.

Table 17 Hepatic ORactivity as abiomarkers for pollution in fish

Common Lol
Latin name Pollutant increase/ References
name
decrease
African catfish Clarias gariepinus Heavy metal 2.51 increase (Isamah and Asagba. 2004
. ) . L Cadmium
African catfish Clarias gariepinus (5 mg/L 7 days) No change (Asagbaet al, 2010
. ) . . Cadnium
African catfish Clarias gariepinus (5 mg/L 21 days) No change (Asagbeet al, 2010
Eclaetcntsnr? Malapterurus electricus Heavy metal 2.37 increase (Isamah and Asagba. 2004
Giant catfish Wallago attu Heavy metal 2.47 increased (Pandeyet al, 2003
Mozambique ) . Cadmium . )
tilapia Oreochromis moss#tus (5 mg/L 15 days) 1.86 increase (Basha and Rani. 20p3
Nile tilapia L TAN . .
juveniles Oreochromis niloticus (5 mg/L 70 days) 2.9 increase (Hegaziet al, 2010
Nile tilapia L TAN . .
juveniles Oreochromis niloticus (10 mg/L 70 days) 3.5 increase (Hegaziet al, 2010
Spotted Mercuric chloride
murrel Channa punctatus (3 pglliter) No change (Sastry and Rao. 1984
Spotted Mercuric chloride
murrel Channa punctatus (3 pg/liter) No change (Sastry and Rao. 1982
Barbell Barbus bocagei Heavy metal No change (Peixotoet al, 2013
Abbreviations: 7d for 7 days exposure, 21d for 21 day exposure, 7d and 21d (acclimatised for 14 days in large aquatia then ke

in bowls of 20 litres for 7 @ys and 21 days), TANTotal ammonia nitrogerJsing xanthine as substrate.
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Table 18 ExtrahepaticXOR activity as biomarkers for pollution in fish.

Fold
Ccr)]r;r:]ngn Latin name Pollutant increase/ Organ References
decrease

. ' Clarias Cadmium .

African catfish gariepinus (5 mglL 7 day) 1.42 decreased| Kidney | (Asagbeet al, 2010
. ' Clarias Cadmium .

African catfish gariepinus (5 mg/L 21 dag) 1.99 decreased| Kidney | (Asagbeet al, 2010
. ' Clarias Cadmium .

African catfish gariepinus (5 mg/L 7 day) 2.33 decreased,  Gill (Asagbeet al, 2010
. ' Clarias Cadmium .

African catfish gariepinus (5 mg/L 21 dag) 2.28 decreasec Gill (Asagbeet al, 2010
. ) Clarias Cadmium

African catfish gariepinus (5 mg/L 7 day) No change Muscle | (Asagbeet al, 2010
. ' Clarias Cadmium

African catfish gariepinus (5 mg/L 21 dag) No change Muscle | (Asagbeet al, 2010
. ' Clarias Cadmium .

African catfish gariepinus (5 mg/L 7 day) No change Brain (Asagbeet al, 2010
. ' Clarias Cadmium .

African catfish gariepinus (5 mg/L 21 day) No change Brain (Asagbeet al, 2019
Giant catfish Wallago attu Heavy metal 2.11 increased| Kidney | (Pandeyet al, 2003
Giant catfish Wallago attu Heavy metal 4.49 increased Gill (Pandeyet al, 2003
Mozambique Oreochromis Cadmium . . (Basha and Rani.

tilapia mossabicus | (5 mg/L 15 day) 1.84 increase | Kidney 2003
Nile tilapia Oreochromis TAN . White .
juveniles niloticus (5 mg/L 70 day) 225 increase muscle (Hegaziet al, 2019
Nile tilapia Oreochromis TAN . White .
juveniles niloticus (10 mg/L 70days) 2.6 increase muscle (Hegaziet al, 2019
Channa Mercuric chloride . (Sastry and Rao.
Spotted murrel pundatus (3 ugllitre) No change Kidney 1084
Channa Mercuric chloride . . (Sastry and Rao.
Spotted murrel punctatus 3 ugllitre) 2 increase Gills 1084
Channa Mercuric chloride .
Spotted murrel punctatus 3 ugllitre) No change Intestine| Sastry and Rao.1984
Channa Mercuric chloride . (Sastry and Rao.
Spotted murrel punctatus 3 ug/litre) No change Brain 1084
Channa Mercuric chloride
Spotted murrel punctatus (3 ugllitre) No change Muscle | Sastry and Rao.1934
Channa Mercuric chloride . (Sastryand Rao.
Spotted murrel punctatus (3 ugllitre) No change Kidney 108
Channa Mercuric chloride . (Sastry and Rao.
Spotted murrel punctatus (3 pgllitre) No change Kidney 1082
Channa Mercuric chloride . (Sastry and Rao.
Spotted murrel punctatus (3 ugllitre) No change Kidney 198
Channa Mercuric chloride . (Sastry and Rao.
Spotted murrel punctatus (3 udliitre) No change Kidney 198
Channa Mercuric chloride . (Sastry and Rao.

Spotted murrel punctatus (3 pgllitre) No change Kidney 1082

Common car Cyprinus Ammonia 2 decrease Liver (Hari and Neeraja.
P carpio (5 mg/L 7 dag) 2012

Abbreviations: 7d for 7 days exposure, 21d for 21 egyosure, 7d and 21d (acclimatised for 14 days in large aquaria then kept in
bowls of 20 litres for 7 days and 21 days), TANotal ammonia nitrogerAll activity was measured using xanthine as substrate.
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Isamah and Asagh#2004) examinedXO and AOX activity in the liver ofelectric
catfish (Malapterurus electricus and African catfish Glarias gariepinug, using
xanthine and benzaldehyde as srdist respectivelytaken from two different sige
along the Warri river in the ¥stern NigeiDelta (see Bble 19. Different levels of
pollution as result of various effluent entries into the river were present at the two
sample sites. kvas found that XOnay act as a marker of stress due to pollution by
potentially increasing with elevated levels of contaanitsand it found the activityf

XO increased2.37-fold and AOX activity increasedl.46fold in electric catfish
(Malapterurus electricusand in African catfishQlarias gariepinuy AOX activity
increased?2.35fold and XO activityincreased?.51-fold (Table 17 and 1©(Isamah

and Asagba. 2004Asagbaet al (2010) examined induction of antioxidant defences
in fish in response to oxidative stress caused by heavy metals such as cadmium, which
are released into ponds, lakes and rivers in industrial effluents. They examined the
effect of the exposure to cadmium over time oa #ctivities of AOXin the liver,
kidney and gills ancanthine oxidasén the liver of the catfishGlarias gariepinug,

using benzaldehyde and xanthine as satestrespectivelgee Thble 19). Asagbaet

al. (2010) wadound the cadmium inhibitetthe activity ofAOX and xanthine XORn

the liver, gill and kidney of catfish. Thdpundthe activity of AOXin liver decreased
35.7fold, kidney with 7 day exposuredecreased®.23fold and 21 day exposure
decreasedL.62-foldand gills with 7 day exposur@lecreased.28fold and 21 day
exposure decreaseld88fold, while XO in kidney with 7 day exposur@lecreased
1.42fold and 21 @y exposure decreased 1-f@®d decreased and gillwith 7 day
exposuradecrease@.33-fold and 21 day exposure decrea2e2Bfold (Asagbaet al,

2010. Hegaziet al. (2010) examined the induction of AOX and X{@ liver with

phthalazine and xanthine as subssatspectivelyin liver and white muscle of

51



Table 19 Hepatic and extrahepathtOX activity as a biomarkers for pollution in fish.

C?]:nTgn Latin name Pdlutant Substrates incFrzlgse/ Organ References
decrease
@Zﬁ:ﬂ ggizrri)?rfu s Heavy metal Benzaldehyde| 2.35increase liver A(Slzzrg:hzzg(;
cation | ganepmus | (s mal 7ayy | Peneadetyae) 357 decrease| wer | G
é::lt:‘:liﬂ ggiig?rfus s rr(1: ;/dl_n;f r(;]ays) Benzaldehyde| 1.81decrease | liver (Asazgoblagt al,
ilaet?it :ﬁ lel:gttﬁ;ﬂrsus Heavy metal Benzaldehyde| 1.46increase liver A(Slzzrg:hzzg(;
l\}ﬂsetir:ﬁgijl orr?i?oct?crt??is 5 mg7|_A7No days) Phthalazine 2.lincrease liver (Hegaziet al, 2010
’\J!ﬂsetir:ﬁg? Orneiijotiihcrggm 's (10 mgtf';lo days) Phthalazine 2.5increase liver (Hegaziet al, 2010
African catfish ggizrri)?rfus ® ﬁgjjl_m ;U(T;ys) Benzaldehyde| 2.23decrease kidney (Asazgoblagt al,
African catfish gactrlizg?rfus s n?;dLrglf rc?ays) Benzaldehyde| 1.62decrease | kidney (Asazgoblagt al,
African catfish ggrlizg?nsus 5 rigﬂ_m 7iu(;21ys) Benzaldehyde| 3.25 decrease| gill (Asazgoblagt al,
African catfish ge(lzrliig?nsus ® rri?/danuf r::?ays) Benzaldehyde| 1.88 decrease gill (Asazgoblagt al,
African catfish ggiee‘g?rfus ® ﬁg?{n 7iucT;ys) Benzaldehyde| 1.15decrease| muscle (Asazgoblagt al,
African catfish gactrlizg?rfus ® n?;dLrglf rc?ays) Benzaldehyde| 0.91 decrease | muscle (Asazgoblagt al,
African catfish ggrlizg?nsus ® rigﬂ_m 7iu(;21ys) Benzaldehyde| 1.69 increased| brain (Asazgoblagt al,
African catfish ge(lzrlieérpi)?nsus ® n?g;dLrglf r::?ays) Benzaldehyde| 1.27 decrease brain (Asazgokia(gt al,

Abbreviations: 7d for 7 days exposure, 21d for 21 day exposure, 7d and 21d (acclimatised for 14 days in large aquatia then ke
in bowls of 20 litres for 7 days and 21 days). TANotal ammonia nitrogen.

Nile tilapia juveniles Qreochromis nilatus)in response to oxidative stress caused by
chronc ammonia exposurd éble 18 and 19which reduces growth rafgerformance
causes gill hyperplasia, and induces hyperexcitability, coma, convulsions and finally
death. The activity of hepatic XOwas ircreased2.9-fold and 3.5fold following
exposure tdmg/L and 10mg/lof ammonia respectively. The activity of XO in white
muscle increased.25fold and 2.6fold following exposure to 5mg/L and 10mg/L of
ammonia respectively. While the activity of hepai®X increased 2-1old and 2.5

fold following exposurgo 5mg/L and 10mg/L of ammonia respectively which cause
oxidative damage to the biological syst¢Hegaziet al, 201Q. Sastry and Rao (1982

and 1984) it examined the extrahepatic activity of XO with mercuric chloride using

xanthine as substrate with spottadrrel(Channa punctus)in kidney, gill, brain and
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muscle and found no change in to its activity. While Hari and Neeraja (2012)
examined the activity of XO with ammonia in Common ca@yprinus carpio)

kidney and found 2old decrease of its activity.

1.5.4. Genetic and ¢$ructural properties of molybdeflavoenzymes in
fish.

It was initially believed thathe developmental model organism, zebsa (Danio

rerio) did not have MFE genes as computer searches of whole genomes failed to find
them initially, while the genome in # fishesFugu rubripesand alsoPoecilia
reticulatahad at the least th¢OR gene(Garattiniet al, 2003.Later itwasfound the
MFEsgeneswvere present iall fish genomes examined includiagbra fish a seen in

table 20with (Kurosakiet al, 2013.Using genome sequencing datairosakiet al,

(2013) reconstructed thevolution of MFEs by predictingthe structures of MFEs
genes and pseudogend&seir work demonstrated thddony fish are most primitive
vertebrateZLWK DQ $2; JHQH $2;. FRPLQJ IURP WKH GXSC
XDH. They also showed that during fish evolutduplication R $2;. LQWR $2;
and pseudogenization tife ancestia$ 2 ; . ocaurred(Figure 20, 2)(Kurosakiet al,

2013. An orthologsof the piscine$2; ZDV R EV H piese&etMiiRarkpHibians

and it is likelythat thisis the prearsors ofreptilian, avian and mammalia®X1

found in theliver of most higher organisms including human where AOX1 it is the
sole AOX enzymeas in Table 7, 8, 9 andrigure 22 On the other handngphiban

$2; LV D GXSOLFDaNdtReQik&Y aBickar of avian and reptilian AOX2

that, in turn, gave rise to mammalian AOX3I(Figure 22). Subsequent gene
duplications generated the two mammalian genes, AOX3 and ABYdre 22). The
evolution of vertebrate AOX genes is thus dominated by duplication

,psaudogenizatiorand deletion eents (Kurosakiet al, 2013.Figure 22showshow
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AOX and XDH genes evolved in different species of vertebrafEsble 20
summarisesur current knowledge dtOX and XDH genes and pseudogenesish,

amphibians, reptiles, birds anthmmalgKurosakiet al, 2013.
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Fishes —

Hyperoartia

Chondrichthyes

Actinopterygii

Sarcoptergii

Petromyzon marinus (lamprey)
]
XDH

Callorhinchus milii (ghost shark), [eucorajoerinacea (little skate)

E—
XDH

—
Danio rerio (zebrafish), Lepisosteus oculatus (spotted gar)

1-35 -

AOXP AOXa
T
XDH

Tokifugu radiotus (nashifugu pufferfish), Tetroodon nigroviridis (green spotted pufferfish),
1-35
A[}Iﬁ

E—
XDH
Cryzias latipes (medaka), Oreochromis niloticus (nile tilapia)

ADKE
E——
XDH
Salmo salar [Atlanticsalmon)
1-35 ~
——————
AOXP #—:ﬁ
—
S XDH
Latimerio chalumnae (coelacanth) * = Pseudogene
1-8,10-35 IArELEa
——————
AOXP

e
XDH

Gasterosteus oculeatus (stickleback), Xiphophorus moculatus (platy)

Figure 20: Summaryof AOX and XDHgenesdn fish. Based orKurosakiet al,, 2013.The greercolourindicatesXDH genes, the yellowcolour indicates$ 2 ; gene
and redcolour indicates$ 2 ; .genes. Thenumbers abovthe geneindicatethe exonspresent anthe crosses(X) indicateinactivepseudogergthat have exons missing.
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Fish ) Comments

—.

It is proposed AOXa evolved first,
based on similarity of AOXa gene to
XDH

!
|

d

B

AOXB

Figure 21 Proposed evolutionf AOX andXDH genesn fish. Basedon Kurosak et al, 2013 The green colour indicates XDH genes, the yellow colour indicates
$2; JHQHV DQG UHG FRORXU LQGLFDWHYV $2;. JHQHV 7KH FXUYHG DUURdi¥ phseuddgEries\hat aXeSegons missihngR Q HY H
[ —}indicates direction of transcription.
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2> > : See Table 20
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Figure 22 Summary ofevolution of AOX and XDH genesin fishes, amphibians, reptiles, birds and mamnidsed on Kurosakét al, 2013The green colour
LQGLFDWHYV ;'+ JHQHV WKH \HO énd A0RRIDHRXHV L QEIGF B R/ EIR X&2 LsQhBuk Ea khdic&tds; (AOXRQatile purpé colour indicates
$2; ™yene)The curved arrows indicate duplication events and the crosses (X) indicate inactive pseudogenes that have exdns sdsin{ndicatesdirection of

transcription.
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Table 20 AOX and XORgenes in fishamphibians, reptiles, birds and mammals

Common name

ClgEIS e sree ULl (Species name) MFE genes present
Jawless fish ) . . Lamprey
(Agnatha) Hyperoartia | Petromyzontiformeg Petromyzoritlae (Petromyzon marinus) XDH
Cartilaginous .
fish Rajiformes Rajidae (Leutg:ge'aszérlitr?acea) XDH
(Chondrichthye3 | Chondrichthyes |
Chimaeriformes Callorhinchidae Austrahan ghost shark XDH
(Callorhinchus mili)
. R - . Zebrafish . R
Actinopterygii Cypriniformes Cyprinoidea (Danio rerio) $2;. $2; '+
) . . . Spotted gar . Lo
Semionotiformes Lepisosteidae (Lepisosteus oculatyis $2;. $2; ;'+
Bony Fish . . Fugu o
Tetraodontiformes  Tetraodontidae (Takifugu rubripes $2; '+
(Osteichthyep Pufferfish(Tetraodm 2. 4
nigroviridis) b
Gasterosteiformes| Gasterosteidae SticklebackGasterosteus $2; '+
aculeatuy
. . - Platy A
Cyprinodontiformes Poecilidae (Xiphophorus maculat)s $2; '+
. - . Medaka A
Beloniformes Adrianichthyidae (Oryzias latipes $2; '+
. - Nile tilapia A
Percifames Cichlidae (Oreochromis niloticus $2; '+
. . Atlantic salmon . A
Salmoniformes Salmonidae (Salmo salay P$2;. $2; '+
" . . Coelacanth . A
Sarcopterygii | Coelacanthiformes| Coelacanthidae (Latimeria chalumnag P$2;. $2; '+
. N - African frog . . . .
Amphibians Amphibia Anura Pipidae (Xenopus tropicalis $2; $2; 3%$2;— ;'+
Sauropsida Testudines Emydidae Western paln_ted turtlg AOX1,A0X2,XDH
(Chrysemys picta bel)ii
) ) ) . Chinese softshell
Sauropsida Testudines Trionychidae turtle(Pelodiscus sinengj AOX1,A0X2,XDH
) . . Anole lizard . . . .o
Reptiles Sauropsida Squamata Iguanidae (Anolis carolinensi $2;/ $2;0 $2; $2; '+
. . . American alligator . . . . .
Sauropsida Archosauria Crocodylidae (Alligator mississippiens)s $2;/ $2;0 $2; $2; $2;
Saltwater
Sauropsida Archosauria Crocodylidae crocodil§Crocodylus $2;/ $2;0 $2; $2; 3%2;
porosu$
Aves Galliformes Phasianidae Ch'CkedGa”l.Js gallug AOX1,A0X2,XDH
Turkey(Meleagris gallopavp
Aves Psittaciformes Psittacidae Budgeriga(Melopsittacus AOX1,A0X2,XDH
Birds undulatu3
. - Zebra finch
Aves Passeriformes Estrildidae (Taeniopygia guttata AOX1,XDH
. ) Mallard duck
Aves Anseriformes Anatidae (Anas platyrhynchds AOX1,XDH
. . . PlatypugOrnithorhynchus | AOX1,A0X3,A0X3L1,A0X4,XDH1,
Mammalia Monotremata Ornithorhynchidaq anatinug PXDH2, PXDH 3, PXDH 4
. ) . . . . Opossum
Mammalia Didelphimorphia Didelphinae (Monodelphis domestiga AOX1,AO0X3,A0X3L1,A0X4,XDH
) ) ) Tasmanian
Mammalia Dasyuromorphia Dasyuridae devil(Sarcophilus harris) AOX1,A0X3,A0X3L1,A0X4,XDH
Mammalia Diprotodontia Macropodidae (Macy(\)’sgzbe}’uge i AOX1,AOX3,A0X3L1,A0X4,XDH
) ) ) Lesser hedgehog
Mammalia Afrosorcida Tenrecidae tenre¢Echinops telfair) AOX1,AOX3,A0X3L1,XDH
) ) ) African elephant
y | Mammalia Proboscidea Elephantidae (Loxodonta Africang AOX1,A0X3,A0X3L1,A0X4,XDH
ammals
Mammdia Hyracoidea Procaviidae (Proig\f; ?g;;‘ns)s AOX1,AOX3,A0X3L1,A0X4,XDH
. ] . Armadillo
Mammalia Cingulata Dasypodidae (Dasypus novemcincts PAOX1,AO0X3,A0X3L1,A0X4,XDH
Mammalia Pilosa Megalonychidae (Chgl"(‘)’ggﬁgiz'f?r:‘am PAOX1, AOX3,A0X3L1,A0X4,XDH
. Chiroptera . Flying fox PAOX1,PAOX 3, PAOX
Mammalia (Megachiroptera) | Fteropodidae (Pteropus vampyrys 4,A0X3L1,XDH
. Chiroptera T Little brown bat
Mammalia (Microchiroptera) Vespertilionidae (Myotis lucifuguy PAOX3,A0X1,A0X3L1,A0X4,XDH
Mammalia Perissodactyla Equidae Hors€Equus caballus PAOX3,A0X1,A0X3L1,A0X4,XDH
Mammalia primates Hominidae Human(Homo sapiens PAOX3, PAOX3I1, AOX1, XDH

Based or{Kurosakiet al, 2013.Abbreviation.Ppseudogene.
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1.6. Purification of aldehyde oxidase andxanthine oxidoreductase

enzymes.

