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A&WacGPyndnuum oxldase B from Rzcrnus cornmums, lmtlally separated by DEAE cellulose. column 
chromatography, was further puntied The fraction with the highest actlvlty from Ecteola cellulose column 
stdl showed a trace of unpuntles m polyacrylam~de gel electrophoresls Molecular weight estunatlon by 
sucrose gradient ultracentnfugatlon showed that pyn&mum oxldase B has an apparent molecular weight 
of approxunately 250,000 The rate of 4- and 6-pyndone formation m the catalytic process was stubed The 
ratio of the 6-pyndone to 4-pyndone ranged from 3 5 to 4 1 The K,,, for 1-methyl-mcotmomtnle perchlorate 
was found to be 5 x 10d4 M for pynduuum oxldase B, and it decreased with lncreasmg pH An approxnnate 
PK. of 9 9 was obtamed for the lomzmg group involved m the enzymatic reaction The K,,, values for Its 
substrate analogues, except 1-methyl-3-acetyl pyndlmum, were found to be the same However, the value of 
V, increased as the &pole moment of the 3 substltuent mcreased The present evidence Indicates that the 
positively charged quatemary mtrogen 1s necessary for the enzyme-substrate bmdmg, and a strong electron 
wlthdrawmg group w111 enhance the oxldatlon reaction The enzyme resembles aldehyde and xanthme oxldase 
m its ability to oxldze a wide vanety of mtrogenous compounds 

INTRODUCTION 
IN THE previous paper’ we have reported a multiple enzyme system in Rzcznus communzs. 
Although these three pyrldmmm oxldases A, B and C exlvblted different behavior on 
DEAE-cellulose columns, suggesting that they are different protein molecules, they have 
many properties m common. Their substrate speclficcltles were alike, except m the case 
where xanthme was used as a substrate and only pyrilmum oxldase A exhblted a trace of 
xanthme oxldase activity. Analysis of the products also showed that all three enzymes 
catalysed the formation of 4- and 6-pyndones. This showed a strlkmg slmllanty to enzymes 
such as aldehyde oxldase, xanthme and I-methylnlcotmamlde oxldase from the mammahan 
system which 1s also known to have pyrldone forming actlvrfies.2-7 Comparison of the 
pyrldmmm oxldases with these mammalian enzymes, which catalyse similar reactions, 1s 
also of general interest Among these three Rzcznus enzymes, pyrldmmm oxldase B 1s 
consldered to be more stable and more abundant m the crude enzyme preparation. It was 
therefore selected for further studies. 

1 P. Fu, J. Kosus and T ROBINSON, Phytochem (In press) 
* K V RAJAG~PALAN and P HANDLER, J. Brol Chem 239,2022 (1964) 
3 S CHAYKIN, Bzochwn Brophys Acta 82,633 (1964) 
4 L GREENLEE and P HANDLER. J Wol Chem 239. 1090 (1964) 
5 K MURASHIOE, D MCDANIEL kd S CHAYKIN, Bbchzm bophys Actu 118,556 (1966) 
6 S GLUERSOHU-WAELSCH, P. GREENGARD, G. P QUINN and L S TEICHER, J B1o1 Gem. 242,1271(1967) 
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Purrjicatlon 
RESULTS 

As shown m the previous paper,’ pyrldmmm oxldases A, B and C were separated by 
DEAE-cellulose column chromatography. Pyrldmmm oxldase B appeared m fractions 
between 0 15 M and 0.25 M potassium phosphate buffer Since active enzyme fractions 
came out through the void volume of Sephadex G200, gels with a higher fractlonatlon range 
were used The elutlon pattern of pyrldmmm oxldase B on Blogel 5A as demonstrated m 
Fig 1 showed that the active protein came out on the shoulder of the second major peak 
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FIG 1 THE ELIJTION PATTERN OF PYRIDINIUM OXEDASE B ON BIOGEL 5A 
The gel filtration was performed under the followmg condrtlons enzyme sample, 7 5 ml concen- 
trated enzyme B solution from DEAE column, bed dlmenslon, 2 5 x 50 cm, flow rate, 3 ml/ 
20 mm, eluant 0 01 M potassmm phosphate, pH 7 5, 10e3 M EDTA, fraction volume, 3 ml/tube, 
operatmg pressure, 4 5 cm The elutlon was accomphshed by upward flow The protem content was 
measured by absorbance at 280 nm The pyrldmmm oxldase actlvlty was estimated as described m 

