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Abstract—Pyridimum oxidase B from Ricinus commums, mitally separated by DEAE cellulose column
chromatography, was further purified The fraction with the highest activity from Ecteola cellulose column
still showed a trace of impurities 1n polyacrylarmde gel electrophoresis Molecular weight estimation by
sucrose gradient ultracentrnifugation showed that pyridinium oxidase B has an apparent molecular weight
of approximately 250,000 The rate of 4- and 6-pyridone formation 1n the catalytic process was studied The
rat10 of the 6-pyridone to 4-pyridone ranged from 3 5 to 4 1 The K, for 1-methyl-nicotinomtrile perchlorate
was found to be 5 X 10~*M for pyndinium oxidase B, and 1t decreased withincreasing pH An approximate
pK, of 9 9 was obtamed for the 1omizing group involved in the enzymatic reaction The K, values for its
substrate analogues, except 1-methyl-3-acetyl pyridinium, were found to be the same However, the value of
Vi increased as the dipole moment of the 3 substituent increased The present evidence indicates that the
posttively charged quaternary mitrogen 1s necessary for the enzyme-substrate binding, and a strong electron
withdrawing group will enhance the oxidation reaction The enzyme resembles aldehyde and xanthine oxidase
1n 1ts abihity to oxidize a wide variety of mtrogenous compounds

INTRODUCTION

IN THE previous paper! we have reported a multiple enzyme system 1n Ricinus commumnis.
Although these three pyridintum oxidases A, B and C exhibited different behavior on
DEAE-cellulose columns, suggesting that they are different protein molecules, they have
many properties in common. Their substrate specificities were alike, except 1n the case
where xanthine was used as a substrate and only pyridinium oxidase A exhibited a trace of
xanthine oxidase activity. Analysis of the products also showed that all three enzymes
catalysed the formation of 4- and 6-pyridones, This showed a striking similarity to enzymes
such as aldehyde oxidase, xanthine and 1-methylnicotinamide oxidase from the mammalian
system which s also known to have pyridone forming activities.>~7 Comparison of the
pyridintum oxidases with these mammalian enzymes, which catalyse similar reactions, 1s
also of general interest Among these three Ricimus enzymes, pyridinum oxidase B 1s
considered to be more stable and more abundant 1n the crude enzyme preparation. It was
therefore selected for further studies.
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RESULTS

Purification

As shown 1n the previous paper,! pyridintum oxidases A, B and C were separated by
DEAE-cellulose column chromatography. Pyridinium oxidase B appeared 1n 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 fractionation range
were used The elution pattern of pyridintum oxidase B on Biogel 5A as demonstrated in
Fig 1 showed that the active protem came out on the shoulder of the second major peak

10—~  200p~ .
v
P\.
: | /
2 i
3 . T \
e s [f\
_g 05— 5;oo— /3 |l .
o £ .
3 L\
< 4
oz . ?
N\
OL [e] ;orn-‘L ]()4\(L Glo
Tube No

FiG 1 THE ELUTION PATTERN OF PYRIDINIUM OXIDASE B ON BIOGEL 5A
The gel filtration was performed under the followmng conditions enzyme sample, 7 5 ml concen-
trated enzyme B solution from DEAE column, bed dimension, 25 X 50 cm, flow rate, 3 ml/
20 min, eluant 0 01 M potassium phosphate, pH 7 5, 10~3M EDTA, fraction volume, 3 ml/tube,
operating pressure, 4 5 cm The elution was accomplished by upward flow The protein content was
measured by absorbance at 280 nm The pyridinium oxidase activity was estimated as described 1
the Experumental

AOD 255
(®) Absorbance at 280 nm, (O) Activity (*-—-——l]—'m)

ml X 10 min

Fractions collected from gel filtration were usually not homogeneous as shown by disc
electrophoresis. Further purification of pyridintum oxidases B was attempted using a weak
anion exchanger—Ecteola The protein as measured by absorbance at 280 nm as well as by
oxidase activity are shown in Fig 2 The fraction with the highest activity was analysed by
disc electrophoresis. A major fast moving band followed by a silow moving mmor com-
ponent was observed. Molecular weight estimation by sucrose gradient ultracentrifugation
showed that the pyridinium oxidase B had an apparent molecular weight similar to that of
catalase (250,000).