MFEshave been purified froomanydifferent species wit different methodologieas
summarised irthe (Tables21, 22 and 2B Tables 2land 22summarise purification
protocols for AOX from diverse number of organisms. Reviewing the literature on the
subject reveals thahe initial step of purificatiorof AOX is generally subcellular
fractionation to generate @@l where the enzymeesides.A popular subsequent
purification method used for AOX is heat precipitatidihis method can be a useful
step in the early stages of a purification schemelumg more heat stable proteins. It

is generally achievelly incubaing the protein mixture at known temperature for 10
minute, then cool in ice for 15 minute, then centrifugation at high centrifuge for 15
minute. These resultén the denaturation of theinwantedless stable proteins in the
mixturethat are removed by prig@tation. By this principlethere can often by afId
purification of a heat stable gein in the supernatant fractig@onner. 200Y.The
themal stability of mammalian and rBsophila AOXhas allowed this to be used
successfully in15 out of 18purification protocols.Temperatures used for these
purification protocols range from 568 °C with 50-55°C being the most common
temperaturaused Table 21 and 22 Interestingly eat treatmen(50 =70 °C)is also

used in the purificatn of relatedMIFEs, XOR (Table 23.

The next steecommorty usedin many AOX purification protocolsis ammonium
sulphate fractionatioiTable 21 and 2R In this methodthe solubility of proteins is
increased at low salt concentrations and is decreased at high salt concentrations. When
a salt such as ammonium sulphate is added to @ipreblution, the ions in the

ammonium sulphate have a greater charge density than the proteins, they attract the
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sepharose 6B, Sephadex26 column

SDS PAGEL50 kDa

Species Tissue Enzyme Purification steps Molecular mass Substrates Fold purification a, b Yield % References
. . Cytosol, 3050% (N44)2SO,, fo g
Guinea pi . 2-hydroxypyrimidine, . .
(Caviaporcpe?lus) Liver AOX DEAE- cellulose, Native PAGE 300 kDa Nl-nz/ethylﬁﬁ)gotinamide 12G 26 (Yoshihara and Tatsumi,
FMN zsepharose 4B, SDS PAGE 148 kDa ’ 1985
Sephacryl 300
Cytosol, heat at 5{C, 30650% .
Rl Liver AOX (NH,4),S0,, DEAE-cellulose, phenyl Native PAGE 288 kDa Benzaldehyde 89 12 (Sugiharaet al, 1999
(Hamste} SDS PAGEL45 kDa
Toyopearl, TSKgel G3000SW,
(MugI r?:ilss?:ulus) Liver AoH1 | CYtosol, heatat 5%C, 50% (NH),SO, SDSPAGE 147 kDa Phthalazine 173 1.7 (Teraoet al, 2009
Benzamidine sepharose 6B, MonoQ Zymogram ’ ?
MALDI -TOF MS
Mouse SDS PAGE 150 kDa
. Cytosol, heat at 558, 50% (NH),SO, .
(Mus musculus) Liver AOH2 Benzamidine sepharose 68, MonoQ MAIZ_DI -TOF MS All -trans retinalehyde 346" 5 (Teraoet al, 2009
ymogram
PhthalazineAll-trans
Mouse Nasal Cytosol, heat at 5%, 50% (NH),SO SII\DASAESC-;'IFEOIlZSA(jlls(Da retinadehyde, .
epithelial | AOH3 ' ’ 2= Benzaldehyde, 18 26 (Kurosakiet al, 2004
(Mus musculu} MonoQ Zymogram i
mucosa 2-hydroxypyrimidine,
western blot
Octanal
Mouse Cytosol, 3650% (NH,),SOy, Native PAGE265 kDa . .
(Mus musculuy Liver AOX Benzamidine sepharose 6B, DEAE B;_T]Ze(l;?oihyd?i‘rﬁgﬁf 140 - (Yoshlhalrgé':l?r; d Tatsumi.
cellulose SDS PAGEL38 kDa yaroxypy
Mouse Cytosol, heat at 5%C, 50% SDS PAGE 150 kDa
(Mus musculus) Liver AOX1 | (NH4),SO4, Benzamidine sepharose MALDI -TOF MS Phthalazine 627 3 (Vila et al, 2009
6B, MonoQ Zymogram,
western blot
Rat Crude extract, heat at 88, 60% )
(Rattus norvegicus) Liver AOX (NH4)2S0Oy, HTP column, Benzamidine Native PAGE285 kDa DMAC 945 13 (Maia and Mira. 200R

Abbreviation: pdimetylaminocinnamaldehydeDMAC

a = from cytosol, b from crud extract (homogenate

Table 21 Summary ofurification protocoldor aldehyde oxidasiom rodent species.
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Species Tissue | Enzyme Purification steps Molecular mass Substrates Fold purific ation a, b Yield % References
Bovine
. Cytosol, heat at 68C, 40% (NH),SO,, SDS PAGE 150 kDa - .
(Bos taurus) Liver AOX FastQ,Sephacryl, Benzamidine sepharose Phenanthridine 307 3 (Calzeiet al, 1999
Chicken SDS PAGE 150 kDa
. Cytosol, heat at 5%C, 40% (NH),SO,, .
I I - - -
(Gallus gallus) Kidney | AOX1 Benzamidine Sepharose 6B, MonoQ MALDI MS All -trans retinadlehyde (Teraoet al, 2009
Drosophila
(Drosophila 0 .
melanogaster) Flies AOX ggt;hsgé'e?(egtzgges%é:;ﬁlS’IO('S\IeH‘)ZSO“’ Native PAGE 280 kDa Benzaldehyde 487° 18 (Andres. 197%H
D(E?Ss%ppii? Crude extract, CMeellulose, 575% |
melanog;)aster) Flies AOX (NH,),S0O,, DEAE =«ellulose, Benzaldehyde 367° 16 (Dickinson. 1979
hydroxylapatite
Sea bream . Cytosol, heat at 58C, 3050% ((NH,),SQy, | = =-m=m-mmmmmmmmeeee- (Kitamuraet al,
(Pagrus majon Liver AOX | SE AE-cellulose Benzaldehyde 33 5.6 2003
Benzaldehyde
0, 04 (NHY.-SO., | 1
Seabream | e pox | Cytosol, heattt 45°C, 3045% (NH)SO;, 2-nitrofluorene - - (Uedaet al, 2002
(Pagrus majoy DEAE-cellulose column chromatography L
2-hydroxypyrimidine
. Crude extract, heat at 86, 60% (NH),SO, . .
(Susls%rofa) Liver AOX , Acetone precipitation, Alumina GDEAE- Disc gel electrophoresis 270 kD N-methylnicotinamide 115 6.8 (Felstedet al, 1973
cellulose, preparative electrophoresis
Rabbit Crude extract, heat at 86, 60% (NH),SO,
(Oryctolagus . , Acetone precipitation, Calcium phosphate| Disc gel electrophoresis 2&Da 1 A .
ST Liver AOX gel, DEAEcellulose, preparative N*-methylnicotinamide 118 14.4 (Felstedet al, 1973
electrophoresis
Rabbit Crude extract, heat at 58, 50% (NH),SO, Native PAGE 290 kDa
(Oryctolagus . , 50% Acetone precipitation, DEAE SDS PAGE 144 kDa ) . . i i
e Liver AOX Sephacel, HAUItrogel, Sephacryl S00, EPR spectroscopy 1-methylnicotnamide (Turneret al, 1995
MonoQ
Rabbit SDS PAGE 150 kDa
(Oryctolagus . Crude extract, heat at 86, 50% (NH),SO,, MALDI -TOF MS, .
cunicults) Liver AOX Benzamidine sepharose 6B, MonoQ Zymogram, western blot Phthalazine 400" 64 (Stelletal, 1989
Abbreviation: a = from cytosolfrom cruc extract (homogenafe

Table 22 Summary opurification protocoldor aldehyde oxidsefrom nonrodent species.
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Ultrogel

Species Tissue | Enzyme Purification steps Molecular mass Substrates Fold purification a, b Yield % References
Chicken . Crude extract, heat at 70°C, 30% (N4$0O;, Native PAGE 300 kDa . i i (Rajagopalan and Handler.
(Gallus gallus) Liver XDH Sephadex G25, DEAESephadex Xanthine + NAD 1967
Drosophila Crude extract, heat at 68°C,-30% . .
[(Drosophia | Flies | XDH | (NH,),SO, Sephadex G200, DEAE Native PAGE 300 kDa)  Isoxanthopterin + 481" 18 (Andres. 1975
S Cellulose NAD
Drosophila Crude extract, 385% (NH,),SO;, A
5 ) S0, Acetone
ey | Flies | XDH | 2550%, DEAE£ellulose, Sephacryl SDS PAGE 150 kDa Pterin+NAD' 2840 21 (Hughesst al, 1994
HR200, Superose 12, MonoQ
Carp Liver XOR Cytosol, 3060% (NH,),SO,, Sephadex @5, | --------------- Xanthine, i i (.DPL VNL DQG -
(Cyprinus carpio) DEAE-Sephacel Hypoxanthine + NAD 1985
Pi Crude extract, heat at 86, 60% (NH),SO,, |
9 Liver XO Acetoneprecipitation, Alumina Q) DEAE- Xanthine 83 3 (Felstedet al, 1973
(Sus scrofa) cellulose
Rabbit Crude extract, heat at 55C°, 60% (4SO, | -------mmmeemmv
(Oryctolagus Liver X0 ) 11 ' 4 Xanthine og° 19 (Felstedet al, 1973
) Acetone precijation.
Rat Native PAGE 300 kDa
0,
(Rattus norvegicus) | Liver XO CH:rTuF():i eégg;ﬁ;gi?s tF‘KS, 60% (NH).SQ, SDS PAGE 18 kDa Xanthine 1167 19 (Maia and Mira. 200R
Rat )
(Rattus norvegicus) | Liver XOR g;ﬂ;ﬁﬁ?iiéﬁfﬁéf&éSBO gégh?éssoo"é SDS PAGE 150 kDa Xanthine + NAD 199 5.7 (McManamaret al, 1996
Rat Crude extract, DEAE bath, 43% acetone
(Rattus norvegicus) | Liver XO precipitation, DEAE Sephacel pool, HA SDS PAGE 137 kDa Xanthine 781° 19 (Engersoret al, 1987
Ultrogel
Rat Crude extract, DEAE bath, 43% acetone
(Rattus norvegicus) | Liver XDH precipitation, DEAE Sephacel pool, HA SDS PAGE 137 kDa Xanthine+NAD' 1060 47 (Engersoret al, 1987

Abbreviationsa = from cytosol, & from cruce extract (homogena)e

Table 23 Summary of xanthine oxidoreductase purification from different speci
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water molecules away from the surfaces of the proteins. This exposes hydrophobic
patches on the proteins causing them to interact with each other formingrotesn
complexes. When a protein complex becomes too large it comes out of solution as a
precipitate (Bonner. 200Y. In all 18 protocols for AOX pufication, ammonium
sulphate fractionation has been used as an enrichment step prior to chromatography
(Table 21 and 22)Sometimes a single ammonium sulphate fractionation is used but
some protocols use two steps of ammonium sulphate fractionation toaigere
narrower precipitation rang€rable 21 and 22)Ammonium sulphate fractionation

used for the purification protocols of AOX range from7Z®% saturation with 360

% saturation being the most common ammonium sulphate fractionation used.

With regard chromatography steps, four types of chromatography media have been
used in the purification of AOXs namely ion exchange, gel filtration, hydrophobic
interaction and affinity chromatography.

For AOX purification anion exchange media is the preferred iachange
chromatography reagensed to separate negatively charged proteins. The molecular
basis of this chromatography is that the resin in anion exchange columns contains
cationic (positively charged) sites to bind proteins with a net negative charge. Th
bound proteins are then eluted by gradually increasing the salt concentration of the
eluting buffer.A typical elution used is a gradient of £1M NaCL(Bonner. 200Y.

Anion exchange has been used in 10 out of 18 AOX purification protocols with
DEAE-cellulose, 7 out of 18 AOX purification protocols with Mef@and 1 out of

18 AOX purification protocols with FASTD media being usednion exchange has

been used in the purifigah of the related enzyme XORdle 23).
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Gel filtration that separatesiolecules on the basis of their differences in size and
shape hvebeen used in 4 out of 18 AOX purification protocflable 21 and 22).
Affinity chromatography that separatesoteins on the basis of a reversible interaction
between a protein or group of proteins and a specific ligandbdeereused in 9 out of

18 AOX purification protocols(Table 21 and 22)8 out of 18 AOX purification
protocolswere with benzamidine sepharose 6B media being used on the basis of
benzamidine being a competitive inhibitor of AQXable 21 and 22j]Stell et al,

1989.

A literature survey(Table 21 and 22) reveals that to obtain a homogeneous
preparation of AOX as assessed by SP'SGE or mass spectrometry generally the
enrichment factofrom liver is 89 +2840 folds (Bble 21 and 22). In order to achieve
this yields range from 1.#64 % ({Table 21 and 22) liver AOX.

With regards substrates usdmonitor the purification of AOX the most popular are
2-hydroxypyrimidine, N-methylnicotinamide, benzaldehyde, phthalazinestrafis
retinaldehyde, octanal, -gimethylaminocinnamaldehyde (DMAC), phetiaridine

and 2nitrofluorene (Bble 21 and 22). Inthese assays which are generally
spectrophotometric some investigations do not directly measure substrate or product.
Theseindirect assaysuse artificial electron acceptors such as dichloroindophenol
(DCIP) and ferricyanide @ble 21 and 22).

With regardsdetermining thenative molecular mass of AQXel filtration has been
used in 23 out of 28 protocols to determine this native molecular mass of purified

enzyme preparations. These range from 2320 kDa (Tables 21, 22 and 23).
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1.7. Aims of the project

As indicated in the introduction the study of MFEs in fish has recawech less
attention than theirmammalian counterparts. Of particular interest for aquatic
organisms is agroup of nitrogen containing polycyclic aromatic hydrocarbons
(NPAHs) and the metabolites that are found as aquatic environmental pollutants
(Blumeret al, 1977 Balch et al, 1995 Osborneet al, 1997 de Voogt and Laane.
2009 are AOX substrates that are cytotoxic, embryotoxic, teratogenic, genotoxic and
carcinogeniqSouthworthet al, 1979 Balchet al, 1995 Junget al, 2001, Barronet

al., 2004 Peddinghaust al, 2012 Brinkmannet al, 2014. These include AOX
substates such as phenanthridine, quinoline, isoquinoline, hydroxyisoquinolines,
cinchonine, phthalazine, hydroxyphthalazines, quinazoline, hydroxyquinazolines and
acridine(Rajagopalan and Handler. 196#almeret al, 1969 Krenitskyet al, 1972
McCormacket al, 1978 Stubleyet al, 1979 Stubley and Stell. 19801cMurtrey and
Knight. 184, Beedhamet al, 1992 Robertson and Bland. 199Rashidi. 1996
Schofieldet al, 200Q Beedham. 20Q1Al-Tayib. 2009 Prydeet al, 2010, Barr and

Jones. 2013Vu et al, 2014.

Despite NPAHs being important aquatic pollutants date only one of these,
phthalazinehas been investigated as AOX substrate in fish species (ile tilapia

juveniles PQreochromis niloticug)(Hegaziet al, 2010.