the Expernnental 

(a> Absorbance at 280 nm, (0) Actmty 
d 0 D 255 nm 
ml x 1o m,n 

Fractions collected from gel filtration were usually not homogeneous as shown by disc 
electrophoresls. Further purification of pyrldmlum oxldases B was attempted using a weak 
amon exchanger-Ecteola The protein as measured by absorbance at 280 nm as well as by 
oxldase actlvlty are shown m Fig 2 The fraction with the highest actlvlty was analysed by 
disc electrophoreas. A major fast moving band followed by a slow moving minor com- 
ponent was observed. Molecular weight estlmatlon by sucrose gradient ultracentrlfugation 
showed that the pyrldmmm oxldase B had an apparent molecular weight similar to that of 
catalase (250,000). 

Analysis of Enzymatic Products 
Havmg shown the formatlon of 4- and 6-pyndones by pyndmmm oxldases, the ratio of 

4- and 6-pyndone formation m the catalytic process was investigated The punfied pyn- 
dmmm oxldase B was incubated with methyl-14C labelled mcotmomtrlle iodide as substrate, 
the extraction and separation of the products were followed as described m the expen- 
mental section The above data confirm the previous nonlabelled experiment which had 
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FIG 2 A TYPICAL STEPWISE ELUTION PATTERN OF PYRIDINILlM OXIDASE B FROM &TEOLA CELLULOSE 

COLUMN 

The Ekteola column chromatography was performed under the followmg combtlons, enzyme 
sample, 20 ml enzyme B solution (12 mg) from Blogel column, bed dlmenslon, 1 5 x 15 5 cm, 
flow rate, 2 ml/20 mm, eluant (stepwlse gradient), 0 01 M-O 08 M potassium phosphate, pH 7 5, 
10m3 M EDTA, fraction volume, 2 ml/tube The protein content was determmed by measurmg 

absorbance at 280 nm The activltv was estunated as described in Exoenmental 

(0) Absorbance at 280 nm , (0) Actlvlty 
AOD 282& 

ml x mm 

shown 4- and 6-pyndones as the enzymatic products In the absence of enzyme there 
was less than 3% of radloactlvlty found m the spots of the correspondmg 2-, 4- and 6- 
pyndones. This might have resulted either from the tailing of a solvent mlgratlon or from 
some nonenzymlc reaction. Nevertheless, the amount of radloactivlty was neglrglble m 
comparison with that found m the enzymatic reaction. It was noted m Fig 3 that the rate of 

mm 

FICL 3. THE RATE OF 4- AND 6-PYRIDONE FORMATION CATALYSED BY PYRILHNIUM OXIDASE B. 
(0) Substrate, l-methyl mcotmomtnle lodlde, (Cl) 2-pyndone, (0) 4-pyndone; (A) 6-pyridone 
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4- and 6-pyndone formation leveled off after 30 mm The ratlo of the 6- to Cpyndone 
ranged from 3.5 to 4-l over a period of 1 hr The predommant product seemed to be 
6-pyrldone As shown prevlously,s several substrate analogues were oxldlzed by pyndmmm 
oxldase 

The UV spectra of their enzymatic oxldatlon products are illustrated m Fig 4 The UV 
spectrum of the reactlon products of both 1-methyl-3-aldehyde pyndmmm lodlde and l- 
methyl-3-acetyl pyrldmmm Iodide were slmllar (Fig 4-C and 4-D) Both spectra showed 
maximum absorption at 280 nm The products of I-ethyl3-cyano pyrldmmm bromide and 
I-benzyl-3-cyano pyrldmmm chloride oxldatlon exhlblted spectrum ldentlcal to that of the 
oxldatlon product of 1-methyl-3-cyano pyrldmmm perchlorate See Fig 4-A, 4-F and 4-G 
The oxldatlon product of I-methyl-3-mtro pyrldmmm lodlde showed a maximum absorption 
at 300 nm (Fig 4B) 