Analysis of Enzymatic Products

Having shown the formation of 4- and 6-pyridones by pyridinium oxidases, the ratio of
4- and 6-pyridone formation in the catalytic process was investigated The purnified pyn-
dinium oxidase B was incubated with methyl-14C labelled nicotinonitrile 10dide as substrate,
the extraction and separation of the products were followed as described 1n the experi-
mental section The above data confirm the previous nonlabelled experiment which had



Isolation and characterization of pyridimum oxidase B 97

QS R ol >
£
2
o~
®
2 2 \ o
8 o252 os}- il
5 o e o 'I \!
2 < \
< l A
J R g
/ s Nd RN
L | et -4 1 1
o o 20 40 €0 80 100
Tube No

Fi1G 2 A TYPICAL STEPWISE ELUTION PATTERN OF PYRIDINIUM OXIDASE B FROM ECTEOLA CELLULOSE
COLUMN
The Ecteola column chromatography was performed under the following conditions, enzyme
sample, 20 ml enzyme B solution (12 mg) from Biogel column, bed dimension, 15 X 15 5cm,
flow rate, 2 mi/20 mun, eluant (stepwise gradient), 0 01 M-0 08 M potassium phosphate, pH 7 5,
10~3M EDTA, fraction volume, 2 ml/tube The protein content was determined by measuring
absorbance at 280 nm The activity was estimated as described in Expertmental

AOD 282 nm)
(@) Absorbance at 280 nm, (O) Activity (m

shown 4- and 6-pyridones as the enzymatic products In the absence of enzyme there
was less than 39 of radioactivity found i the spots of the corresponding 2-, 4- and 6-
pyridones. This might have resulted either from the tailing of a solvent migration or from
some nonenzymic reaction. Nevertheless, the amount of radioactivity was neghgible n
comparison with that found in the enzymatic reaction. It was noted in Fig 3 that the rate of
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Fi1G. 3. THE RATE OF 4- AND 6-PYRIDONE FORMATION CATALYSED BY PYRIDINIUM OXIDASE B.
(®) Substrate, 1-methyl micotinonitrile 1odide, () 2-pynidone, (O) 4-pyridone; (A) 6-pyridone
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4- and 6-pyridone formation leveled off after 30 min The ratio of the 6- to 4-pyridone
ranged from 3-5 to 4-1 over a period of 1 hr The predominant product seemed to be
6-pyridone As shown previously,® several substrate analogues were oxidized by pyridintum
oxidase

The UV spectra of their enzymatic oxidation products are illustrated in Fig 4 The UV
spectrum of the reaction products of both 1-methyl-3-aldehyde pyridinium 10dide and 1-
methyl-3-acetyl pyridinium 10dide were similar (Fig 4-C and 4-D) Both spectra showed
maximum absorption at 280 nm The products of 1-ethyl-3-cyano pyridinium bromide and
1-benzyl-3-cyano pyridintum chloride oxidation exhibited spectrum i1dentical to that of the
oxidation product of 1-methyl-3-cyano pyridinium perchlorate See Fig 4-A, 4-F and 4-G

The oxidation product of I-methyl-3-nitro pyridinium 10dide showed a maximum absorption
at 300 nm (Fig 4B)

Substrate Kwnetics

The effect of various concentrations of substrate analogues on the pyridintum oxidase B
activity was studied (Table 1) There was no evidence of sigmoidal kinetics, and a Michaehs—
Menten type kinetics was generally observed The Michaehs constant (K,,) was 50 x 1074 M
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FIG 4 UV ABSORPTION SPECTRA OF THE OXIDATION PRODUCT OF VARIOUS SUBSTRATE ANALOGUES

Figure 44, Substrate (1073 M) (a) 1-Methyl-3-cyano-pyndinium perchlorate, (b) 1-methyl-3-

nitro-pyridimum 1odide, (¢) 1-methyl-3-aldehyde-pyridinium 10dide, (d) 1-methyl-3-acetyl-pyn-

dimum iodide, (e) 1-methyl mcotinamude 10dide, (f) 1-ethyl-3-cyano-pynidintum bromude, (g)

1-benzyl-3-cyano-pyridintum chlonde, (— - - — - ) absorption spectra of substrate, ( ) absorp-
tion spectra of the oxidation product

for all substrate analogues except 1-methyl-3-acetyl pyridintum 10dide, and the reason for
this 1s as yet unresolved. The V,, values 1illustrated the electron withdrawing potential of the
3-substituents (Table 1)

TABLE | K,, AND V,, VALUES FOR VARIOUS SUBSTRATES OF PYRIDINIUM

OXIDASE B
K,

Substrate M) Vi
1-Methyl-3-cyano-pyridinium perchlorate 5 X 104 20
1-Methyl-3-mtro-pyridimmum 1ochide 5 x 104 10
1-Methyl-3-acetyl-pyridinium 10dide 2 x 10°3 66
1-Methyl-3-aldehyde-pyridinium 10dide 5 % 10~4 57
1-Ethyl-3-cyano-pyndinium bromide 5 x 104 6
1-Benzyl-3-cyano-pynidinium chloride 5 x 10°4 5
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FiG. 5 THE EFFECT OF pH ON THE K, VALUES FOR 1-METHYL NICOTINONITRILE PERCHLORATE AS
SUBSTRATE FOR PYRIDINIUM OXIDASE B