Thespecies focussed on in this research projecaand of this study are as follows:
Rainbow trout{Oncorhynchus mykissyasthe focus of this study for several reasons.
Rainbow trout is a member of the Salmonidae family, wigely distributed fish
species cultured in regions with cold and cool water temperatures around the world

(Harvey. 2003 They are important food and sport fish and the most cultivated cold
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freshwater fish in the US, Canada anddpean countrie@Volf and Rumsey. 1985

Due to its economic importance and ease of availability of tissue it isfdhe most
rigorously studied fishes in many research areas including carcinogenesis, toxicology,
comparative immunology, disease ecology, physiology and nut(ehnke. 199

With regards MFEs rainbow trout belongs to a clafsBsh Salmonidae, that have a
single active AOX gene (AOXethat is the ancestral AOX gene that gave rise to
AOX1 the predominant hepatic AOX in rodents and the only AOX in
humangKurosakiet al, 2013. Despitethe aforementioned reasoffigr studying AOX

in a Salmoniforme there has been no study to date (Tables 10, 11 and 12).

(@) The initial aim was to compare thgiotransformation of endogenous and
exogenous substrates by AOX and XOR in rainbow trout, rat and human.

(b)  Upuntil now there has been no published work on any fish AOX and XOR with
Km and Vmax measurements. An aim was therefordetermine th&Km andVmax

for MFEs in rainbow trout and compare it with results in rat and human using
spectrophotometric and HPLC ays.

(c) An additional aim of this projeawas todetermine if environmental pollutants,
drugs and estrogemight inhibit AOX in fish.

(d) As there has been no report of the purification of any piscine AG@X
homogeneity, another goal wasporify the AOX enzyne from rainbow trout liver to

examine its molecular characteristics
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2.0. Materials and methods.

All reagents and chemicalsere obtained from Fisher Scientific and Sigma / Aldrich
Chemical Company Ltd, Poole, UKSolvents andmobile phase reagents wee
obtained frondifferentcompanies butvere all for HPLC grade purity. Theontrol of
substances hazardous health (COSHH) risk assessment for all reagents and

chemicas werepreparedefore experiments were initiated

Male Wistar ras (Rattus norvegies) andmaleNew Zealand white rabblitver cytosol
were obtained from thebiomedical services unit, University of DundeéDr
D.J.Clarke).Pooled human liver cytosol was obtained from Invitrogen letamature
rainbow tout (Oncorhynchus mykisdiver was obtained from Pennind@rout Farm

and Fishery, Caldbrook Road, Littldorough OL15 9HL, UK.

2.1.In vitro analysis ofmolybdo-flavoenzymeactivity.

2.1.1. Preparation of cytosol.

For the preparation of cytosol all steps were carried outst°C. Approximately 10

g of liver, kidney and gillwere weighed aduand homogenised ird4dml of cold buffer

(0.25 M sucrose, 10 mM Tris HCL pH 7.4) with a metiviven tissuemortar fitted

with a Teflon pestle(clearance 0.19.23mm, speed 10000 rpm ard minute
duratian) to produce a 25% w/v homogenate. The homogenate was then centrifuged at
4°C for 15 minutes at 10,000 xg, to pellet out the nuclear/mitochondrial fractions of
the homogenate. The supernatant was then removed and centrifuged for a further 60
minutes at 4C at 105,000 xg to obtain the cytosolic fraction. This fraction was then

collectedandseparated into 0.5 ml aliquots and store<8@tC.
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2.1.2. Gel filtration of cytosol.

Gel filtration of cytosol was carried out in ordeto remove endogenous small
molecules such asendogenousubstratesand inhibitors, which may interfere with
enzyme assays. A RID gel filtration column was used (GE Healthcare-Bmence,

UK). Prior to use the column was allowed to drain before being equilibrated with 25
ml (5 columnvolumes) 50 mM Tris HCL pH 7.2.5 ml of cytosol was then loaded
onto the column and eluted with 3.5 ml of 50 mM Tris HCL pH 7.4, the protein
containing fraction was then collected, pooled and aliquoted into 0.5 ml fractions in
1.5 ml polypropylene Eppelorf tubes to avoid repeated freeze/thawing aockdtat-

80°C.

2.2. Protein determination.

The amount of protein in each sample was calculated using a modification of the
method described by Smitkt al. using bovine serum albumin (BSA) as standard
(Smith et al, 1989. The bicinchoninic acid (BCA) based assay is available as a kit

from SigmaAldrich Co.

2.2.1. Bicinchoninic acid reagents.
a) 1000 ml solution containing bicinchoninic a¢itD g) sodium carbonate (NaOs)
(8 g), sodium tartrate (N&4H4Os )(16 g)and sodium bicarbonate (NaHEYX9.5 g)

in 0.1N NaOH (final pH 11.25urchased from Sigm&ldrich Co.

b) 25 ml solution containg 4% w/v copper sulphatepentahydrate (CuSO
5H,0).For preparing of a set protein standards a 1mg/ml stock solution ofebov
serum albumin (BSA) wagrepared This was then used to make the dilutions for the

calibration curve as shown ingble24).
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Table 24.Preparation of protein calibration standards

Final protein concentration | Volume BSA stock solution Distilled water
(mg/mL) (ui) (ul)
0 0 100
0.2 20 80
0.4 40 60
0.6 60 40
0.8 80 20
1.0 100 0

2.2.2. Bicinchoninic acid methodology.
a) The requird amount of protein determination reagent \pespared by adding 1

part CuSQ. 5H,0 4% wi/v solution to 50 parts bicinchoninic acid solution.

b) Bovine serum albumin standards brin 20 dilution gekfiltered cytosol(20 pl

cytosol + 380 ul PBS)vere prepaed in duplicate.

c) 300 pl of freshly protein determation reagent was added 15 pl of diluted

cytosolor protein standardnd vortexed.
d) All tubes were incubated at 37°C for 30 minutes.

e) The absorbance at 562 nm was then measured on a micropldte amd distilled

water was used to zero the instrument.

2.3.Preparation of substrate stocks

5 mM individual stock solution o AOX and XOR substrates antbrresponding
metabolits wereprepared witheppropriate solvent as indicated (hable 25. After
preparing the stock solutionsorking standard solutianof 1 mM were prepared by

dilution with water.
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Table 25 List of stock substrateproducts and solvent used to prepare them

Substrate and product

(5mM stock solution) Comment AOX and XOR Solventtreatment
. . . 10 mM NaOH
Allopurinol Hyperuricemia drug AOX/XOR /sonicating
N . . 10 mM NaOH
Oxipurinol Allopurinol metabolite AOX/XOR /sonicating
All -trans retinal Vitamin A AOX Absolute ethanol
Retinoic acid Vitamin A metabolite AOX Absolute ethanol
dissolve in minimum
Cinchonine Anti-malarial drug AOX volume of 0.1M HC
then dHO added
DMAC Colouring dye AOX Absolute ethanol
. . 10 mM NaOH
6-mercaptopurine Anti-cancer drug AOX/XOR /sonicating
L . 6-mercaptopurine 10 mM NaOH
6-thiouric acid metabolite AOX/XOR /sonicating
. . . 10 mM NaOH
1-methylxanthine Purine metabolism XOR /sonicating
. . 1-methylxanthine 10 mM NaOH
e metabolite XOR /sonicating
1 S ] Endogenous vitamin ot
N methylnicotinamide metabolite AOX dH,O /sonicating
Phenanthridine Environmental pllutant AOX Absolute ethanol
Phenanthridone Phenanthridine metabolit AOX Absolute ethanol
Phthalazine Environmental pollutants AOX Absolute ethanol
Phthalazinone Phthalazine metabolite AOX Absolute ethanol
. . Tuberculosis drug 10 mMNaOH
Pyrazinamide AOX/XOR Isonicating
dissolve in minimum
. o volume of absolute
Pyridoxal Vitamin B6 AOX ethanol then dbD
added
dissolve in minimum
. . . . . volume of absolute
6-pyridoxic acid Pyridoxal metabolite AOX ethanol then dbD
added
Vanillin Food constituent AOX dH,0 heatedo 70C
Vanillic acid Vanillin metabolite AOX dH,O /heated to AT
. . . 10 mM NaOH
Xanthine Purine metabolism XOR /sonicating
. . . . 10 mM
Uric acid Xanthine metabolite XOR NaOHSonicating

Abbreviation: DMAC xdimethylaminocinnamaldehyde.

2.4. Spectrophotometrc determination of aldehyde oxidaseactivity.

AOX assays were performed wittOid of gel filtered cytosol, 10ul of 1mMof

substrate (dimethylaminocinnamaldehyde (DMA@henanthridine owanillin) and

50ul Tris HCL pH 7.4 at 37C. Spectrophotometric molglm-flavoenzyme assays

wereconducted by using a microplatpectrophotometer (BioTek) at 37°C. All assays
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were executed in triplicate in 100 ul reaction volumes. All cytosol samples were

frozen and thawed just once, and the spectrophotometric data whretezblat 5
VHFRQG LQWHUYDOV IRU WR PLQXWHYV XWLOL]JLQJ *H
FRQQHFWHG WR WKH PLFURSODWH UHDSrgufey VSHF
appropriatewavelength and molar absorpticnefficient for each substrateproduct

assummarisedn (Table 26.

Table 26: Wavelength and molar absorption coefficiensed for the spectrophotometric
measuremerntf aldehyde oxidase activity

Principle of Wavelength | _ Mot
Substrates cipie otassay g absorption, Reference
nm ™t em?)
DMAC Disappesganceof substrate 398 30500 (Kurth and Kubiciel. 984)
Phenanthridine Appearancef product 322 6400 (Johnsoret al, 1984
(Panoutsopoulos and Beedha
Vanillin Disappearancef substrate 310 8854
2004

Abbreviation: DMAC xdimethylaminocinnamaldehyde.

2.5. Spectrophotometric determination of xanthine oxidoreductase
activity.

The oxidation of xanthine to theia acid and imethylxanthine to the-inethyluric
acid was assayed by monitoring treppearance of uric acigk 1-methyluric acidat
295 nm with the electron acceptors NABnd O, (Waud and Rajagopalan. 1978
summary of the assay conditions is given(Table 27. The specific activitywas
calculated usg the molar extinction coefficient for uric acathd tmethyluric acid
whichis 9,600 M* cm™.
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Table 27: Summary of anthine oxidoreductase assastup.

XO activity assay

XO activity blank

Reagent Volume | Final concentration Reagent Volume Final .
concentation
, Geliltered
Geliltered cytosol 60 ul cytosol 60l
100 mM Tris HCL, | o0 20 MM Tris HCL | 100 MM Tris o0l 30 mM
pH 80 H pH 8.0 HCL, pH 80 H
1.5 mM (X or EMX) 0.15 mM(X or 1MX)
in 10 mM NaoH | 1O M 1mM NaOH 10 mM NaOH | 104l 1 mM
dH,0 1opl dH,0 10pl
XOR activity assay XOR activity blank
Reagent volum Final concentration Reagent Volume Final .
e concentration
) Geliltered
Geliltered cytosol 60 pl cytosol e0ul
100 mM Tris HCL, | ,o. | 20 mMTris HCL 100 mM Tris ol 0 MM
pH 80 H pH 8.0 HCL, pH 80 H
6.7 mM NAD' 10 ul 0.67 MMNAD” 6.7 mM NAD" 10 pl 0.67 mM
1.5 mM (X or EMX) 0.15 mM(X or 1MX)
in 10 mM NaoH | 1O M 1mM NaOH 10 mM NaOH | 104l L mM

Abbreviation; XanthineX) and Xmethylxanthine (dMX)

The total XOR activity was calculatedlfowing subtractio of the XOR blank. This

gave thetotal XOR activity with both NAD" and Q as electron acceptors and was the

total activity of the emyme in the sample as both a dehydrogenase and oxitlase

XO activity was calculated followingubtration of the XO blank. This gave the

activity with O, as an electroacceptorln order to calculate the XDH activity in the

samplethe XO activity wasubtractedrom the XOR activityto give the activity with

NAD™ as electron acceptor onlfrhe percentag XDH activity in the sample was

calculated by dividing the XDHctivity by the total XOR activity and multiplying by

100. Similarly the percentage XO activity was calculabgddividing the XO activity

by the total XOR activity and multiplying by 100.
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2.6. Determination of specific activityfrom spectrophotometric data.

The number of nmoles of substrate biogfanmed per minute wasalculatedusing

the absorbance change observed per minute using the relatianship |Where c=
concentration (mM), A absorbance, | = path lengt RI DEVRUELQJ VROXWLRC(
molar extinction coefficient. The light path for 100l in9&well microplate was
0.681cm.Specific activity was then calculated as the number of nmoles of substrate
converted per minutes permgnof protein.The protein concentration of the sample was

measured as described in the section 2.2.

2.7. Determination of optimum conditions of molybdoflavoenzymes.

As enzyme activity changeaccording to the reaction conditiomhanges in pH,

temperatur@and substrate concentratiaere investigated.

2.7.1. Determination of optimum pH of buffer.
The pHdependencef AOX and XDH wereanalyzedby assay of the enzymes at
37°C for 5 minutes at different pH values 5.6, 6.5, 7, 7.5 afduslizing sodium

phogphate buffers (50 mM final concentration).

2.7.2. Temperaturedependenceof AOX and XOR activities.

This assay was performed to study the effects of incubation temperature on reaction
rates of enzyme activity at different incubation temperature. The &igadiltered
cytosol were assayet 25, 30, 37, 40, 45, 55°C and 60fn a microplate reader with

a final DMAC concentration of 100uNMs substrate of AOX anda final xanthine
concentration ©100uM as substrate of XOR ar@67nM NAD" as an electron

aaceptor. A summarized in (&bles 26and27).
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2.7.3. Heat stability study

7KH DOLTXRWV RI ILOWHUHG F\WRVRO ZHUH LQFXEDWH
thermocycler machine (PCR machine) with a heated lid. The heated lid of the PCR
machine preventke evaporation and losses due to refluxing. The cytosols were
removed from heating and cooled in ice for 5 min and cooled cytosol centrifuged at
13,000 xg for 5 min and any precipitate discarded. The assays were performed on the
supernatant fraction usingasidard assay conditions for AOX activitytwiDMAC, as

summarized in section 2.4

2.8. Assay of molybdeflavoenzyme activity using high pressure liquid

chromatography.

All aldehydesandN- heterocyclic compoundsentioned before in section 2.3 4dle
25) were purchased from Sigma Aldrich and reagents required for the preparation of

the HPLC mobile phases were all of HPLC grade ptirgsn the same company

The analysis of aldehyde and-hHéterocycliccompounds and their corresponding
metabolites were cagatl out by reversphaseHPLC. The system used comprised of a
Beckman Coulter System GOl8 127 Solvent HPLC Module (dual pump) and a
programmable UV detector (module 166) or a programmable diode array detector
(module 168) along with injector designedwé 20 pl sample loop and auto sampler.
The analytical columns used were either: a Kromasil (25 cm X 4. 6 mm, 5pm; RP
C18), Hypersil ODS (25 cm X 4. 6 mm, 5um; f&A.8), LiChrosphere® (25 cm X 4

mm, 5um; RPC18) or Spherisorb® (5um CNRP 4.6 X 15 cm;-BP8). A guard
columnwith same stationery phase as the main chromatography column was used
upstream in the analytical column. These columns were from Phenomenex, UK and

Capital HPLC limited, UK. The mobile phases were filtered through a 0.45um filter
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before us. Isocratic and gradient methods were utilized to develop the optimal
conditions for the separation of analytes #meimost highly sensitive method for the

determination of the different compounds.

5 mM individual stock solutions of AOX and XOR substsatand corresponding
metabolites were prepared withippopriate solvent as described (ifable 25 in
section 2.3. After preparing the stock solutions 1mM working standard sclutere
prepared by dilution along with water. Quantification was donegulue standards
prepred from stock solutions witthistilled water, 0.01, 0.02, 0.03, 0.05 andnoM.
20pl of thesecompoundswere injected onto the HPLC instrument starting with the
lowest concentration to give a range0d? to 2 nmo) asdocumented ifigures t 5in

the Appendix3. All stock's solutions were stored aiC4for up to 3 months with the

exception of vanillin and Nmethylnicotinamide, which were stored-a6°C.

Calibration standasdinjected on the same dayere used to calculatentra-day
accuracy and precision. This is a measure of the distribution of individual
measurements around the mean. This parameter was assessed by repeated analysis of
the same solution and expressed as the relative standard deviation (RSD) otherwise
known as thecoefficient of variation (CV). % RSD for retention time was calculated

by dividing the standard deviation by the mean of retention time of three replicates in
the same dayMiller and Miller. 2005 Ghassaret al, 201Q. The accuracy of the
assay was calculated by comparison of the nomiradl/gnconcentration to the actual
concentration obtained from the linear regression line within the concentration
investigated (0.01, 0.02, 0.03, 0.05, 0.1mM) (Accuracy = nominal concentration
actual concentration x 100). By using slope, intercept aactdhrelation coefficient

(RSQ or f) for the linearity of the calibration curve was determined for each analyte.