Substrate Kinetics 

The effect of various concentrations of substrate analogues on the pyrldmmm oxldase B 
actlvlty was studled (Table 1) There was no evidence of slgmoldal kmetlcs, and a Mlchaehs- 
Menten type kmetlcs was generally observed The Mlchaehs constant (K,) was 5 0 x low4 M 
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FIG. 4 (e-g) 
FIG 4 UV ABSORP~ON SPECTRA OF THE OXIDATION PRODLICTOFVARIOUSSUBSTRATEANALOCSUES 
Figure 44, Substrate (10m3 M) (a) I-Methyl-3-cyano-pyndmmm perchlorate, (b) 1-methylJ- 
mtro-pyndnuum todrde, (c) 1-methyl-3-aldehyde-pyr~dnuum iodide, (d) I-methyl-3-acetyl-pyn- 
dunum iodide, (e) l-methyl mcotmamtde iodide, (f) I-ethyl-3-cyano-pyndnuum broyt;io$) 
1 benzyl-3-cyano-pyrtdnnum chloride, t- - - - -) absorptton spectra of substrate, (- 

tton spectra of the oxtdatron product 

for all substrate analogues except I-methyl-3-acetyl pyrldmmm lodlde, and the reason for 
this IS as yet unresolved. The V,,, values illustrated the electron withdrawing potential of the 
3-substltuents (Table 1) 

TABLET K,,, AND V, VALUESFOR VARIOUS ~~EWXA~ OF PyRrnmIuM 
OXIDASE B 

Substrate (% V, 

I-Methyl-3-cyano-pyndmtum perchlorate 5 x 10-d 20 
1-Methyl-3-mtro-pynduuum rodrde 5 x 10-b 10 
I-Methyl-3-acetyl-pyrtdnnum rodrde 2 x 10-a 66 
1-Methyl-3-aldehyde-pyrnimtum todtde 5 x 10-b 51 
I-Ethyl-3-cyano-pyndtmum bronnde 5 x 10-b 6 
1 Benzyl-3-cyano-pyndnuum chlonde 5 x 1o-4 5 
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PH 

FIG. 5 Tm EFPECT OF pH ON THE Km VALUES FOR ~-METHYL NICOTINONITRILE PERCHLORATE As 
SUBSTRATE FOR PYRIDINHJM OXIDASB B 

Substrate analogues not oxldlzed by pyrldmmm oxldase B are tngonelhne sulphate, 
qumohne and pyridme methlodldes, mcotmic acid, mcotmomtnle and I-methyl-3-cyano-, 
derivatives of 2-, 4- and 6-pyndone As shown prev1ously,8 the optimal actlvJty for pyri- 
dinium oxidases A, B and C was between pH 9.5 and 10.5 The actlvlty above pH 11 and 
below 9 5 fell sharply Since the quaternary compounds such as l-methyl mcotmomtrtle 
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FIG 6 DIXON PLOTS OF THE EFFECT OF pH ON Km VALUES FOR PYRIDINIUM OXIDASE B THE INTER- 
SECTION OFTHE TWO TANGENTS INDICATES THE APPROXIMATE PK. OF A TITRATABLEGROUP ONTHE 

ENZYME 

perchlorate undergo no change m lomzatron m the pH range of 9 0 to 11 0, the fall on 
either side of that optimal pH range might have resulted from the change m the affinity of 
an enzyme for Its substrate or probably from the denaturatlon of the enzyme itself Thus the 
influence of pH on the K,,, values for I-methyl-mcotmomtrlle perchlorate was further 
studied It was noted that the K,,, values decreased as the pH was riused This IS shown m 
Fig 5 When the data were plotted according to Dlxon,g as shown m Fig 6, an approximate 

9 M DIXON and E. WEBB, Enzymology (2nd EdItIon), Academc Press, New York (1965) 
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pK,, of 9-9 was obtained for the ionization group. The imphcatton 
discussed m a later section. 