Substrate analogues not oxidized by pyridinium oxidase B are trigonelline sulphate,
quinoline and pyridine methiodides, nicotinic acid, nicotinonitrile and 1-methyl-3-cyano-,
derivatives of 2-, 4 and 6-pyridone As shown previously,® the optimal activity for pyn-
dinium oxidases A, B and C was between pH 9-5 and 10-5 The activity above pH 11 and
below 9 5 fell sharply Since the quaternary compounds such as 1-methyl nicotinonitrile
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FiG 6 DIXON PLOT® OF THE EFFECT OF pH ON K,, VALUES FOR PYRIDINIUM OXIDASE B THE INTER-
SECTION OF THE TWO TANGENTS INDICATES THE APPROXIMATE PK, OF A TITRATABLE GROUP ON THE
ENZYME

perchlorate undergo no change i 1omization 1 the pH range of 90 to 11 0, the fall on
either side of that optimal pH range might have resulted from the change 1n the affimty of
an enzyme for 1ts substrate or probably from the denaturation of the enzyme 1tself Thus the
influence of pH on the K, values for 1-methyl-nicotinonitrile perchlorate was further
studied It was noted that the K,, values decreased as the pH was raised This 1s shown 1n
Fig 5 When the data were plotted according to Dixon,? as shown in Fig 6, an approximate

2 M DixoN and E. WeBB, Enzymology (2nd Edition), Academic Press, New York (1965)
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pK, of 99 was obtained for the ionization group. The implication of these data will be
discussed in a later section.

DISCUSSION

As described above, pyridinium oxidase B was further purified to near homogeneity.
Sephadex G200, Biogel ASM and Sepharose 4B gave relatively the same resolution n
purification, yet Biogel 5A and Sepharose 4B were by far easier to manipulate 1n column
chromatography Generally, approximately 500-to 1000-fold purification was achieved after
gel filtration. Individual fractions from Ecteola yielded as high as 3800-fold purification,
and yet a trace of impurities was still seen 1n disc electrophoresis. Percentage yield of the
active protein resulting from the various methods was still rather low. Therefore, 1n order to
get sufficient purified enzyme for various biochemical studies, the present purification pro-
cedure still needs further improvement

The enzymatic oxidation products 1dentified were 4- and 6-pyridones. The formation of
6-pyridone seems to be three to four times greater than the formation of 4-pyridone A
number of partially purified 1-methyl nicotinamide oxidases from liver homogenate in the
mammahan system were also shown to form 4- and 6-pyridone 1n various ratios 3-7-1° The
importance of this enzyme 1n living organisms 1s still unclear, 1t 1s possible that 1t may play a
regulatory role 1n the pyridine nucleotide cycle of NAD metabolism

In the study of substrate kinetics, ssmilar X,, values were found for all substrate an-
alogues except 1-methyl-3-acetyl pyridintum 10dide, yet their ¥, values varied in accordance
with the electron withdrawing power of the 3 substituents, increasing as the dipole moment
of this group increased (Table 2) The present evidence indicates that the positively charged
quaternary nitrogen 1s necessary for the enzyme-substrate binding, while a strong electron
withdrawing group at the 3 position would enhance the oxidation itself Failure to observe
the oxidation of nicotinic acid and nicotinonitrile verifies the central role of the positively

TABLE 2 COMPARISON OF V,, AND DIPOLE MOMENT (D) FOR VARIOUS SUBSTRATE
ANALOGUES OF PYRIDINIUM OXIDASE B

Substrate Ve Dipole moment (D)
1-Methyl-3-cyano-pyridimum perchlorate 20 439
1-Methyl-3-mtro-pyridimium 1odide 10 421
1-Methyl-3-acetyl-pyridintum 10dide 66 300
1-Methyl-3-aldehyde-pyridinium 10dide 57 276

charged quaternary nitrogen 1n the enzymatic mechanism. It was noted that trigonelline was
not oxidized by pyridintum oxidase, the negatively charged carboxyl group possibly being
repelled from the binding site. As shown 1n Fig 5 the influence of pH on X, values for
1-methylmcotinonitrile perchlorate was striking Since the quaternary mtrogen compound
1s not likely to change 1ts 10n1zation 1n the pH range from 9-0 to 11 0, the observed gradual
decrease 1n K, values as pH mcreased suggested that the enzyme underwent certain structural
changes at the substrate binding site If the enzyme 1s only active 1n one 1omic form at the