The lower limit of quantification (LOQ) and limit of detection (LOD) were
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determined for each analyte. According to international conferemd¢®nonisation

(ICH) guidelines, the LOD is defined as the lowest concentration of an analyte in a
sample that can be detected but not quantified. The LOQ is the lowest amount of
analyte in a sample that can be quantitatively determined with suitablsiqgmeand
accuracy under the standard operational conditions of the m@tbbd 1994. The

lower LOQ and LOD of samples was defined as the lowaddel analyte
concentratiorthat can be measured with a low RSD and an accuracy of 100 + 20%
that can be discriminated significantly from the basal concentrafi@nalyte The

ICH has listed two options available to calculate both the LOD and the LOQ of an
assay. One of these options are expressed as a concentration at a specified signal to
noise ratio, usually 3:1 and 10:1 for the signal to noise ratio for LOD and LOQ
respectively(ICH. 1994. The LOD and the lower of LOQ were calculated from the
mean of the slope (S) and standaeliation ofthe intercept of three calibration
curves using the liree regression method. The LOD and LOQ are calculated
accoding to the following equations: The LOD = 3.3 (SD/S) and the LOQ = 10
(SD/S) (ICH. 1994 Miller and Miller. 2005. All mobile phases and HPLC methods

for assay of MFE activity for allopurinol, -ercaptopurine, -inethylxanthine,
xanthine, pyridoxal,all-trans retingl vanillin, cinchonine, N*-methylnicotinamide,

phenanthridine, phthalazine and pyrazinanasicessummarized in (&bles28 and 29
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Chromatograph ) Gradient/ Flow rate
Analytes Mobile phases ] . Wavelength Reference
column Isocratic ml/min
. ) Hypersil ODS 5um | A:0.4% w/v CHCOONH;,, pH 3.27 248 nm
Cinchonine Isocratic 1.0 (Beedhanet al, 1992
(25 cm x 4.6 mm, €8) | B:Acetonitrile 35%v/v. UV detector
Kromasil 5um
) i A: 20 mM KH,POy, pH 5.2 . 268 nm
Pyrazinamide (25cm x 4.6mm, C18) o Isocratic 0.8 (Kraemeret al, 1999
. B:Acetonitrile 5%v/v UV detector
with guard column 5pm
Kromasil 5pm Modified from(Talwaret al,
) A: 60 mM NaHPQ,, pH 6.5 ) 315 nm
Pyridoxal (25cm x 4.6mm, C18) Isocratic 0.8 2003
) B: Methanol 25% v/v. UV detector
with guard column 5um
Kromasil 5um Modified from(Huang and
A: 30 MM CHCOONH,, pH 4.5 ) 378 nm )
All-trans (25cm x 4.6mm, C18) o Isocratic 1.0 ) Ichikawa. 1997
) B: Acetonitrile 70%wv/v. diode array detector
retinal with guard column 5pum
Kromasil 5um
. A: 0.22 M KH,PO,, pH 2.9 . 285 nm (Panoutsopulos and Beedham
Vanillin (25cm x 4.6mm, C8) o Isocratic 15
) B: Acetonitrile 15% v/v. UV detector 20049
with guard column 5pm
Table 28: IsocraticHPLC protocols for the measurement of MFE activity
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h t h . [ :
Analytes Chromatograp Mobile phases Grad|er.1t/ Flow rate ml/min Wavelength Reference
column Isocratic
- - - — 5
Allopurinol and Kromasil Spm (25_cm A water HZ(.) Wlt.h addition of 0.1% v/v of Gradient Flow rate was varied 280 nm )
S x 4.6mm, C18) with | glacial acetic acid. . This study
oxipurinol ) ", see tabl&0 according to tabl8l UV detector
guard column 5um | B: Acetonitrile.
K 15 25 A: wat O with additi f 0.1% v/of . .
6-mercaptopurine and romasl Sum ( (?m W.a er HZ. w . addition 0 o Ve Gradient Flow rate was varied 280 nm .
. . x 4.6mm, C18) with | glacial acetic acid. . This study
6-thioxanthine o see tabl1 according to tabl&2 UV detector
guard column 5um | B: Acetonitrile.
N*- methylnicotinamide ng:sr(gﬁgeglzogbf A: 0.1% v/v of formic acid Gradient 08 254 nm (Szafarzet al, 2010
(2PY and4PY) ) B: Acetonitrile see tabl&2 ' UV detector ’
150 mm; C18)
- - - . 5
N*- methylnicotinamide irzrz?r;S::]Sng()zviﬁhm ﬁ'aV;Zﬁe;cfﬁ; \Zgzj addtion of 0.1% vivof Gradient Flow rate was varied 280 nm This stud
(2PY and 4PY) ' ’ g. - ' see tablg0 according to tabl&l UV detector y
guard column 5um | B: Acetonitrile
Phenanthridine and irzrgﬁisgrfg()ziﬁhm A: water H,O Gradient 15 254 nm Mod|f|e:| fr(ir;gléane et
6(5H)-phenanthridone j ' B: Acetonitrile see table&3 ' UV detector N
guard column 5um
K il 2 A: ith iti f 0.1% f . .
Phthalazine and romasil Sum ( 5_cm water HZC.) Wlt. addition of 0.1% v/e Gradent Flow rate was varied 280 nm .
. x 4.6mm, C18) with | glacial acetic acid. . This study
phthalazinone ) o see table31 according to tabl&2 UV detector
guard column 5um | B: Acetonitrile.
. Kromasil 5pm (25cm| A: water HO with addition of 0.1% v/of . . o
Xanthine and Il Sum ( . W |'b_ i " oV Gradient Flow rate was varied 280 nm Modified from(Begaset al,
. x 4.6 mm, C18) with | glacial acetic acid. .
1-methylxanthine . see tabls1 according to tabl&2 UV detector 2007
guard column 5um | B: Acetonitile
Flow rate was time
K il 2 A: ith iti f 0.1% f . ith th
pyaznanis | NS S0 vl 1O WU SO IOON O e | eI | o |
5-hydroxypyrazinamide j ' g ' see tables1 UV detector y

guard column 5um

B: Acetonitrile

which was as follows see
table32

Abbreviations: (2PY) -N*-methy2-pyridone5-carboxamide, (4Y)-N'-methyt4-pyridone5-carboxamide

Table 29 Gradient HPLC protocols for the measurement of MFE activity
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Table 30: HPLC program for the separation ofagdurinol, N1-methylnicotinamideand their

metabolites
Time Solvent A (%) Solvent B (%) Flow (mL/min)
0 100 0 0.8
16 100 0 0.8
16 85 15 1.2
20 85 15 1.2
20 100 0 0.8
24 100 0 0.8

Solvent A:water HO with addition of 0.1% v/v of glacial acetic acid, Solvent¥8etonitrile.

Table 3LHPLC program for the sepation of 6mercaptopuringl-methylxanthine, xanthine,
phthalazine pyrazinamideand their metabolites

Time Solvent A (%) Solvent B (%) Flow (mL/min)

0 100 0 0.8
7 100 0 0.8
7 100 0 1.5
15 90 10 1.5
15 90 10 1
19 85 15 1

225 85 15 1

22.5 100 0 1.2
25 100 0 1.2

Solvent A:water HO with addition of 0.1% v/v of glacial acetic acid, Solvent B: Acetonitrile.

Table 32HPLC program for the separation of-Methylnicotinamideand its metabolites on a

polar cyancolumn

Time Solvent A (%) Solvent B (%) Flow (mL/min)
0 55 45 0.8
1 61 39 0.8
2 67 33 0.8
3 72 28 0.8
4 78 22 0.8
5 84 16 0.8
6 90 10 0.8
9 90 10 0.8
9 55 45 0.8
15 55 45 0.8

Solvent A:0.1% v/v of formic acid, Solvent B: Acetonitrile.

Table 33HPLC pragram for the separation of phenanthridine and 6(5H) phenanthridone

Time Solvent A (%) Solvent B (%) Flow (mL/min)
0 95 5 15
1 90 10 15
6 50 50 15
12 0 100 15
15 0 100 15
15 90 10 15
20 90 10 15

Solvent A:water HO, Solvent B: Acetonitrile.
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2.81. HPLC analysis of the in vitro metabolism of molybde
flavoenzyme substrates.

HPLC assays of AOX and XOR were performe&dh a final volume of 100ul as
following, 50ul of gel filtered cytosol, 10ul of 1mMtock of substrateqvanillin,
pyridoxal, alitrans retinal phenanthridine, phthalazine, *wethylnicotinamide,
methotrexate, cinchonine, xanthinemethylxanthine and-énercaptopurine and 40pl

(40 mM Tris HCL pH 7.4)at 37C. XDH assays were similar with the exception that
30pl of (40mM Tris HCL pH 7.4)was usedand 10pl of 6.7mM NADwas added in
addition to the substratdReactions were terminated with the addition of 60ul of
acetonitrile and samples centrifuged at 12000 xg prior to chromatography of the

supernatant on HPLC.

Validation that a compoundias a substrate for AOX or XOR was achieved using

enzyme specific inhibitors and electron acceptors.
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2.9. Determination of K, and Vs for molybdo-flavoenzymes.

The rate of oxidation of varying concentrations of substrate of AOX and wexe
monitored sule that linear reaction rates were observed and used for Km and Vmax
calculations The volume of cytosol added was varied to provide suitable reaction
rates over the range of substrate concentrations used. The substrates concentrations
used were 25, 40, 55,0, 85 and 100 uM for DMAC, vanillin, phenanthridine,
xanthine, Imethylxanthine, pyridoxal, atransretinal allopurinol, phthalazine and 6
mercaptopurine Specific activity was then calculated as described in section 2.6.
Eade Hofstee plots V/[S] vaus [ werethen pldted (Figure 2B The intercept on

the ordinateaxis is Vmax and the slope 4K, the line of best fit through the points

on plot was determined using linear regression by least squares method using

Microsoft Excel (Microsoft Office).

Vi

Vo /5]

Figure 23 Eadie Hofstee plot.
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2.10. Determination of the mode of inhibition and inhibitor constant

(Ki)

The effects of the AOX and XOR inhibitors were studissdsummarized in @ble 34

using DMAC and xanthine in spectrophotometric as§dye stockinhibitors were
prepared in different solvents as follows. A stock solution of menadione was prepared
by dissolving 1mg in 1mbf dimethyl sulphoxide (DMSO). &radiol, .-ethinyl
estradioland phenanthridine stock solutions were prepared by dissolving 1mg in 1ml
of ethanol5uM, 10uM and 50uMinhibitor stock solutionsvere prepared from these

by dilution in water and one tenth of these were added to assays to give final
concetration 0.5, 1 and 5uM inhibitoirhe XOR inhibitor oxipurinol was prepared
astock solution by dissolving in 20mM NaOH. 0.25mM, 0.5mM and 1mM oxipurinol
stock solutions were prepared from this by dilution in water and one tenth of these
were adeéd to assays to give final concentration of 25uM, 50uM and 100uM

oxipurinol.
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Table 34 Summary of AOX and XOR inhibitors assays

AOX inhibitor assay
Substrate stock Inhibitor Final concentration Mode of
concentration in assay inhibition of
in assay mammalian
enzyme
Menadione 0.5, 1and 5uM Non-competitive
Estradiol 0.5, 1and 5pM Uncompetitive
25, 40, 55, 70, i . .
DMAC 85 and 100pM -ethinyl estradiol 0.5, 1and 5pM Uncompetitive
Phenanthridine 0.5, 1and 5pM Competitive
Chlorpromazine 0.5, 1and 5pM competitive
XOR inhibitor assay
Substrate stock Inhibitor Final concentrationn Mode of inhibition
concentration in assay of mammalian
in assay enzyme
Xanthine | 25, 40, 55, 70, 85 Oxipurinol 25, 50 and 100uM Non-competitve
NAD* and
100uM
NAD" 0.67mM

Abbreviation; DMAC tdimethylaminocinnamaldehyde.

Determination of the mode of inhibition and subsequently the inhibitor constant was
achieved by use of the method described for the determination of MicNbeiien
constants with the addition of irditor to each cuvette. The initial rate of oxidation at
varying substrate concentrations was measured alone and in the presence of a fixed
concentration of inhibitor. This procedure was then repeated in the presence of a
second inhibitor concentration. &htype of inhibition was then determined by
examination of double reciprocal plots of both fivhibited and inhibited datgCook

and Cleland. 20Q7and the inhibitor constant (Ki) was calculated by using this
equation for the exhibited competitive inhibition. Ki = Km [l}/ (Km am) where:
inhibitor

Km = uninhibited Km, Km app apparent inhibited Km andl] =

concentration and for exhibited uncompetitive and-oompetitive inhibition using

83



this equation. Ki = [Vmax app][l[/Vmax, where Vmax uninhibited Vmax, Vmax

app=apparent inhibité Vmax and [I] = inhibitor concentratioffo determine Km ah

Vmax for these calculations Lineweay@uark plots1/V versus 1/[S] were plotted. The

intercept on the ordinate axis is 1/Vmax and the slope is Km/Vmax. From these plots

the mode of inhibition was also determinééigure 29 illustrates the different plet

expected for competitive (Bure 24 A), uncompetitive (lgure 24 B) and non

competitive (kgure 24C).

(A)

Competitive inhibitor

_—

Uninhibited enzyme

Slope =K,/ Vo
1/ Vmax e ——

(B)

Uncompetitive inhibitor

N

Uninhibited enzyme

Slope =K./ Ve
%

1/[s]

Non-competitive inhibitor

e

Uninhibited enzyme

Slope= K,/ Vo
%

'ﬂ"rn\/ Eommm——— 1Nrnax

1/1s1

Figure 24: LineweaverBurk plotswith different types of inhibitors
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2.11 Purification of aldehyde oxidase

2.111. Chromatographyinstruments media and concentrators used
The instrument used wasGE HealthcareAKTA FPLC Systemwith dual punp and
fraction collector operatedith Unicorn 4.11Software Chromatography media used
was Q Sepharose 30/10®Guperose 6 prep gradéK 16/70, MonoQ 5/50 GL
benzamidine Sepharose 6&#d Mono P HR 5/20were purchased from VWR
International Ltd .UK. Thecentrifugal concentrators used weienicon Ultral5s,
UltracetPL Membranepurchased from Millipore (UK) LtdAll mobile phases were
of FPLC grade puty and werefiltered through a 0.45um filtelbefore use. Isocratic
and gradientchromatographynethod were using to develop the optimebnditions

for the purification of enzymes from original sample

2.11.2. Buffers used in purification protocols.

The fllowing buffers were used in the course of the purification:

Buffer A: 20mM TrisHCL, 1mM cysteine, 5%v/v) glycerol. The pH of this buffer

was varied depending on chromatographic conditions required.

Buffer B: 20mM TrisHCL, 1mM cysteine, 5%v/v) glycerol, 0.30.6M KCL. The pH

of this buffer was varied depending on chromatographic conditions required.
Buffer C. 0.075M Tris HCL pH 9.3.

Buffer D: 10% (v/v) polybuffer 96, adjusted to pH 6.0 with glacial acetic acid.
Buffer E 0.1mM glycine pH 9.0, 0.1M NdC

Buffer F 0.1mM glycine pH 9.0, 0.1M NaCL, 20mM benzamidine.

Buffer G 20mM TrisHCL pH8.0, 1mM cysteine, 54¥/v) glycerol, 0.1M NaCL.
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All buffers were prepared froraltrapure reagents dissolved in Milli Q grade water

and filtered through 0.45uM filter(Millipore, U.K.).

2.11.3. Purification of AOX

Purification of enzyme activity was monitored throughout the purification procedure
with DMAC as substrate. Protein elutievas monitored at 280nm withn online
spectrophotometric detection cell in the EPInstrumentAll procedurewas carried

out at 0- 4°C. (Figure 25 summarises the protein purification protocols used.

2.11.3.1. Preparation of cytosol.
Cytosol was prepared as previously described in section @ith120 to 70 g of fresh

liver.

2.113.2. Heat treatmentstep.
Cytosol wassubjected to heat treatmentarwater bath at 55°C for 15 mingtand
after that coad onice for 10minute then centrifugkat 10000 xg for 15 minuts.

Thesupernatanivas then removed and used for subsegeperiments

2.11.3.3. Anmonium sulphate fractionation step.

Cytosol or heat treated supernatant derived from cytosol sudsjectedo ammonium
sulphate fractionation as followszinely ground ammonium sulphate was added
slowly to the sample with stirring to amcentration of 13.82g/100ml. This solution
was stirred for a further 20 minutes and then centrifuged at 15,000 xg for 15 minutes
to pellet protein precipitated by a 25% ammonium sulphate saturation. The
supernatant was then subjected to a further fraatiom so that the final ammonium
sulphate concentration was 14.91g/100ml (60% saturation) and after sarrthg
centrifuging as in the first ammonium sulphate fractionation step the pelet wa

resuspended in approximatelymbof buffer A.
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Procedure 1

l

Cytosol preparation

Heat treatmentat55°C

|

25-50% ammonium
sulphate fractionation

Q-sepharose 30/100 anion
exchange chromatography

Benzamidine 6B affinity
chromatography

MonoQ 5/50 anion exchange
chromatography

Procedure 2

|

Cytosol peparation

‘

Q-sepharose 30/100 anion
exchange chromatography
Benzamidine 6B affinity
chromatography

MonoQ 5/50 anion exchange
chromatography

Procedure 3

l

Cytosol preparation

25-50% ammonium
sulphde fractionation

l

Q-sepharose 30/100 anion
exchange chromatography

Mono P HR 5/20
chromatography

Procedure 4

|

Cytosol preparation

25-50% ammonium
sulphate fractionation

|

Q-sepharose 30/100 anion
exchange chromatography

!

Superose 6 16/70 gel filtwan
chromatography

MonoQ 5/50 anion exchange
chromatography




The sample was then dialysed against three changes of 100 volumes of buffer A over
a 24 hour period and the dialysate centrifuged at 15,000 xg for 15 minutes to remove
any undissolved matet. The sample was then subjected to chromatography for

further purification.

2.11.3.4. @QSepharose anion exchange fast flow chromatography.

In this case the pH of buffer A and B was varied from pH 8.0 to pH 8.6 in different
chromatographic runs. The dimsgons of the €BSepharose column were 2.5 x 55cm
and the flow rate was 10ml/minute. Following ammonium sulphate fractionation 10ml
of the sample was applied to theS@pharose column which had previously been
equilibrated with buffer A. Unbound protein wakited with 140ml of buffer A and
protein retained on the column was eluted with 150ml| of a gradient of 0.6M KCL in
buffer B. The fractions containing AOX activity were pooled and concentrated to 4
5ml by ultrafiltration using Amicon Ultrd5 centrifugalconcentrator. Followinghis
anion exchange chromatograplsyep pooled fractios were further purified by
affinity chromatography orlwomatofocusingr size exclusion followed bw further

anion chromatographic step bMonoQ, as outlined in (Bure 29.

2.11.3.5. Affinity chromatography on benzamidine Sepharose 6B.
Benzamidine Sepharose 6B was used as antgffimatrix to bind AOX (kgure 25.

In procedure 1 thAOX-activepooled fractions from the anion exchange columns Q
Sepharose were dialysed in Mflumes of buffer E, with three changes over 24 hours
and applied to a 15ml bed volurbenzamidine Sepharose 6B colur2b(x 10cn at
aflow rate was 0.5ml/minute. After application the flow was stopped for 30 minutes
to facilitate binding of AOX to théenzamidindigands. Unbound material was then
eluted at a flow @ of 1ml/minute by washinthe column with 6 ml of buffer E.