DISCUSSION 

101 

of these data will be 

As described above, pyndmium oxidase B was further purified to near homogeneity. 
Sephadex G200, Btogel A5M and Sepharose 4B gave relattvely the same resolution m 
purification, yet Biogel 5A and Sepharose 4B were by far caster to mampulate m column 
chromatography Generally, approxtmately 500-to lOOO-fold purification was achieved after 
gel filtratton. Individual fractions from Pcteola yielded as htgh as 3800-fold purification, 
and yet a trace of impurities was still seen m &SC electrophoresis. Percentage yield of the 
active protem resultmg from the various methods was still rather low. Therefore, m order to 
get sufficient purified enzyme for various biochemical studies, the present purmcation pro- 
cedure still needs further improvement 

The enzymatic oxidation products identified were 4- and 6-pyndones. The formation of 
6-pyndone seems to be three to four times greater than the formation of Cpyridone A 
number of partially purified l-methyl mcotmamrde oxldases from hver homogenate m the 
mammalian system were also shown to form 4- and 6-pyndone m various rattos 5-7,1o The 
importance of this enzyme m living organisms IS still unclear, it IS possible that it may play a 
regulatory role m the pyndme nucleoude cycle of NAD metabolism 

In the study of substrate kmetics, simtlar K,,, values were found for all substrate an- 
alogues except I-methyl3-acetyl pyrtdimum iodide, yet their V,,, values varied m accordance 
with the electron withdrawing power of the 3 subsntuents, increasing as the dipole moment 
of this group increased (Table 2) The present evtdence mdicates that the positively charged 
quaternary mtrogen is necessary for the enzyme-substrate bmdmg, while a strong electron 
withdrawmg group at the 3 position would enhance the oxidation itself Failure to observe 
the oxtdation of mcotmic acid and mcotinomtnle verifies the central role of the positively 

TALILE 2 COMPARLWN OF V, AND DIPOLE MOMENT (D) FOR VARIOUS SUBSTRATE 
ANALOGIJES OF PYRILMNIUhi OXIDASB B 

Substrate VIII Dipole moment (D) 

I-Methyl-3-cyano-pynduuum per&orate 20 4 39 
I-Methyl-3-mtro-pynduuum Iodide 10 421 
1-Methyl-3-acetyl-pyn&mum lo&de 66 300 
I-Methyl-3-aldehyde-pyndlIllum lodtde 57 2 76 

charged quaternary nitrogen m the enzymatic mechantsm. It was noted that tngonelhne was 
not oxrdrzed by pyridmmm oxldase, the negatively charged carboxyl group possibly being 
repelled from the bmdmg site. As shown m Fig 5 the influence of pH on K,,, values for 
1-methylmcotmomtrile perchlorate was strikmg Since the quaternary mtrogen compound 
IS not hkely to change its ionization m the pH range from 9-O to 11 0, the observed gradual 
decrease m K,,, values as pH increased suggested that the enzyme underwent certam structural 
changes at the substrate bmdmg site If the enzyme is only active rn one ionic form at the 

lo S D HUFF and S C~YKIN, J Brol Chem 242,1265 (1967). 
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active site, then loss of a proton from this site could result m a higher affimty for the posl- 
tlvely charged quaternary heterocychc compounds From the Dixon plot, an approximate 
pK, of 9.9 obtained for the lomzatlon suggested that chemical groups hke ammo, sulfhydryl 
and phenohc hydroxyl groups would probably be involved m the catalytic process Although 
a number of sulfhydryl reagents exhibited mhlbltlon on pyrldmlum oxldase B, the possl- 
b&y of reaction with groups other than -SH cannot be excluded In consldermg the mvolve- 
ment of an ammo group at or near the active site, Greenlee and Handler4 postulated that 
protonatlon of an ammo group would prevent the bmdmg of quaternary compounds by 
electrostatic repulsion, yet dlssoclatlon of this group with mcreasmg pH would allow the 
quaternary heterocychc compounds to approach the bmdmg site and be oxldlzed This Idea 
could very well be apphed to a negatively charged phenoxlde group which m turn would 
attract a posltlvely charged quaternary ammomum compound In this paper, some of the 
blochemlcal properties of pyrldmmm oxldase B are presented and dlscussed It must be 
concluded that much work will be required to elucidate the mechamsm of actlon of the 
pyrldmmm oxldase 

