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CHAPTER I 

INTRODUCTION 
i? 

There have been many cases reported in the literature 

describing enzymes which have the ability to reduce various 

organic and inorganic oxides of nitrogen. These enzyme 

systems in general have shown requirements for flavin 

nucleotides and nicotinamide-adenine dinucleotide, NAD. 

In a fish tissue homogenate, Buhler and co-workers have 

shown that para-nitrobenzoic acid is enzymatically reduced 

to the corresponding amine (1). 

+ 3 NADPH + 3 H+ > (Pi + 3 NAD+ 

NH2 + 2 H20 

The enzymatic activity was enhanced by flavin-adenine 

dinucleotide, FAD. 

Saz and co-workers found that cells of Escherichia 

coli also contain an enzyme capable of reducing para-

nitrobenzoic acid (9). This system requires the presence 

of reduced nicotinamide-adenine dinucleotide, NADH, as a 

cofactor. Flavin-adenine dinucleotide and cysteine were 

shown to have enhancing effects on enzymatic activity. 

1 



Spencer gives evidence in a 1959 journal article for 

an enzyme which reduced nitrates in bacterial systems (10). 

The enzyme is systematically named NADH2: nitrate oxido-

reductase, and catalyzes the following reaction: 

NADH + H+ + NO^ > NAD+ + N02 + H20 

This enzyme requires flavin-adenine dinucleotide and divalent 

metal ions as necessary cofactors. 

An enzyme which catalyzes the reduction of nitrites has 

been described by Tanigachi and co-workers (11). This enzyme, 

nitrite reductase, requires reduced nicotinamide-adenine 

dinucleotide phosphate, NADPH2, flavin-adenine nucleotide, 

and divalent metal ions as cofactors. 

3 NADPH + 3H+ + NOj > 3 NADP+ + NH^OH + HgO 

Hyponitrite reduction has been described by Medina and 

co-workers (7) • The enzyme responsible for this catalytic 

activity is hyponitrite reductase: 

3 NADH + 3 H+ + N202
= > 3 NAD+ + 2 NHgOH 

Recent work by Norton and co-workers has revealed that 

whole cells of E. coli 9723 have the ability to reduce 

pyridylalanine N-oxides to the corresponding pyridyl ala-

nines (#). The enzyme(s) responsible for this conversion 

appears to be non-specific with respect to the position of 



the alanine substituent, as the 2-, 3-, and 4-pyridylalanine 

N-oxides were reduced to the corresponding pyridylalanines. 

In this study, it was noted that the toxicity exhibited by 

the pyridylalanine N-oxides resulted from the ability of 

E. coli 9723 to convert the non-toxic pyridylalanine N-oxides 

to the toxic pyridylalanines. Lactobacillus arabinosus 17-5 > 

which lacks the enzyme activity responsible for the reduction 

of the N-oxide grouping, suffers no toxic effects from the 

pyridylalanine N-oxides. 

There has been only one article in the literature which 

has reported bioreduction activity of pyridine N-oxide com-

pounds (6). This article appeared in a 1957 publication, 

describing the reduction of pyridine N-oxide to pyridine in 

baker's yeast. This study was conducted with whole yeast 

cells, and the authors listed no cofactors or conditions 

necessary for optimum enzymatic activity. As there had been 

no work done on pyridine N-oxide reductase activity, it was 

of interest to isolate and study this enzyme from E. coli 9723• 

In considering model systems of enzymatic oxidation-

reduction, it is necessary to look at previously described 

biological systems which are known to catalyze oxidation-

reduction type reactions. 

One such system is the peroxidase system which catalyzes 

the following general type reaction: 

enzyme ^ 
AH2 + H202 — > A + 2 H20 , 



where AH^ represents a reduced substrate (4)« These enzymes 

are generally hemoprotein in nature. 

It is found in many oxidation-reduction systems that the 

substrates are not directly oxidized by 02, but that hydrogen 

transfer takes place through one or more intermediate sub-

stances, which act as carriers. Glucose oxidase is one such 

enzyme which acts through an intermediate oxygen carrier. 

CHgOH CH20H 

+ F 

y? °x g 
H / H 

)H 

enzyme 
» 0 + FH 

FH2 + 02 — > F + H202 , 

where F denotes the flavin prosthetic group of the enzyme (5)< 

Other enzyme systems utilize NAD or NADP as intermediate 

electron acceptors or donors. Alcohol dehydrogenase is one 

such enzyme (3). 

CH^CHjOH + NAD+ > CH^CHO + NADH + H+ 

There are other systems which involve even greater num-

bers of steps in the overall oxidation-reduction process. 

One such complex system is, for example, the sequential 



process involved in intact mitochondria for the oxidation of 

succinate to fumarate (2, p. 221). 