Bound AOX was eluted by sequential batch elution with 10ml of 5mM benzamidine,
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10ml of 20mM benzamidine and 10ml of 20mM benzgine in buffer F. The column
was regenerated for further use by washing the column with 20 ml of 2M NaCL to

remove any protein still bound and theequilibrated in buffer E.

2.11.3.6. Chromatofocusing on Mono P HR 5/20.

The pooled fractions from the-§epharose anion exchange step were passed through a
Sephadex G25 column (PD 10; 9.1ml bed volume) equilibrated with buffer C for
buffer exchange prior to chromatofocusing. 2ml of protein of the resultant sample was
then applied to a Mono P HR 5/20 colunittel to an AKTA FPLC system which had
previously been equilibrated with buffer C. The column was then washed with two
column volumes of buffer C at flow rate of 1ml/minute followed by 35ml of buffer D
to generate a pH gradient from pH 9.3 to pH 6.0 o@anl3Any material still bound

to the column was then removed by a 2M NaCL elution.

2.11.3.7. Gel filtration chromatography.

A Superose 6 16/70 colunaguilibrated with buffer Gvas used as a step to separate
proteins on the basis of their differenceshaitnative molecular massi@ure 23. In
procedure 4, 0.5ml ahe AOX active concentrated fractidrom Q-sepharosaniaon
exchange chromatography was applied to the Supeasenn and eluted at a flow
rate of 1ml/minute with 140ml of buffer G using MNaCL as isocratic elution. The

column was then equilibrated with the buffer G for the next run.
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2.11.3.8. MonoQ chromatography.

This was used as a final step for the purification of AOX as it has proved a suitable
medium for thdinal purificationstep of AOX in other speciegTable 2). In thiscase

the pH buffer A and B were varied from pH 8.0 to pH 8.6 in different
chromatographic runs, the column dimensions were 5 x 50 mm and the flow rate was
Iml/minute. Following equilitation with 2 bed volums of buffer A, 0.3ml of
concentrated protein sample containing AOX was eluted by wasiigraplumn with

2ml of buffer A to remove unbound protein and bound protgseluted with 20ml

of a linear gradient of0.3M KCL in buffer B. Active AOX fractions eted by the

salt were pooled and concentrated t8ml by ultrafiltration usingAmicon Ultra15
membrane. The column wésen regeneratefbr further use by washing the column
with one bed volume of each of the following: 1M NaCL, 1.5M NaOH, and 20% (v/v)

ethanol. The column was the-equilibrated in buffer A.

2.11.4. Sodium dodecyl sulphateolyacrylamide gel electrophoresis
Sodium dodecyl sulphate polyacrylamide gel electrophoreSBSPAGE), a
technique for separating of proteiascording to their maswas used to monitor the
purification of AOX(Laemmli. 1970. All SDS-PAGEgels and reagents wefrem Life
Technologies Ltd, UK. The matatifor SDSPAGEIis described in the @ble 35 and

the protocolsised accoridg to Life Technologywww.lifetechnologies.com

Table 35 SDSpolyacrylamide gel electrophoresis reage®i$ PAGE)

Materials
Gel used NuPAGE® Novex® 38% TrisAcetate Gel 1.5 mm
Running buffer NuPAGE® TrisAcetate SDS
Sample buffer NuPAGE® LDS
Ladder +LODUNCE 8QVWDLQHG 3URWHI
Denaturing agent DTT
Antioxidant agent NuPAGE® Antioxidant (N,Ndimethylformarmide)

Abbreviations: LDS- Lithium dodecyl sulphate DTT-Dithiothreitol, concentration DTT5% (w/v), MOPS SDS 3-(N-
morpholino) proparsulfonic acid concentration MOPS 0.6M, S[236 and pH 8.4+0.1.
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2.114.1. Staining of SDS plyacrylamide gels

For the staining of SDS PAGE gel®»omassie blue and silvetaining méhods were

used. All materials used purchased frognsa Aldrich Company UKThe summary

of thetwo methodsare given in(Table 36.

Table 3@ Summaryof CoomassieBlue and Silver stamused forprotein visualisatiorof

SDSPAGE
Staining Material s Method
For 500mlof 1) Stain gels with gentle shaking for at least
Coomassie blue stain.| minutes withCoomassie blustain heated to 6tC
1) 1.25g ®rva G blue | ortwo hours at rom temperature
2) 228l methanols
Coomassie | 3) 46ml acetic acid 2) Destainovernightwith 10% v/v methanol, 159
blue 4) 226ml distilled HO | v/v acetc acid, 75% v/v distilled kD.
Stir for 15 minute
5)  Filter through
general grade whatmg
filter paper
Refeence | (Laemmli. 1970
Staining Material s Method
1) Oxidiser, 3.4mM| 1) Soak gel 2 times for 10 minuteim 40%
potassium dichromate| methanol+10% acetic acid (200ml/gel).
with 0.0032N Nitric| 2) Soak gel 2 times for 10ninutes with 10%
Acid. ethanol+5% acetic acid(200ml/gel).
2)  Silver nitrate| 3) Soak gel for 10minutes in oxidis(200ml/gel at
solution RT).
0.012M silver nitrate | 4) Wash with distilled HO three times for 10
Silver minutes or until gel colours (200ml/gel at RT
3) Developing agent | 5) Soak for 30 minute in 0.012M silver nitea
0.28M sodium| (200ml/gel) at RT
carbonate+0.5ml/L 6) Wash with distilled HOfor two minutes.
formalin. 7) Develop thredimes with developing reagent f
1, 5 and 3minuterespectively (200ml/gedt RT).
8) Stop with 36 v/v acetic acid for 5 minug then
immerses gel in deionised®l
Reference | (De Morencet al, 1985

Abbreviations: room temperature (RT)
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2.11.4.2. Determination of native molecular mass sing Superose 6
chromatography.

The gel filtration marker kit for protein molecularasses 29,00000,000 Da was
obtained from §ma AldrichUK. A summary and concentratiaf the standardgssed
in the calibratiorcurve for the Superose 6 16/70 @matograhy is shown in (Rble
37). The bufferused for prepare thstandardproteirswa20mM Tris HCI pH80,
1mM cysteine and 5%v/v) glycerol with 0.1MNaCL. 1 ml of eaclprepared standard
was injected onto the FPLC startimith the hghest molecular mass staard Dextran
blue 2000,000 Da first followed byrotein mixture containingll proteins listed in
(Table 3%. The method and sample preparation veasordingto (Whitaker. 1963
Andrews. 1964 Marshall. 197noting that the Blue Dextran was notixed with
other standaibecause many proteins bind to demtd&lue dextran and the protein

standards were applied in 1 ml volume and eluted with a 1 ml/minute flow rate.

Table 37 Summary of gel filtratiorstandards used for native molecular mass determination

Approximate Molecular Recommende
Standard protein _

mass concentration
Carbonic anhydrase from bovine erythrocytes 29000Da 3mg/Aml
Albumin, bovine serum 66000Da 10mg/Aml
Alcohol dehydrogenase from yeast 150000Da 5mg/1m|
-Amylase from sweet potato 200000Da 4mg/iml
Apoferritin from horse spleen 443000Da 10mg/Aml
Thyroglobulin, bovine 669000Da 8mg/iml
Blue Dextran 2000000Da 2mg/iml

Absorbance was recorded at 280nm awydegphwas drawn by plotting thiegarithms
of molecular mass of all standards versus tcetbéonvolume ofthe standardsThis

graph was used talculate the molecular mastAOX.
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2.12 Statistical analysis.

2.121. ANOVA -test

Each experiment was repeated at least three titasstical analysis wasarried out

using Microsoft Excel 2010 softwar&he result of each experimewas determined

as the mean + standard deviation. Deg¢giethenanalysed for significance usiroge

way ANOVA 'LITHUHQFHV ZLWK S YDO Xkl statisticalkHUH FF

significant.
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3. Results.

The section ofesuls is divided irto 6 main sections as follows. Filgtsections 3.1,
3.2 and 3.3describe theguantificationof molybdoflavoenzyme activity in rainbow
trout, human and rat usirgpectrophtometric and HPLC assaym sections 3.4nd
3.5the determinatiomf the kineticparameters and comparison different inhibitors of
AOX and XOR in different specieare described. Ae final section 3.@oversthe

purification of AOXfrom ratand trout.

3.1. Quantification of molybdo-flavoenzyme activity

A number of spectrophotometricsayswere used tomeasurethe relative reaction
rates of theAOX and XOR Three spectrophotometric assays meaduitee rae of
biotransformation  of two aldehyde ompounds  vanillin and
dimethylaminocinnamaldehyde (DMAC) andne Nheterocyclic AOX substrate
phenanthridine with molecular oxygen as an electron acceptéy further
spectrophotometriXOR assaywas performedising endogenous substrate xanthine
and the caffeine metabolitel-methylxanthinaith O, or with NAD™ plus O, as
electron acceptsr These asayswere carried out with 2040 pl of gel filtered
cytosol at 37€ as described in aterials and methods section 2at give linear
reaction kinetics.As the majority of MFEs substrates and products cannot be
guantified by spectrophotometry, HPLC assagse used to measure MFEs oxidation
rates for 13ubstratesln order to optimise the experimental conditions for the assays
a series of experiments were performed to assess the optimal pH and temperature. In
addition prior to performing HPLC assays thethods were tested for accuracy and

precision.
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3.11. Effect of pH on trout, rat and human molybdo-flavoenzymes
activity.

In order to test the effect of pH on trout, human and rat AOX these were assayed
under standard assay condition, except that theioa pH was varied between 5.7
and 8.0 as described in section 2.7.1. The maximum activity of AOX was foual

at pH 7.0with all three species ahown (fgure 29.

70 -
60 -
50 A
40 -

m Trout

30 1 ®Human

20 - B Rat

10 4

specific activity nmol/min/mg protein

5.7 6.5 7.0 7.5 8.0
pH

Figure 26: Effect of pH on of trout, human and rat AOX activity.

AOX activity was mea/ XUHG DW U& PO '0$& ZDV XVHG DV WKH VX
Each point represents the mean + S.D. of three experiments with liver cytosol from ~3
animals.

In order to test the effect of pH on of trout, human and rat XO and XDH these were
assayedunder standard assay condition, except that the reaction pH was varied
between 5.7 and 8.0 as described in section 2.7.1 and 2.8.1. The maximum activities
of XO and XDH were found to be pH 7With the three speciesestedas shown

(Figure 27a and b.
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Figure 27: Effect of the pH on of trout, human and rat XOR activity.

7KH D ;2 DFWLYLW\ ZDV PHDVXUHG DW

pooled cytosol from ~3 animals.
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3.1.2 Effect of temperature on trout, rat and human molybdoe
flavoenzymes activity.

,Q WKH LQLWLDO DVVD\V U& ZDV XVHG IRU DVVD\V EX
optimum temperature to use a seriegexyperiments were performed. In order to test

effect of temperature on the activity of trout, rat and human AOX this was measured

as at different incubation temperaturas described in sectioh.7.2. The rate of

reaction of trout AOX with DMAC increase ghaally with increasing temperature

IURP U& WR U& WKHQ GHRE&®HDYHG, DWDGKROIQGXQWE&
compared to the activity at 37°8 shown ir(Figure 28). Theactivity at 60C was ~

10% obtained at 37°CThe rate of reaction of humaand rat AOX with DMAC
LQFUHDVH JUDGXDOO\ ZLWK LQFUHDVLQJ dedidd3& HU D W X
gradually as shown in {ure 2§ andthe activity of human and rat at 60°C was

60% obtained at 37°C respectively. As the maximum reaction rate waseobd

U& IRU $2; HQ]J\PHV WKLV WHPSHUDWXUH ZDV WKHUHI

25 1
20 A
m Trout

® Human

H Rat

specific activity nmol/min/mg protein

25 30 37 45 55 60
Temperature °C

Figure 28 Effect of the assay incubation temperature on of trout, human and rat AOX
activity.

Enzyme actiity was measured witB.1 mM DMAC was used as the substrateAlOX assays. Each
point represents the mean + S.D. of three erpants with pooled cytosol fro@1animals.

97



In order to testhe effect of temperature on the activity of trout, humad aat XOR

this was measureat different incubation temperatur@he rate of reaction ohuman

and rat XO with xanthine and,@s an electron acceptor. Gradually increasing with

LQFUHDVH WHPSHUDW X U HdddeBse grafugallyai shownsin Vigkrel Q

2% and the activity of human and rat at 60°C was 60% obtained at 37°C

respectively.The rate of reaction of trout XOR thi xanthine and NADwith O, as

HOHFWURQ DFFHSWRUV ,QFUHDVLQJ JUDGXDOO\ ZLWK
U& WKHQ GHFUHDVHG JUDGXDO®@\ XQG LQ&HDD WKR G

(Figure 2%). The activity at 60°C was- 5% of that obtainel at 37°C The rate of

reaction of human and rat XDH with xanthine and NABcrease gradually with

LQFUHDVLQJ WHPSHUDW X grddudiiyRiécreatie® siomn in JekireV K H Q

29%) the activity of human and rat &0°C was~ 60% obtained at 37°€spectively .

$V WKH PD[LPXP UHDFWLRQ UDWH ZDV REWDLQHG D

temperature was therefore selected for all assays.
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Figure 29 Effect of the assay incubation temperatare of trout, human and ra{OR
activity.

Enzyme activitywas measuredith (a) 0.15 mM xanthine and,@s an electron acceptor. (b) 0.15 mM

xanthine and 0.67 mM NADplus Q as an electron acceptors. Each point represents the mean + S.D. of
three experiments with pooled cytosol from ~3 animals.
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3.1.3 Validation of the accuracy and precisionof HPLC assays

The precision of the various HPLC assays was determined by injecting five
concentrations (0.01, 0.02, 0.03, 0.05 and 0.1 mM) of all AOX and XOR substrates
and the products listed in matds and methods sgon 2.8, three times on the same
day to determine the int@ay variation. The intr@lay variation assessed as the
coefficient of variation in peak area ratio. The relative standard deviation (%RSD)
calculation for retention time wadescribed in secto2.8 The lower the value is the
better the assay performance. At lower level it was below 3.5% for 3 replisates,
Appendix3 Tablel). The accuracy of the assay was calculated by comparison of the
nominal analyte concentration to the actual conceatratbtained from the linear
regression line within the concentration range ingestid (0.01 mM to 0.1 mM), see
Appendix3(Table 3. Appendix3 Table 2 showed that the intrday values ranged
between 95.1100.86. The precision of all concentrations of ate was
approximately less than + 5%. The calibration graphs obtained with these HPLC
methods were linear over the concentration range used and)thales were 0.92 to

0.99 for each analyte when plotted for the mean peak area for three injecaors ag
the actual concentratiofiFrigures 1 5 in Appendix 3). This demonstrates that these
HPLC methods are precise and repeatable and can be successfully used to analyse
MFE catalysed lutransformations in this studin addition to accuracy and precision
tests, the limit of detection (LOD) and the limit of quantification (LOQ) were
calculated for each of the analytes in section 2.5.2.3. The LOD of all substrates and
products were ranged between-6.4 nmol and LOQ was ranged from 0.9 to 94
nmol. From thes results, it can be concluded that the HPLC methods were

sufficiently sensitive to detect low concentrations of substrates and products of
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molybdoflavoenzyme catalysed reactions enzymes. The results of linearity, limit of

detection and limit of quantifation ae presented in ppendix3 (Table3).
3.2. Screening of molybddlavoenzyme activities

Following optimisation and validation of the assap®©X and XOR activities in
rainbow trout, Wistar rat and human cytosols were assessed using a multitude of
spectrophotometric and HPLC assays prior to scrutinising the Km and Vmax for

different substrates.

3.2.1. AOX activity with exogenous aldehydesin trout tissue and
mammalian liver cytosol

The substrates used to evaluate AOX activity in this research idcthdeexogenous
food flavouring agent vanilliri4d-hydroxy-3-methoxybezaldehyde)and artificialdye
dimethylaminocinnamaldehyde (DMAC). (Figures 30 and 31 illustrate
spectrophotometric assays with the two aldehyde substrates vanillin and DM&C
demongrated that liver cytosols from all three species had measurable AOX activity
towards these two aromatic aldehydes. In contrast rainbow trout kidney and gill
cytosols had no measurable activity towards these subs{dets not shown)in
order to check mequivocally if there was no AOX activity towards vanillin in kidney
and gill cytosols an HPLC assay was used. T8hswed that even following a 120
minute incubation with this substrate there was no vanillic acid formed inasomd

liver cytosol (kgure 32. (Figure 33 shows an HPLC chromatogram for all liver

cytosolfrom trout, rat and humanith vanillin.
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Figure 30:. Spectrophotometric assays oflelhyde oxidase activities usimginbow trout,
Wistar ratand humanOLYHU F\WRV RO D WbstraitRMEC.\Nd agsaysising 50
ML rainbow trout [red], 30 pL Wistar rat [green] and 20 pL human [black] liver cytd<as.
UM final substrate concentrations were udeat. analysis conditions see section 2.4.
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Figure 31: Spectrophotometric assays aldehyde oxidase activities using rainbow trout

Wistar ratand humanOLYHU F\WRVRO DW U& ZLWFr §sBaysvsi@E VW UDW F
rainbow trout [red], Wistar rat [green] and human [black] liver cytdsot all assays 100 uM

final substrate concentrations were used. For analysis conditions see section 2.4.
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Figure 32 HPLC analysis of then vitro biotransformation of vanillin by rainbow trout
cytosol. (a) Liver, (b) kidney and (c) gill liver cytosol. Times at the left hand side of the
chromatograms indicate incubation times. HPLC chromatogramsftset on the vertical

axis to allow comparison between different incubation times. Analytes were injected onto a C
18 column (Kromasil 5 pm) and eluted with a 0.22 M KH2PO4: acetonitrile system (85: 15)
as mobile phase. The wavelength of the detectian28& nm.
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Figure 33 HPLC analysis of then vitro biotransformation of vanillin by liver cytosol.