19 § D Hurrand S CHAYKIN,J Biwl Chem 242, 1265 (1967).
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active site, then loss of a proton from this site could result 1n a higher affimity for the posi-
tively charged quaternary heterocyclic compounds From the Dixon plot, an approximate
pK, of 9-9 obtamed for the 1omization suggested that chemical groups like amino, sulfhydryl
and phenolic hydroxyl groups would probably be involved in the catalytic process Although
a number of sulfhydryl reagents exhibited inhibition on pyridinium oxidase B, the possi-
bility of reaction with groups other than ~SH cannot be excluded In considering the involve-
ment of an amino group at or near the active site, Greenlee and Handler* postulated that
protonation of an amino group would prevent the binding of quaternary compounds by
electrostatic repulsion, yet dissociation of this group with increasing pH would allow the
quaternary heterocyclic compounds to approach the binding site and be oxidized This idea
could very well be applied to a negatively charged phenoxide group which 1n turn would
attract a positively charged quaternary ammonium compound In this paper, some of the
biochemical properties of pyridinrum oxidase B are presented and discussed It must be
concluded that much work will be required to elucidate the mechanism of action of the
pyridinium oxidase

EXPERIMENTAL

Purification of Pyridimum Oxidase B

Preparation of crude enzyme solution and its separation into pyridinium oxidases A, B and C by DEAE
cellulose column were described previously ! All fractions of pyridinium oxidase B from gel filtration were
pooled and concentrated by ammomum sulfate precipitation The precipitate collected by centnifugation at
12,000 rev/mun for 20 min was dissolved 1n a mmmmal volume of an appropriate buffer containing 0 001 M
EDTA and dialysed exhaustively

Ecteola column chromatography Ecteola (mixed amunes) cellulose was first washed i alkali and then mn
acad 20 ml of pyridintum oxidase B solution (approximately 12 mg protein) was apphed to the column
(15 x 155 cm) which was previously equilibrated with 0 01 M potassium phosphate containing 0 001 M
EDTA at pH 75 The column was eluted with a stepwise gradient from 001 to 008 M and the protein
profile was monitored at 280 nm

Acrylanmde gel electrophoresis The procedure of Ornstein and Davis!! was followed, except that the
‘sample’ as well as ‘spacer’ gels were omutted, and the sample 1n 209, sucrose was delivered by a 50 ul
Hamulton syringe directly on top of the separating gel Coomassie blue was used to detect the protein zones '?
Electrophoretic conditions were as follows 2 mA/tube, 0 05 M Tris-glycine buffer at pH 8 9, 45min to 1 hr
duration

Sucrose gradient ultracentrifuge Sucrose gradients were used 1n a manner similar to that reported by
Martin and Ames *3 Continuous gradients of 8 5-209; sucrose in 0 05 M potassium phosphate buffer
(pH 7 5) and 0 001 M EDTA were run in a Beckman L2-65B ultracentrifuge with a SW41 head with total
volume of 13 ml of sucrose Approximately 500 ug of concentrated pyrnidimum oxidase B plus marker
protein (catalase) 1n a volume less than 0 3 ml was layered on the top of the gradient Gradients were centri-
fuged at approximately 40,000 rev/mun for 4 hr at 20° The gradient was tapped with a 21 G needle and 40
drop aliquots (about 0 5 ml) were collected The fractions were assayed for enzyme activity Molecular
weights were calculated according to Martin and Ames '3

Analysis of Enzymatic Products

The extraction and separation of the oxidation products was carried out as described 1 the previous
paper '* The characterization of the products was achieved by TLC on silica gel The chromatogram was
examined under UV light and treated with Dragendorff’s reagent * Spots that exhibited fluorescence or

L. OrnsteN and B J DAvis, Ann N Y Acad Sci 121, 321 (1964)

A CHRAMBACH, Anal Biochem 20, 150 (1967)

13 R G Martinand B N Awmes, J Biol Chem 236, 1372 (1961)

P Fuand T ROBINSON, Phytochem 9, 2443 (1970)

H M BreGorr, E RoBerTs and C C DeLwICHE, J Biol Chem 205, 565 (1953)
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quenching were outlined, their R, values calculated, and they were then removed and dissolved 1n various

solvents Filtrates from Teflon membranes were examined by UV absorption over the range of 200 to 340 nm

The ratio of 4- and 6-pyridone formation 1n the catalytic process was investigated by using methyl-14C

labelled 1-methyl-nicotinonitrile 1odide as substrate The extraction and separation of the products was

followed as previously described Spots of 2, 4 and 6-pyridones from experimental samples as well as from

controls were transferred to a scintillation counting vial, and the radioactivity counted by scintillation
Enzyme assay Chemucals as well as assay methods were as described previously -1
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