EXPERIMENTAL 

Purrficatzon of Pyr~dmuun Oxldase B 

Preparation of crude enzyme solution and Its separation mto pyndrmum oxldases A, B and C by DEAB 
cellulose column were described prevtously 1 All fractions of pyndtmum oxldase B from gel filtration were 
pooled and concentrated by ammomum sulfate precipitation The prectpitate collected by centnfugatron at 
12,000 rev/mm for 20 mm was dissolved m a mammal volume of an appropriate buffer containing 0 001 M 
EDTA and dlalysed exhaustively 

Ecteola column chromatography Ecteola (nuxed ammes) cellulose was first washed m alkali and then m 
acid 20 ml of pymlmnun oxldase B solution (approxunately 12 mg protein) was apphed to the column 
(1 5 x 15 5 cm) which was previously equilibrated with 0 01 M potassium phosphate containing 0 001 M 
EDTA at pH 7 5 The column was eluted with a stepwise gradient from 0 01 to 0 08 M and the protein 
profile was momtored at 280 nm 

Acrylamzde gel electrophoreszs The procedure of Omstem and Davis” was followed, except that the 
‘sample’ as well as ‘spacer’ gels were omltted, and the sample m 20% sucrose was dehvered by a 50 ~1 
Hamilton syrmge directly on top of the separating gel Coomassle blue was used to detect the protein zones I2 
Electrophoretlc condltlons were as follows 2 mA/tube, 0 05 M Tns-glycme buffer at pH 8 9, 45 mm to 1 hr 
duration 

Sucrose gradzent ultracentrrfuge Sucrose gradients were used m a manner similar to that reported by 
Martin and Ames I3 Continuous gradients of 8 5-20% sucrose m 0 05 M potassium phosphate buffer 
(pH 7 5) and 0 001 M EDTA were run m a Beckman L2-65B ultracentnfuge with a SW41 head with total 
volume of 13 ml of sucrose Approximately 500 pg of concentrated pyndlmum oxldase B plus marker 
protem (catalase) m a volume less than 0 3 ml was layered on the top of the gradient Gradients were centn- 
fuged at approxunately 40,000 rev/mm for 4 hr at 20” The gradient was tapped with a 21 G needle and 40 
drop ahquots (about 0 5 ml) were collected The fractions were assayed for enzyme actlvlty Molecular 
weights were calculated according to Martm and Ames ‘a 

Analysts of Enzymatrc Products 

The extraction and separation of the oxldatlon products was camed out as described m the previous 
paper I4 The charactenzatlon of the products was achieved by TLC on slhca gel The chromatogram was 
examined under UV light and treated with DragendortT’s reagent I5 Spots that exhibited fluorescence or 

I1 L ORNSTEIN and B J DAVIS, Ann N Y Acad Scr 121,321 (1964) 
I2 A CHRAMBACH, Anal Btochem 20, 150 (1967) 
I3 R G MARTIN and B N AMES, J Bzoi Chem 236, 1372 (1961) 
I4 P Fu and T ROBINSON, Phytochem 9,2443 (1970) 
I5 H M BREGOFF, E ROBERTS and C C DELWICHE, J Bzol Chem 205, 565 (1953) 
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quenchmg were outlmed, therr RI values calculated, and they were then removed and dissolved m various 
solvents Fdtrates from Teflon membranes were exammed by UV absorptton over the range of 200 to 340 nm 
The ratio of 4- and 6-pyndone formatton m the catalytic process was investigated by usmg methyl-W 
labelled I-methyl-mcotmomtnle lo&de as substrate The extractron and separation of the products was 
followed as prevrously described Spots of 2,4 and 6-pyndones from expenmental samples as well as from 
controls were transferred to a scmttllatton counting vial, and the radtoactivrty counted by scmttllatron 

Enzyme assay Chemtcals as well as assay methods were as described prevtously r*ll 

Key Word Index-Rtcmus cornmums, Euphorbraceae , pyrlduuum oxtdase B , enzyme purtticatton 