HPLC chromatogram of thia vitro oxidation of vanillin to vanillic acid by (a) rainbow trout,

(b) Wistar rat and (c) human liver cytos®imes at the left hand side of the chromatograms
indicate incubation times. HPLC chromatograms are offset on the vertical axis to allow
comparison between different incubation times. Analytes were injected onttBac@umn
(Kromasil 5 pm) and eluted wita 0.22 M KHPOQ,: acetonitrile system (85: 15) as mobile
phase. The wavelength of the detection was 285 nm.
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3.2.2. HPLC analysis of AOX activity with endogenous vitamins and
vitamin metabolites.

When the endogenous vitamin B6 (pyridoxal) was incubatéd rainbow trout,
Wistar rat and human liver cytosais metabolite pyridoxic acid was generated with
cytosols fom all three species (Figure)34
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Figure 34: HPLC analysis of than vitro biotransformation of endogenous compound
pyridoxal by liver cytosolfrom different speciesHPLC chromatogram of thie vitro oxidation of
pyridoxal to pyridoxic acid bya) rainbow Trout, (b) Wistar rat, (c) human liver cytosol. Times at the
left hand side of the chromatograms indicate incubation timBsCHhromatograms are offset on the
vertical axis to allow comparison between different incubation tihealytes were injected onto a C
18 column (Kromasil 5 pm) using methanol: 60 mM ,NBQO, (25: 75) as mobile phase. The
wavelength of the detection was5 nm.
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When alttransretinal (vitamin A) was incubated with rainbow trout, Wistar rat and
human liver cytosglthe AOX metabolite retinoic acidvas generated with cytosols

from all three specig$igure 39.
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Figure 35 HPLC analysis of thin vitro biotransformation of endogenous compound all
transretinal by liver cytosolfrom different speciesHPLC chromatogram of thie vitro oxidation

of all-transretinalto retinoic acid by@a) rainbow Trout, (b) Wistar rat, (c) human liver cytoSomes

at the left hand side of the chromatograms indicate incubation times. HPLC chromatograms are offset
on the vertical axis to allow comparison between different incubation tidmedytes were injected

onto a G18 column (Kromasil 5 pm) and eluted wigh30 mM CHCOONH,: acetonitrile (30: 70) as
mobile phase. The wavelength of the detection was 378 nm.
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When liver cytosol from rainbow trout, Wistar rat and human were incubated with N
methylnicotinamide(NMN)two products (Figure 36were observed withetention
times of (9 minute) Nmethyt2-pyridone5-carboxamide (#Y) and (2 minute) N-

methyt4-pyridone5-carboxamide (4€Y) (Szafarzet al, 2010.
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Figure 36. HPLC analysis of thin vitro biotransformation of Nmethylnicotinamide byiver
cytosolfrom different speciesHPLC chromatogram of thia vitro oxidation ofN'-methylnicotinamide

to (2PY and 4PY) by (a) rainbow Trout, (b) Wistar rat, (c) human liver cyto$ahes at the left hand side

of the chromatograms indicate incubation timE®LC chromatogmas are offset on the vertical axis to
allow comparison between different incubation times. Analytes were injected ontel& d@lumn
(Spherisorb; CNRP 5 pum) and eluted with a 0.8 % v/v formic acid: acetonitrile gradient as described in
section 2.5.3 as mdb phase. The wavelength of the detection was 254 nm.
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3.2.3 Spectrophotometric and HPLC analysis of AOX activity with
exogenous Nheterocycliccompounds

3.2.3.1. Phenanthridine

When the prototypical Meterocyclic AOX substrate phenanthridine was used
substrate ira spectrophotometric asséeedham. 200 (Figure 37 only Wistar rat
and human liver cytosol had activit¢€ytosols preparettom troutliver, kidney and
gill had nodetectableactivity (Figure 37. As there is evidence that at least one,fish
the carp generates phenanthridone from phenadite in vivo, an HPLC assay was
used to determine if any activity could be detecidus demonstrated that rainbow
trout liver cytosol AOX was able to generate meable phenanthridoné&igure 39.

In contrast there was no detectable phenanthridomeetbiwith extended incubation
with rainbow trout kdney or gill cytosol (iure 3§. Rat and human liver cytosol

were also able to cgrout this biotransformation {gure 39.
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Figure 37: Spectrophotometric assays of aldehyde oxidasdesities using raibow trout

Wistar rat and humarOLYHU F\WRVRO DW U& ZLWK $Eor &Xadyd/ WUDWH
using rainbow trout [red], Wistar rat [green] and human [black] liver cytéswml all assays

100 uM final subgiate concentrations were us€&wr anaysisconditions see section 2.4
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Figure 38 HPLC analysis of thdan vitro biotransformation of phenanthridine hyout
cytosol. (a) Liver, (b) kidney and (c) gill troutcytosol. Times at the left hand side of the
chromatograms indicate incubati times. HPLC chromatograms are offset on the vertical axis to allow
comparison between different incubation tim&salytes were injected onto a18 column (Kromasil

5 um) and eluted with water: acetonitrile gradient system as described in sectioasoBile phase.

The wavelength of the detection was 254 nm.
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Figure 39 HPLC analysis of then vitro biotransformation of phenanthridir®y rainbow

trout, Wistar rat, and humdiver cytosol (a) minbow trout, (b) Wistar rat, (c) huméiger cytosol.

HPLC chromatogram of thén vitro oxidation of phenanthridine to phenanthridoénes at the left

hand side of the chromatograms indicate incubation times. HPLC chromatograms are offset on the
vertical axis to allow comparison between diffiet incubation timesAnalytes were injected onto & C

18 column (Kromasil 5 pm) and eluted with water: acetonitrile gradient system as described in section
2.5.3 as mobile phase. The wavelength of the detection was 254 nm.
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3.2.3.2. Phthalazine

When theN-heterocyclic phthalazine was incubated with rainbow trout, Wistar rat and

human liver cytosol, all were found to be capable of biotransforming it to the AOX
productphthalazinongFigure 40.
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Figure 40: HPLC analysis of thén vitro biotransformation of phthalazine iginbow trout,
Wistar rat anchuman liver cytosoka) rminbow trout, (b) Wistar rat, (c) human liver cytodePLC
chromatogram of thé vitro oxidation of phthalazine to phthalazinomanes at the left hand side of

the chranatograms indicate incubation times. HPLC chromatograms are offset on the vertical axis to
allow comparison between different incubation times. Analytes were injected ontd8ac@umn
(Kromasil 5 pm) and eluted with a 0.1% v/v glacial acetic acid: adgetengradient system as
described in section 2.5.3 as mobile phase. The wavelength of the detection was 280 nm.
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3.2.3.3. Cinchonine

When antimalaria drug Nheterocycle cinchonine was incubated with raintioaat,
Wistar rat and human liver cytos@metabolite of cinchonine was detectedHiyLC
with all sampleg(Figure 41) that had a retention time (12 minute) indicative &f 2

cinchoninongBeedhanet al, 1999.
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Figure 41 HPLC analysis of thén vitro biotransformation of cirfwonine to 2cinchoninone

by rainbow trout, Wistar rat anduman liver cytosol(a) rainbow trout, (b) Wistar rat, (c) human

liver cytosol. Times at the left hand side of the chromatograms indicate incubation. tihfe<C
chromatograms are offset on the vertical axis to allow comparison between different incubation times.
Analytes were ijected onto a €8 column (Kromasil 5 pm) and eluted with a 0.4% wi/v
CH;COONH;: acetonitrile (65: 35) as mobile phase. The wavelength of the detection was 248 nm.
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3.2.3.4. Pyrazinamide

In mammalshetuberculosis drug pyrazinamide is biotransformed @XAand XOR.
Pyrazinamidewas incubated with rainbow trout, Wistar rat and human liver cytosol
with O, or with NAD" as electron acceptor and HPLC analysis were carriedhtiat.
incubation with rainbow trout liver cytosol with,@r with NAD" (Figure 43. The
incubation of rainbow trout liver cytosol with pyrazinamide in the presence eSO
an electron acceptor f&40 minute incubation time did not show the production of
any metabolitepeakas seen irfFigure 42). In contrast, the incubation of trouvéir
cytosol with pyrazinamide with NAD as an electron acceptor generated 5
hydroxypyrazinamidgFigure 42). In contrast Wistar rat and human liver cytosol
displayed activity with both ©and NAD as electron accept (Fgure 43 and 4y
indicating that m these species pyrazinamide was a substrate for both oxidase and

dehydrogenase enzymes.
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OLYHU F\W R Md®I@tiina) with&(b) with NAD* as an electron acceptor. Times at

the left hand side of the chromatograms indicate incubation times. HPLC chromatograms are
offset on the vertical axis to allow comparison between diffeincubation times. Analytes
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acetonitrile (95: 5) as mobile phase. The wavelength of the detection was 268 nm.
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The rainbowtrout AOX activity were tested in liver, kidney and gill cytosol and it was
found exclusiely in the liver using HPLC andpectrophotometric assaydepatic
aldenyde oxidasen cytosols of rainbow trout, human and ¢&able 38)were able to
catalyse the oxidation of a range of MFE substrates to varying degrees. These
included the exogenous aldehydes (DMAC and vanillin), endogenous vitamin
substrates (afrans ré¢inal, pyridoxal and Rmethylnicotinamide), NPAH
environmental pollutants (phenanthridine, phthalazine and cinchoramel drug
(pyrazinamide).The activity of rainbow trout withDMAC as AOX substrate in
spectrophotometric assay were found lower comptardaiat other species (Table 38).
The activity ofWistar rat with vanillin as AOX substrateas greater compared than
that with human and trout respectively. The activity of human with endogenous
vitamin substrates (attans retinal, pyridoxal and 'Nnethylnicotinamide) was
greater than that with Wistar rat and trout respectively (Table 38). The lowest activity
found of NPAH environmental pollutants (phenanthridine, phthalazine and
cinchonine)was introut comparedvith that of Wistarrat and human and ¢hhighest
activity found was with human for phthalazine as AOX substrate and the highest
activity with Wistar ratwasfor phenanthridine and cinchonine (Table 38). The highest
activity found for pyrazinamide as substratas with human and the lowest adtiv

wasfound with trout (Table 38).
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Table 38 Summary ofin vitro studies of hepatic aldehyde oxidase activity in different
species using HPLC and spectrophotometric assays with different substrates

Substrate Species Activity
Rainbow trout +++
DMAC Wistar rat ++++
Human +4++++
Rainbow trout ++
Vanillin Wistar rat +++++
Human +++
Rainbow trout ++
Pyridoxal Wistar rat ++++
Human +4++++
Rainbow trout ++
All -trans retinal Wistar rat ++++
Human +++++
Rainbow trout +
N*-methylnicotinamide Wistar rat +H++
Human +++++
Rainbow trout +
Phenanthridine Wistar rat +++++
Human T+t
Rainbow trout ++
Phthalazine Wistar rat ++++
Human +4++++
Rainbow trout ++
Cinchonine Wistar rat +++++
Human T+t
Rainbow trout +
Pyrazinamide Wistar rat +++++
Human T+t

(+++++ = ultra-high activity,++++ =high activity +++ = intermediate activity++ = low activity,

+ = very low activity).
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3.3. Spectrophotometric and HPLC analysis of molybdeflavoenzyme
activity with endogenous purine and purine analogue substrates.

3.31. Xanthine and methylxanthine.

For XOR activity two substrates were assessed using spectrophotometry. These were
the endogenous purineatabolite xanthine and the major caffeine metabolite 1
methylxanthine (Figure 495 illustrates spectrophotometric asgs with tle xanthine
demonstratinghat liver cytosols from Wistar rat and human had measurable XOR
activity with and without NAD. In contrast rainbow trout liver cytosainly had
measurable XOR activity in presence of NAD (Figure 4%). Similar
spectropotometric results were obtained withniethylxanthine (data not shown).
Rainbow trout kidney and gill cytosols had no measurable activity towetigisr of

these substrates.

In order to check unequivocally if there was no XDH activity tasatanthineand 1-
methylxanthinen kidney and gill cytosols a sensitildPLC assay was usgthis
showed that even following 120minute incubation witlthesesubstrate there wa

no uric acid metabolite formed in cotrast to liver cytosol (Fures 46 and
47).Reflecting the results from the spectrophotometric assay even after an extended 2
hour incubation no uric acid metaboliteas formed with @as an electron acceptor.
When xanthine and-fnethylxanthinewvere incubated wht rainbow trout liver cytosol
(Figures 48 and49) there wereappreciable levelsf uric acid producesvith NAD" as
electron acceptor. This was in contrast to that found when rat and human liver cytosol
was incubated withthese substrates where both electron acceptors were utilised
resulting in uric al metabolite being formed with both the endogenous and

exogenougpurine Eiguresb0, 51, 52 and 53
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Figure 45 Spectrophotometric assays of xanthine oxidoreductase activities nasigpw

trout, Wistar rat and huma®@ LYHU F\WRVRO DW U &(ayamhife gx@daseV X EVW U |
activity assay. (b) anthineoxidoreductase activity assaRainbowtrout [red], Wistar rat [green] and

human [black] liver cytosolFor dl assays 100 pM final xanthineoncentrations were useFor the

XOR assay 670 UM NAD+ was used as the electron acceptor. For analysis conditions see section 2.5.
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Figure 46. HPLC analysis of the in vitro biagtnsformation of xanthine + NAThy rainbow

trout cytosol The chromatogram(aliver, (b) Kidney and (c) Gill trout cytosol with xanthine and

NAD®. Times at the left hand side of the chromatograms indicate incubation tiHfRIsC
chromatograms are offset on the vertical axis to allow comparison between different incubation times
Andytes were injected onto a-T8 column (Kromasil 5 um) and eluted with a 0.1% v/v glacial acetic
acid: acetonitrile gradient system as described in section 2.5.3 as mobile phase. The wavelength of the

detection was 280 nm.
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Figure 47: HPLC analysis of the in vitro biotransformation bimethykanthine + NAD by
rainbow trout cytosolThe chromatogram (a) Liver, (b) Kidney and (c) Gill traytosol with
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Figure 48 HPLC analysis of then vitro biotransformation of xanthine by rainbow trout liver
cytosol The chromatogram (3)JPLC analytes genated by rainbow trout liver cytosol with xanthine
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a 0.1% v/v glacial acetic acid: acetonitrile gradient systendescribed in section 2.5.3 as mobile
phase. The wavelength of the detection was 280 nm.
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Figure 49 HPLC analysis of thén vitro biotransformation of inethylxanthine by rainbow

trout liver cytosol at 3T. The chromatogram (a) HPLC analytgsnerated by rainbow trout liver
cytosol with Emethylxanthine in the presence of & an electron acceptdrhe chromatogram (b)

HPLC analytes generated by trout liver cytosol witmathylxanthine and NADas an electron
acceptor Times at the left hah side of the chromatograms indicate incubation times. HPLC
chromatograms are offset on the vertical axis to allow comparison between different incubation times
.Analytes were injected onto a18 column (Kromasil 5 pm) and eluted with a 0.1% v/v glacistia

acid: acetonitrile gradient system as described in section 2.5.3 as mobile phase. The wavelength of the
detection was 280 nm.
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Figure 50 HPLC analysis of thén vitro biotransformation of xanthine by Wistar rat liver
cytosol The chromgogram (a) HPLC analytes generated by rat liver cytosol with xanthine aad O
electron acceptofThe chromatogram (b) HPLC analytes generated by Wistar rat liver cytosol with
xanthine and NAD. The amount of NADadded to incubation 675uM. Times at tledt lhand side of

the chromatograms indicate incubation times. HPLC chromatograms are offset on the vertical axis to
allow comparison between different incubation times. Analytes were injected ontd8acGlumn
(Kromasil 5 pm) and eluted with a 0.1% v/vaglal acetic acid: acetonitrile gradient system as
described in section 2.5.3 as mobile phase. The wavelength of the detection was 280 nm.
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Figure 51: HPLC analysis of then vitro biotransformation of Anethylxanthine by Wistar rat
liver cytosd at 37C. The chromatogram (a) HPLC analytes generated by Wistar rat liver cytosol
with 1-methylxanthine and £as an electron acceptdrhe chromatogram (b) HPLC chromatogram for
incubation of Wistar rat liver cytosol with-MIX and NAD" as an electron aeptor. Times at the left
hand side of the chromatograms indicate incubation titd®4.C chromatograms are offset on the
vertical axis to allow comparison between different incubation tirAealytes were injected onto a C

18 column (Kromasil 5 um) and dkd with a 0.1% v/v glacial acetic acid: acetonitrile gradient system
as described in section 2.5.3 as mobile phase. The wavelength of the detection was 280 nm.
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Figure 52 HPLC analysis of then vitro biotransformation of xanthine by human liver
cytosol The chromatogram (a) HPLC analytes generated by human liver cytosol with xanthing and O
as electron acceptor. The chromatogram (b) HPLC analytes generated by human liver cytosol with
xanthine and NAD. The amount of NADadded to incubation 675t Times at the left hand side of

the chromatograms indicate incubation timd®LC chromatograms are offset on the vertical axis to
allow comparison between different incubation times Analytes were injected ont&8acGlumn
(Kromasil 5 pm) and eluted wi a 0.1% v/v glacial acetic acid: acetonitrile gradient system as
described in section 2.5.3 as mobile phase. The wavelength of the detection was 280 nm.
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Figure 53 HPLC analysis of thdn vitro biotransformation of Inethylxanthine to 1
methyluic acid by human liver cytosol at %7 The chromatogram (a) HPLC analytes generated
by human liver cytosol with-inethylxanthine using £as an electron acceptdrhe chromatogram (b)
HPLC analytes generated by human liver cytosol withethylxanthine (dMX) and NAD'. Times at

the left hand side of the chromatograms indicate incubation tiffelsC chromatograms are offset on
the vertical axis to allow comparison between different incubation tiAmeytes were injected onto a
C-18 column (Kromasil 5 pmpand eluted with a 0.1% v/v glacial acetic acid: acetonitrile gradient
system as described in section 2.5.3 as mobile phase. The wavelength of the detection was 280 nm.
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When the liver cytosol from all three species was incubated with the XOR inhibitor
oxipurinol and AOX inhibitor menadione, oxipurinol gave 100% inhibition while the
menadione did not have any efféEigures 54, 55, 56 57, 58 and 5§ this illustrates

that XOR is responsible for biotransformation of xanthine amdefhylxanthine to

their meabolites in these species.
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Figure 54: HPLC analysis of the in vitro biotransformation of xanthinedipnbow trout liver
cytosol with and withoutenzymeinhibitors The chromatogramof xanthine, NAD" plus (a)
oxipurinol and (b) nenadioneRed line with inhibitor and black line without inhibitoFhe amount of
inhibitor added to incubation its 100uMimes at the left hand side of the chromatograms indicate
incubation timesHPLC chromatograms are offset on the verticas @& allow comparison between
different incubation times. Analytes were injected ontoB&olumn (Kromasil 5 pum) and eluted with

a 0.1% v/v glacial acetic acid: acetonitrile gradient system as described in section 2.5.3 as mobile
phase. The wavelengti the detection was 280 nm.
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Figure 55 HPLC analysis of thén vitro biotransformation of methylxanthine by rainbow

trout liver cytosolwith and withoutxanthine oxidoreductase and aldehyde oxidase inhibitors
HPLC chromatogram for incaion of trout liver with (3MX), NAD™ with (a) oxipurinol, (b)
menadioneRed lines with inhibitors and black lines without inhibitors. The amount of inhibitors added
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HPLC chromatograms are offset on the vertical axis to allow comparison between different incubation
times. Analytes were injected onto al8 column (Kromasil 5 um) and eluted with a 0.1% v/v glacial
acetic acid: acetonitrile gradient systemdescribed in section 2.5.3 as mobile phase. The wavelength
of the detection was 280 nm.
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Figure 56. HPLC analysis of thén vitro biotransformation of xanthine by Wistar rat liver
cytosolwith and withoutenzyme inhibitorsHPLC chromatogramoi incubation of Wistar rat

liver cytosol with xanthine and (a) oxipurinol, (b) menadione. Red lines with inhibitors and
black lines without inhibitors. The amount of inhibitor added to incubation its 100uM. Times
at the left hand side of the chromatograndicate incubation times. HPLC chromatograms
are offset on the vertical axis to allow comparison between different incubation times.
Analytes were injected onto a-I8 column (Kromasil 5 um) and eluted with a 0.1% v/v
glacial acetic acid: acetonitrile aptient system as described in section 2.5.3 as mobile phase.
The wavelength of the detection was 280 nm.
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Figure 57: HPLC analysis of then vitro biotransformation of Anethylxanthine by Wistar rat

liver cytosolwith and withoutenzyme inhiliors HPLC chromatogram for incubation of rat

with 1-MX and (a) oxipurinol, (b) menadion&ed lines with inhibitors and black lines
without inhibitors. The amount of inhibitors added to incubation its 100uM. Times at the left
hand side of the chromatograrmdicate incubation times. HPLC chromatograms are offset
on the vertical axis to allow comparison between different incubation times. Analytes were
injected onto a €8 column (Kromasil 5 um) and eluted with a 0.1% v/v glacial acetic acid:
acetonitrile gadient system as described in section 2.5.3 as mobile phase. The wavelength of
the detection was 280 nm.
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Figure 58 HPLC analysis of then vitro biotransformation of xanthine by human liver
cytosolwith and withoutenzyme inhibitorsThe chromatogram of human liver cytosol with
xanthine and (a) oxipurinol, (b) menadioired lines with inhibitors and black lines without
inhibitors The amount of inhibitor added to incubation its 100puM. Times at the left hand side
of the chromatograms indicatacubation times. HPLC chromatograms are offset on the
vertical axis to allow comparison between different incubation times. Analytes were injected
onto a G18 column (Kromasil 5 um) and eluted with a 0.1% v/v glacial acetic acid:
acetonitrile gradient sfem as described in section 2.5.3 as mobile phase. The wavelength of
the detection was 280 nm.
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Figure 59: HPLC analysis of thén vitro biotransformation of “nethylxanthine by human

liver cytosol with and withoutenzyme inhibitorsHPLC chronatogram for incubation of
human liver with IMX and (a) oxipurinol, (b) menadionBed lines with inhibitors and black
lines without inhibitors. The amount of inhibitors added to incubation its 100uM. Times at the
left hand side of the chromatograms indécéncubation times. HPLC chromatograms are
offset on the vertical axis to allow comparison between different incubation times. Analytes
were injected onto a-C8 column (Kromasil 5 pm) and eluted with a 0.1% v/v glacial acetic
acid: acetonitrile gradiensystem as described in section 2.5.3 as mobile phase. The
wavelength of the detection was 280 nm.
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3.33. 6-mercaptopurine.

6-mercaptopurine @®1P) is a thiopurine arieukemia drug in which carbon 6 of
purine has been substituted with a sulpétem.In mammals 6VP is oxidized to 6
thiouric acid via éthioxanthine or &xo-6-mercaptopurine by AOX or XORFigure

17) althoughthere is some controversy over timevitro studies(Krenitsky et al,
1972 Hall and Krenitsky. 1986Rashidiet al., 2007). In order to valichitethe assay in
this study,rabbit liver gtosol was incubated with-BIP and the products generated
analysed by HPLC. This demonstrated that when rabbit cytosol was incubated with 6
MP with O, as sole electron acceptor it was biotransformed-tuduric acid via 6
thioxanthine(Figure 6Q. This ®nfirmed that the HPLC procedure and incubation
conditions had successfully detected and resolved the expedil fBetabolites
confirming the lack of detectable activity rainbowtrout liver cytosol towards this
substrate was not due to pmximental coditions According to thein vitro
experiments withrainbowtrout, Wistar rat and human in this study, trout liver cytosol
incubated with @8MP with and without NAD as an electron acceptor fo éninute
incubation time no peak d@-thiouric acid formedFigure 6). In contrastWistar rat
and human liver cytosol incubated wi@imercaptopurine is a substrate for either
XOR or AOX using Qor NAD" as electroracceptorgFigures 62 and 63 On the
other hand as ithe (Fgures 64 and 63, in the Wistar ratand humanliver cytosol
incubated withXOR inhibitor oxipurinol andAOX inhibitor menadione it watound
that oxipurinol produced 100% inhibition while menadione niod have any effect.
This shows that XORvasrespondile for biotransformation of-&hercaptoprine (6-
MP) to 6thiouric acid. ue to the 8VMIP not beinga substratdor rainbow trout it was
decided to tesB-thioxanthine as a substrate for either XOR or AOX of rainbow trout

liver cytosol without and with NADas electron acceptors (Figué). On he other
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hard, as in(Figure 67, trout liver cytosol incubated witlKOR inhibitor oxipurinol
andAOX inhibitor menadione found that oxipurinol producHaD% inhibition while

the mendione does not have any effect, this shows that X®Respondile for

biotransformation of @hioxanthine to &hiouric acid.
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Figure 60: HPLC analysis of thén vitro biotransformation of #nercaptopurine by rabbit

liver cytosol Times at the left hand side of the chromatograms indicate incubation times
HPLC chromatogramare offset on the vertical axis to allow comparison between incubation
times. Analytes were injected onto al8 column (Kromasil 5 um) and eluted with a 0.1%

v/v glacial acetic acid: acetonitrile gradient system as described in section 2.5.3 as mobile

phase. The wavelength of the detection was 280 nm.
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Figure 61 HPLC analysis of analytes produced following timevitro incubaion of 6
mercaptopurinavith rainbow trout liver cytosol at 37°G4PLC chromatogram (a) of analytes
generated followig incubation of 8MP with trout livercytosol and @as an electron acceptor. HPLC
chromatogram (b) of analytes generated following incubation-EfP6with trout liver cytosol and
NAD" as an electron acceptdfimes at the left hand side of the chroma#mgs indicate incubation
times HPLC chromatograms are offset on the vertical axis to allow comparison between different
incubation times. Analytes were injected onto-48column (Kromasil 5 pm) and eluted with a 0.1%

v/v glacial acetic acid: acetonitrilgradient system as described in section 2.5.3 as mobile phase. The
wavelength of the detection was 280 nm.
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Figure 62 HPLC analysis of analytes produced following timevitro incubdion of 6
mercaptopurinaevith Wistar rat liver cytosol at 3°C. HPLC chromatogram (a) of analytes
generated following incubation ofMP and Q as an electron acceptétPLC chromatogram

(b) of analytes generated following incubation é¥1® and NAD. Times at the left hand side

of the chromatograms indicate inaiion times.HPLC chromatograms are offset on the
vertical axis to allow comparison between different incubation times .Analytes were injected
onto a G18 column (Kromasil 5 um) and eluted with a 0.1% v/v glacial acetic acid:
acetonitrile gradient systens @escribed in section 2.5.3 as mobile phase. The wavelength of
the detection was 280 nm.
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Figure 63 HPLC analysis of thén vitro biotransformation of #nercaptopurine by human
liver cytosol HPLC chromatogram (a) for incubation of humaretiwith 6MP and Q as an electron
acceptor. HPLC chromatogram (b) for incubation of human liver withP6and NAD' as an electron
acceptor. Times at the left hand side of the chromatograms indicate incubation times. .HPLC
chromatograms are offset on thertical axis to allow comparison between different incubation times.
Analytes were injected onto a18 column (Kromasil 5 um) and eluted with a 0.1% v/v glacial acetic
acid: acetonitrile gradient system as described in section 2.5.3 as mobile phasavélemgth of the
detection was 280 nm.
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Figure 64: HPLC analysis of the vitro biotransformation of @nercaptopurindy Wistarrat

liver cyto®l with and without enzyme inhibitordHPLC chromatogram for incubation of
Wistar rat with 6MP and(a) oxipurinol, (b) renadioneRed lines with inhibitors and black
lines without inhibitorsThe amount of inhibitor added to incubation its 100iMnes at the

left hand side of the chromatograms indicate incubation titH®4.C chromatograms are
offset onthe vertical axis to allow comparison between different incubation times. Analytes
were injected onto a-C8 column (Kromasil 5 um) and eluted with a 0.1% v/v glacial acetic
acid: acetonitrile gradient system as described in section 2.5.3 as mobile phase.
wavelength of the detection was 280 nm.
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Figure 66: HPLC analysis of then vitro biotransformation of @hioxanthine by rainbow

trout liver cytosol at 37C. HPLC chromatograms (a) generated by lvaim trout liver cytosol

with 6-thioxanthine and @s electron acceptdiPLC chromatograms (b) generatbeg Trout

liver cytosol with 6thioxanthine and NADas electron acceptdFimes at the left hand side of

the chromatograms indicate incubation timldBLC chromatograms are offset on the vertical

axis to allow comparison betwediiferent incubation times .Analytes were injected ontc a C

18 column (Kromasil 5 pm) and eluted with a 0.1% v/v glacial acetic acid: acetonitrile
gradient system as described in section 2.5.3 as mobile phase. The wavelength of the detection
was 280 nm.
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Figure 67. HPLC analysis of then vitro biotransformation of @hioxanthine by rainbow

trout liver cytosolwith and without enzyme inhibitar§he chronatogram of rainbow trout with
6-thioxanthineand (a)oxipurinol, (b) nmenadione.Red lines wih inhibitors and black lines without
inhibitors. Times at the left hand side of the chromatograms indicate incubation fitresamount of
inhibitor added to incubation its 100uM. HPLC chromatograms are offset on the vertical axis to allow
comparison betwen different incubation times. Analytes were injected ontel18 €olumn (Kromasil

5 um) and eluted with a 0.1% v/v glacial acetic acid: acetonitrile gradient system as described in
section 2.5.3 as mobile phase. The wavelength of the detection was 280 nm.
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3.34. Allopurinol .

When liver cytosol from rainbow trout, Wistar rabhd human were incubated with
hyperuricemia drug allopurinol the twmammalian species exhibitexttivity with

both the Q@ and NAD" as electron acceptor indicative of both oxidase and
dehydrogenase activiffrigures 68 and 6%. In contrasthe piscine XOR enzyme was

only active as a dehydrogenase as no activity was present even after prolonged

incubation times without NADfigure 71
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Figure 68 HPLC analysis of thén vitro biotransformation of allopurinol to oxipurinol by
Wistar rat liver cytosol at 37°C(a) HPLC chromatograms of incubation of Wistar rat and
allopurinolwith O, asan electron acceptor. (b) HPLC chromatograms of incubation of Wistar rat and
allopurinol with NAD™ as an electron acceptdfimes at the left hand side of the chromatograms
indicate incubation timeddPLC chromatograms are offset on the vertical axis to allow comparison
between different incubation times. Analytes were injected ontel8 lumn (Komasil 5 pm) and

eluted with a 0.1% v/v glacial acetic acid: acetonitrile gradient as described in section 2.5.3 as mobile
phase. The wavelength of the detection was 280 nm.
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Figure 69 HPLC analysis of thén vitro biotransformation of atlpurinol by human liver
cytosol at 37°C(a) HPLC chromatograms dficubation of human and allopurinalith O, as an
electron acceptor. (PLC chromatograms afhcubation of human and allopurinalith NAD" as

an electron acceptolimes at the left handide of the chromatograms indicate incubation times
HPLC chromatograms are offset on the vertical axis to allow comparison between different incubation
times. Analytes were injected onto al8 column (Kromasil 5 um) and eluted with a 0.1% v/v glacial
acdic acid: acetonitrile gradient as described in section 2.5.3 as mobile phase. The wavelength of the

detection was 280 nm.
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Figure 70. HPLC analysis of thén vitro biotransformation of allopurinol by rainbow trout

liver cytosol at 37°C(a) HPLC chromatograms of analytes from incubation of rainbow trout
with allopurinol using @ as an electron acceptor. (b) HPLC chromatograms from analytes
from incubation of rainbow trout and allopurinol with NA&s an electron acceptor. Times at

the lefthand side of the chromatograms indicate incubation times. HPLC chromatograms are
offset on the vertical axis to allow comparison between different incubation times. Analytes
were injected onto a-C8 column (Kromasil 5 um) and eluted with a 0.1% v/v glheicetic

acid: acetonitrile gradient as described in section 2.5.3 as mobile phase. The wavelength of the
detection was 280 nm.
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3.4. Determination of the kinetic parameters for aldehyde oxidase
and xanthine oxidoreductase irtrout, rat and human

Km andVmax were calculated for thexmlation of exogenous aldehyslendogenous
vitamin and purinegand exogenous{Keterocycless substratefor AOX and XORas
described irmethods section 2.8lean values of K1, Vmax andsubstrate efficiency
(Ks =VmaxKm) of AOX and XOR were determined using Eadimfstee plots that
gave good correlation coefficients?)¢r 0.97 Appendix 3 (Figures 6 +25). The
advantage of this linearization meththat ittends to distribute the points more
evenly sothat it gives equalweight to data points in any range of substrate

concentration or reaction rate

3.4.1. Exogenous aldehydes as substrates for AOX

TheKm and Vmax were calculatddr two exogenous aromatic aldehyde compounds,
vanillin and dimethylaminocinnamaldehyde (DMA) AOX.

The results obtained in eéhpresent study shows that DMAC and vanillin wgoed
substrates ofrout AOX. The enzyme kiatic parameters for AOXor all species are
listed in table 38K, values for DMAC and vanillinwere 21.5 £ 1.05 pMind53.2 £
2.1 pM respectivelyfor trout liver cytosols.Vmax values obtained 0.69 6.13
nmol/min/mg protein and 1.51 £+ 0.18nol/min/mg préein respectively The K,
values for DMAC in troutvere approximately 4 andféld higherthan that in rat and
human The K, vaue of vanillin in the trout waapproximately5 and10-fold higher
comparedwith that inrat and humanespectivelyin spectrophotometric assand
Vmax value was similar for both mammaliapecies. Theubstrate efficiency (Ks)
value of DMAC and vanillinin the trout wadower compared with that in rat and

human respectivelgeeAppendi3(figures6 - 25) (Table 39.

148



Table 39 Kinetic constants fortrout, rat and human liver AOX substrates in
spectrophotometric and HPLC assays

~ V max KS = (Vmax Km)
Species Substrates Kmn (UM) (nmol/min/mg (ml/min/mg
protein) protein)
DMAC 21.5+1.08 0.69+0.13 0.0
Vanillin 53.2+2.1% 1.51+0.18 0.028
Vanillin 54.2 + 0.64 1.89+0.27 0.035
Rainbow Pyridoxal 121.9 + 3.69 141+ 0.69 0.012
trout All -trans retinal 124.7 £ 2.27 2.22 +0.62 0.017
N’-methylnicotinamide | 273.9 + 2.89 1.63+1.33 0.006
Phenanthridine 55.0 + 1.63 1.78 £ 0.55 0.0
Phthalazine 61.2+1.41 2.02+0.46 0.0
Cinchonine 174.7 £ 2.55 1.63+1.33 0.009
DMAC 5.4 +1.62 2.24 +0.07 0.41%
Vanillin 9.7 +£1.56 3.77 £ 0.2% 0.388
Vanillin 10.2 £ 0.55 5.97 + 0.05 0.585
Wistar Pyridoxal 46.4+ 251 6.28 + 0.59 0.135
rat All-trans retinal 30.9+1.23 5.16 +0.56 0.166
N*-methylnicotinamide | 156.2 + 3.68 5.92 + 0.68 0.037
Phenanthridine 5.60 + 0.6% 2.43+0.14 0.433*
Phthalazine 10.5+0.55 5.79 + 0.08 0.551
Cinchonine 37.3+1.99 453 +0.52 0.12
DMAC 3.4+1.2% 3.14 +0.07 0.923
Vanillin 55+ 1.83 4.65+0.10 0.845
Vanillin 8.1+ 0.36 6.29 + 0.04 0.776
Pyridoxal 34.1+1.97 9.16 + 0.56 0.268
Human All -trans retinal 12.6 + 0.58 8.32+ 0.06 0.660*
N*-methylnicotinamide | 139.5 + 2.86 6.69 + 0.74 0.047
Phenanthridine 3.2+0.28 4.16 + 0.14 1.300
Phthalazine 9.8+ 0.59 9.43 + 0.07 0.962*
Cinchonine 43.8+1.62 8.69 + 0.53 0.18

Values shown are the mean = S.D. The typical results are from three independent
experiments. (P< 0.05one wayANOVA are marked with asterisk€ompared with the
rainbow trout **n = 3. (a)-Spectrophotometric assays,
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3.4.2. Endogenousitamin aldehydes as substrates for AOX

Two endogenous vitamin aldehydes, pyridoxal (vitamin B6)ralis retinal (vitamin

A) and N-methylnicotinamide (NMN) (a vitamin B3 metabolite) were used as AOX
substratesThe Km value of endogenous vitamin wasasured using an HPLC assays
with trout, ratand human liver cytosols, Knvmax andKs values are summarized in

(Table 39.

3.4.2.1. Vitamin B6 (pyridoxal)

The Km value of trout AOX with yridoxal its 121.9 + 3.6 pM waapproximately 3
fold more than thator mammalian AOXwith Wistar rat and human of 46.4 + 0.55
MM and 34.1 + 1.97 uM respective(fable 39. The Vmax value of trout AOX with
pyridoxal fourd to be 1.41 £ 0.69 nmol/min/mggyotein andvas approximately 6 and
9-fold lower than that Wistar raand human respectivelyThe substrate efficiency
(Ks) value of trout AOX was lower compared than tbhhuman and rat respectively

(Table 39.

3.4.2.2. Vitamin A (all-trans retinal)

The Km value of trat AOX with alktrans retinal was 124.7 + 2.27 yM was
approximately 4fold greater than that measured wilistar rat with alitransretinal
and ~ 10 fold rore than that of human AOXT&ble 39. The Vmax value of trout
AOX with all-trans retinal was 2.22 = 0.62 nmol/min/mg protein andas
approximately 3 and-fold lower than that Wistr rat and human respectiveljhe
substrate efficiency (Ksjalue of trout with altrans retinalvaslower than that ofat

and human respective{yable 39.
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3.4.2 3. N*-methylnicotinamide

The Km value oiN'-methylnicotinamidevasmeasured and itas found to b&73.9

+ 2.89 uM with trout AOX, 156.2 + 3.68 pM with Wistar rat AOX ah89.5 + 2.86
UM with human AOX. The activity of trout AOX with N-methylnicotinamide
approximately 1.8old more than that of mammalian AOX with N
methylnicotinamidetable 38 The Vmax value of Wistar rat and human with- N
methylnicotinamide was approximately 5 andfoligreaterespectivelyhan the
piscine AOX The substrate efficiency (Ksyalue of trout AOX with N-

methylnicotinamidevaslower than that both mammalian speci@able 39.

3.4.3. Exogenous Mheterocycles as substrates for AOX
The Km,Vmax andKs values were calculatefbr threeexogenousNPAHSs that are
environmentalpollutants phenanthrithe, phthalazineand cinchoningare shown in

(Table 39.

3.4.3.1. Phenanthridine

Phenanthridine oxidation by trout cytosol was below detection limits of the
spectrophotometric assay at all substrate concentrations eegtver the activity
was measurable with a sensitive HPLC assHye Km value ® exogenous N
heterocyclic phenanthridine with trout ita 55.0 £ 1.63uMOnN other hand, the Km
value of mammalian enzyme Wistar rat and human with exogenedutehbcyclic
phenathridine were 5.60 + 0.65 pM, 3.20 £28.uM respectively(Table 39). The
Km of the piscine AOX with phenanthridinavasapproximately 1Q@imes greatethan
that with mammalian AOX.The Vmax value ofWistar rat and human with
phenanthridine was approximately 2 and 4 timespectivelymore than that with trout
AOX. The substrate #8tiency (Ks) value of Wistar rat and human with

phenanthridinevasgreater than that with trout AO able 39.
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3.4.3.2. Phthalazine

The Km value of exogensuN-heterocyclicphthalazine with trout it wa61.2 + 1.41
MM. On other hand, the Km value of ma@man enzyme Wistarat and human with
exogenous Pheterocycligphthalazine wa30.50 £ 065 uM and 9.8 = 0.59 uMTable

39). The Km of the piscine AOX with exogenous -Neterocyclicphthalazinewas
approximately @imeshigherthan that with rat and humakOX activity. The Vmax
value of trout AOX with phthalazine found to be 2.02 £ 0.46 nmol/min/mg protein
and was approximately 2 and 4 times lower than that anvisat and human
respectively The substrate efficiency (Ksjalue of trout AOX with phthalazineas

lower compared with Wistar rat and human respecti{edple 39.

3.4.3.3. Cinchonine

The Km value of exogenous-heterocyclic cinbonine with rainbow trout AOX
approximately 4fold higher than that two mammalian AOX with cinchomi(Table

39). The Vma value of Wistar rat and human with cinchonine was approximately 4
and 8fold greater than it trout AOX The substrate efficiency (Ksgalue of human

AOX wasgreater compared than that Wistar rat and trout respec{ivabte 39.
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3.4.4. Endogenos and exogenous purines and purine analogs as
substrates for XOR

The Km Vmax and Ksvalues of purines and purine analogs weneasured using
spectrophotometriand HPIC assays with rainbowout, Wistarrat and humaims in

(Table 40.

3.44.1. Xanthine.

The Km value forO,-dependent anthne oxidase assay for human was approximately
2-fold lower than that of rat ispectrophotometesind HPLC assay (&ble 40. The
Km value of NAD-dependent xanthine dehydrogenase with trout in
spectrophotometric assay wa$old and 3fold higher than that Wistar rand human
respectively (able 40. The Km value oNAD-dependanikanthinedehydrogenase
with trout in HPLC assay were 3 times higher than thah Wistar rat and huam
(Table 40. The NAD-dependant Vmax value fxanthine dehydrogenasgth Wistar
rat and human was approximately 5 andold greater than that &ependant
respectively (B@ble 40. The substrate efficiency (Ksyalue of NADdependent
xanthine dehydrogenase with trout in spectrophotometerlower compared with

that in Wistar rat and human respectively (Table 40).

3.4.4.2. Emethylxanthine.

The NAD-dependenK, value for tmethylxanthine agn XDH substrate for trout
was approximately -fold higher than that of other specias in(Table 4Q. The Q-
dependant Km value formethylxanthineas substrate for both mammals was similar
and the NADdependant Vmax value for-rhethylxanthine dehydrogenaseith
Wistar rat and human was approximatédy and 8fold greater than theO,-
dependaractivity respectiely (Table 4Q. The NAD-dependent substrate efficiency

(Ks) value for tmethylxanthine as an XDH substrate for trout was lower than that of
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other species (Table 40). The-@ependant substrate specificity (K&lue for &
methylxanthine as substrate foumanwas greater compared with that Wistar rat

(Table 40).
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Table 4Q Kinetic constants for trout,

spectrophotometric and HPLC assays

rat and human

liver

XOR substrates

~ V max Ks = Vax! K
Species Substrates Km 0 (nmol/min/mg protein) (ml/min/mg
protein)
Xanthine+NAD" 135+1.9 0.56 + 0.18 0.041
Xanthine+NAD" 15.8 £ 0.58 0.77 £ 0.03 0.048
1-MX+NAD * 17.6 £1.23 0.52+0.14 0.029
1-MX+NAD * 18.2 £ 0.55 0.51 + 0.05 0.028
Rainbow | g thioxanthine + 0, 39.9+0.85 1.67 +0.30 0.026
Hel! 6-Thioxanthine+NAD" 30.9+1.52 5.01+0.98 0.09
Allopurinol +NAD”* 632 +0.98 0.56 + 0.75 0.008
Pyrazinamide + O, ND ND ND
Pyrazinamide +NAD" 209.5 + 2.40 1.21+0.74 0.005
Xanthine 132+1.7 1.69 £0.11 0.128
Xanthine 9.2 +£0.45 1.27£0.17 0.138
Xanthine+NAD* 5.5+ 1.48 4.27 +0.87 0.776
Xanthine+NAD* 6.4 +0.81 5.17 +0.15 0.807
1-MX + O, 10.7 £ 0.56 1.01+0.04 0.0%
1-MX+NAD* 9.2+0.62 5.31+ 0.18 0.577%
Wistar 1-MX+NAD * 8.2 +0.62 5.13 +0.95 0.625
l 6-MP + O, 29.1+0.85 1.61+0.06 0.055
6-MP+NAD" 24.6+0.85 3.680.45 0.149
Allopurinol + O, 20.9+0.76 1.19 £ 0.08 0.056
Allopurinol +NAD* 15.30+1.05 3.53+£0.27 0.230*
Pyrazinamide + O, 163.3+1.46 1.30+£1.33 0.007
Pyrazinamide +NAD" 92.2 +1.20¢ 4.25+1.06 0.046
Xanthine 3.0+ 0.68 1.41 £0.01 0.40
Xanthine 5.5+ 0.50 1.97+0.05 0.358
Xanthine+NAD" 1.9+0.20 5.48 + 0.07 2.884
Xanthine+NAD" 2.4%0.35 7.25+0.17 3.021*
1-MX + O, 7.0+ 0.58 1.02+0.15 0.145
1-MX+NAD * 6.6 + 1.08 8.31+0.98 1.25%
Human 1-MX+NAD * 5.7+ 0.30 8.18 £ 0.85 1.435
6-MP + O, 25.7 +£0.51 1.73 £0.04 0.067
6-MP+NAD™* 20.80+0.41 6.62+0.64 0.318
Allopurinol + O, 16.7 £ 0.62 1.73+£0.05 0.1
Allopurinol+NAD * 15+0.25 5.52+ 1.07 0.368
Pyrazinamide + O, 153.1+2.05 1.07£0.37 0.006
Pyrazinamide +NAD" 90.7 £ 1.00 6.41+0.94 0.0

The values shown are the mean = S.D. The typical results are from three independent

experiments. (P< 0.05one way ANOVA are marked with asteriskgompared with the

rainbow trout **n = 3. (a)-Spectrophotometric assays.
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3.4.4.3. Allopurinol

The NAD-dependant Km values f@llopurinol asan XDH substratewith trout was
approximately4-fold greaterthan thatboth mammalian speciesTéble 40. The O.-
dependant Km value faallopurinol as XOsubstratewith Wistar ratand human are
similar as in(Table 40. The NAD-dependant Vmax value for allopurinol as XDH
substratewith Wistar rat and human was approximately 3 affdl® more than that
O,-dependant Vmax valueespectively(Table 40Q. The NADdependant substrate
efficiency (Ks) values for allopurinol as an XDH substrate with trout was lower
compared than that with Wistar rat and human respectively (Table 40). Fhe O
dependant substrate efficiency (K&lue for allopurinol as XO substrate withman

waslower than that with Wistar rat (Table 40).

3.44.4. 6mercaptopurine (6MP).

The NAD-dependanKm valuefor 6-MP as an XDH substrat@ith both mammalian
are similar as i{Table 40.The NAD-dependant Vmax value forMP with Wistar

rat and humanvas approximately 3 andf6ld greater than that Sdependant Vmax
value (Table 40.The NAD and @ dependent substrate efficiency (Kelue for 6

MP with Wistar ratvaslower than that with human (Table 40).

3.4.44. 6thioxanthine.

The NAD-dependant Yhax value for @hioxanthine as aXXOR substrate with trout
was approximatel@-fold greater than that &lependant Vmax value ble 4Q. The
O,-dependant substrate efficiency (K@lue for 6thioxanthine as an XOR substrate
with trout was lower than tha with NAD-dependent (Table 4@ue to time

constraintsctivities were not measured for the mammalian species.
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3.4.3.4. Pyrazinamide

With the antrtuberculosisdrug pyrazinamideno activity was found witfO, as an
electron acceptor with rainbow trout cyteol. In contrast, pyrazinamide was
biotransformed in the presence of ®ith the bothmammalian enzynsewith Km
values for both Wistar rat and human being similar agTiable 40. When NAD was
usa as an electron acceptor both Wistar rad Aauman had ggpoximately 4 and 6
fold enhanced Vmaxespectivelyand the trout cytosol had measurable NAD
dependent activityThe Km valuefor the trout enzymevas approximately -2old
higher thantwo mammalianenzymes(Table 40Q. The NAD-dependent substrate
efficiency (Ks) value of trout with grazinamide as XDH substrateas found to be
lower compared with that Wistar rat and human respectively (Table 40). Fhe O
depeneént substrate efficiency (Ksplue for both mammalians with pyrazinamide as

substrate was similaim é&ble 40).

3.5. Comparison of menadione, benzamidine and oxipurinol as
molybdo-flavoenzyme inhibitors in different species.

Inhibition of AOX was determined with menadione and benzamidine, whereas
inhibition of XOR was determined with oxipurin@figure 722). Enzyme activity was
measured spectrophotometrically and intoibconcentrations used were from 0.5 uM

to 5 yM menadione and from 25uM to 100uM for benzamidine and oxipurinol
respectively. As seen ifFigure 7H), the AOX inhibitor 5uM menadione strolyg
inhibited AOX in trout liver with approximately 80% inhibition, while with rat and
human enzymes were inhibited ~ 90%. Another AOX inhibitor tested was
benzamidine which has been shown to be an inhibitor of AOX in rabbit a(8tedit

et al, 1989 Maia and Mira. 200Rand has been found to be a good affinity ligand for
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the purification of AOXs in rabbitat, mouse, bovine and chickengbles 21 and 22).
Benzamidine inhibition is pH dependent with higher pH giving stronger inhibition.
Whereas 100uM benzamidine inhibited rat and human AOX ~ 80% at pH 7.4 and by
~ 90% for both rat and human at pH 9.0, in contl®uM benzamidine did not
inhibit trout AOX either pH (kgures 71b and ®). The XOR inhibitor oxipurinol at
100pM inhibited XDH in trout, rat and human liver cytosol with ~ 60%, ~ 92% and~

95% inhibition respectively.
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Figure 71 Inhibition of trout, human and rat aldehyde oxidase rbgnadioneand
benzamidine

(a) Menadiongb) benzamidine at pH 7(4) benzamidine at pH 9.0AOX assays were carried out with
100uM DMAC final concentrationThe bar graph shows the mean = $:Dsignify a statistically

significant differencegne way ANOVA p. " 0.05) compared with the contrdlhe typical results are
from three independent experiments.
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Figure 72 Inhibition of trout, human and rat xanthine oxidoreductageipurinol at pH
7.4.

(a) oxipurinol. XO assays were carried out with 100uM xanthine ficahcentration (b) xipurinol.
XOR assays were carried out with 100uM xanthine final concentration @ui6™NAD™ final
concentration aglectron acgator. The bar gaph shows the mean + S.D. (*) signify a statistically
significant difference@ne way ANOVAp. " 0.05) compared with the contrdlhe typical results are
from three independent experiments.
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3.51. Determination of Ki for molybdo-flavoenzyme inhibitors in
trout liver cytosol.

In order to determine the Ki for AOX and XOR inhibitors with the trawer
molybdoflavoenzymes a series of experiments were conducted with menadione,
ethinyl estradio] estradiol, clorpromazine, phenanthridine and oxipurinol with R6u

to 100uM substrate concentration and 0.5uM to 5uM inhibitor concentraimept
oxipurinol concentration from 25uM to 100puM.ineweaveiBurk plots from this data
were used to determiribe inhibitor constant Ki(Figures 73 to 8dshow the effect of
these inhibibrs ontrout liver AOX and XDH (Table 4) summarises thahibition
constarg (Ki) and mode of inhibition of differentnhibitors with trout AOX and

XDH.
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Figure 73 Saturation kineticsplot for menadioneinhibition with DMAC as an AOX
substraten troutliver cytosol

The concentration of DMAC as aldehyde oxidase substatevariedfrom 25uM to 100uM and
menadioneconcentration rangeftom 0.5uM to 5uM. The typical results are from three independent
experiments
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Figure 74 LineweavefBurk plotfor menadione inhibitionvith DMAC as an AOXsubstrate
in troutliver cytosol.
The concentration of DMAC as aldehyde oxidase substatéeed from 25uM to 100uM and

menadioneconcentration rangeftom 0.5uM to 5uM. The typical results are from three independent
experiments.
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Figure 75: Saturation kineticplot for estradiolinhibition with DMAC as an AOXsubstrate
in trout liver cytosol.

The concentration of DMAC as aldehyde oxidase substkate varied from 25uM to 100uM and
estradiolconcentration ranged fro@.5uM to 5uM. The typical results are from three independent
experiments.
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Figure 76. LineweaveiBurk plotfor estradiol inhibitionwith DMAC as an AOXsubstraten
troutliver cytosol

The concentration of DMAC as aldehyde oxidase substwate varied from 25uM to 100uM and
estradiolconcentration ranged frof.5uM to 5puM. The typical results are from three independent
experiments.
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Figure 77 Saturation kineticgplot for  .-ethinyl estradiolinhibition with DMAC as an
AOX substratén troutliver cytosol

The concentration of DMAC as aldehyde oxidase subsivatevaried fron25uM to 100uM and .-
ethinyl estradiolconcentration ranged fro.5uM to 5uM. The typical resus are from three
independent experiments.
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Figure 78 LineweaverBurk plotfor  .-ethinyl estradiolnhibition with DMAC as an AOX
substraten troutliver cytosol

The concentration of DMAC as aldehyde oxidase subsivatevaried fron25uM to 100uM aad .-
ethinyl estradiolconcentration ranged from.5uM to 5pM. The typical results are from three
independent experiments.
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Figure 79 Saturation kineticglot for chlorpromazine inhibitiorwith DMAC as an AOX
substraten troutliver cytosol

The corentration of DMAC as aldehyde oxidase substieés varied from25uM to 100puM and
chlorpromazineconcentration ranged fromd.5uM to 5uM. The typical results are from three
independent experiments.
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Figure 80 LineweaverBurk plot for chlorpromazine infuition with DMAC as an AOX
substraten troutliver cytosol

The concentration of DMAC as aldehyde oxidase substate varied from25uM to 100uM and
chlorpromazineconcentration ranged fromd.5uM to 5uM. The typical results are from three
independent exgriments.
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Figure 81 Saturation kineticgplot for phenanthridine inhibitiowith DMAC as an AOX
substraten troutliver cytosol

The concentration of DMAC as aldehyde oxidase substrat varied from25uM to 100uM and
phenanthridineconcentration raged from 0.5uM to 5uM. The typical results are from three
independent experiments
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