Fumarate . WFADH2 Fe 

Succinate 
A . * 4 ^ 
s FAD 'Fe 

+ 

+ + + Fe++ Fe + + + Fe++ h 

Y Y Y Y 
cyto.bl cyto.cl cyto.cl cyto.al 

+ + F e + ^ ^ e * + F e + + ^ 

,io2 + 2H
H 

A Fe*1"** H20 

t+ 2H 

nonheme iron 

Cytochrome oxidase constitutes the last carrier in the chain 

and catalyzes the following reaction: 

2 cytochrome a^-(Fe++) + 2 H+ + £ Og 

2 cytochrome a^-(Fe+++) + HgO 

- > 

Although some of these latter types of oxidation-reduction 

processes were considered and tested in the investigation .of 

pyridine N-oxide reduction, the flavin enzyme-NADH reduction 

system, found operative in the reduction of other oxides of 

nitrogen, was considered the most probable type involved with 

the reduction of pyridine N-oxides. The study herein described 

involved the detection of pyridine N-oxide reductase activity 

in cell-free extracts of E. coli 9723, the determination of 

co-factors necessary for the enzymatic process, a study of 

the optimum conditions for enzyme catalysis, and a general 

characterization of the enzyme. 
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CHAPTER II 

EXPERIMENTAL 

The spectrophotometry determinations were made with 

a Beckman DB-G Spectrophotometer. The Escherichia coli 9723 

cell-free preparations were obtained by employing a Branson 

Sonifier. Centrifugation was done with an International 

High-Speed Refrigerated Centrifuge, Model HR-I. 

Cell Growth 

Anderson Salts Basal, supplemented with yeast extract 

and glucose, was used as bacterial growth medium {15 - Dou-

ble strength Anderson Salts Basal was prepared by the addi-

tion of 3.0 g. ammonium chloride, 4&.0 g. disodium hydrogen 

phosphate, 24.0 g. potassium dihydrogen- phosphate, 1.6 g. 

magnesium sulfate, 4*0 g. sodium chloride, and 120 mg. fer-

rous ammonium sulfate to 4.0 liters of water. The solution 

was adjusted to a pH of 7-0 and then heated by steam for 

twenty minutes. The growth medium used for bacterial cul-

turing was prepared by diluting Anderson Double Salts Basal 

medium with an equal volume of water and supplementing the 

resulting solution with 5.0 g. of yeast extract and 3.0 g. 

of glucose per liter of solution. 
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E. coli 9723 was cultured by first transferring a few 

cells from an agar slant to two inoculum tubes, containing 

ten ml. each of sterile growth medium. These cells were 

allowed to grow for six hours in a 37° incubator, at which 

time they were transferred to 3^0 liters of sterilized growth 

medium. The cells were then allowed to grow for an additional 

twelve hours, at which time they were harvested by centrif-

ugation in a large capacity centrifuge. The cells were washed 

two times by resuspension in 0.02 M Tris (tris-hydroxymethyl-

aminomethane)" pH 7*5> containing 0.01 M 2-mercaptoethanol 

(Buffer A). Approximately 15.0 g. of cells (wet weight) were 

usually obtained under the above growth conditions. 

Preparation of Cell-free Extracts 

Cell-free extracts of E. coli 9723 were prepared by dis-

rupting the whole cells, which had been suspended in an 

appropriate volume of Buffer A, with high frequency sonic 

oscillation. Cell debris and undisrupted cells were removed 

by centrifugation at 10,000 x g for fifteen minutes at zero 

degrees centigrade. The supernatant solution was employed 

as the protein source for investigation of pyridine N-oxide 

reductase activity. 

Dialyzed enzyme solutions were prepared by dialyzing 

10.0 ml. of the crude enzyme preparation against five changes 

of 500 ml. of Buffer A. Dialysis was conducted at five de-

grees centigrade with stirring. 



Toluene-treated cells of E. coli 9723 were prepared by 

placing approximately 3.0 g. (wet weight) of whole cells 

into 19.0 ml. of Buffer A to which had been added 1.0 ml. 

of toluene. The*resulting suspension was shaken for twenty 

minutes at room temperature. The toluene-treated cells were 

then harvested by centrifugation, washed two times with 

Buffer A, and then resuspended in 20.0 ml. of the same buffer, 

Storage of the Enzyme Preparations 

The enzyme preparations were stored at five degrees 

centigrade in stoppered test tubes. These preparations 

remained enzymatically active for approximately two days 

under these storage conditions. 

Protein Determinations 

The concentration of protein in the cell-free extracts 

were determined spectrophotometrically according to the 

method of Warburg and Christian (4)• 

Determination of 4-Hydroxymethyl Pyridine 

The procedure for the colorimetric estimation of 

4-hydroxymethyl pyridine was according to the general pro-

cedure for pyridines described by Asmus and Garschagen, 

which employs a chloramine, cyanide ion, barbituric acid 

reagent (2). The color, developed by this reagent in the 

presence of 4-hydroxymethyl pyridine gives an absorption 
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maximum at 614 mji. Under the conditions of the assay, 

4-hydroxymethyl pyridine N-oxide gives no color. 

Determination of para-Aminobenzoic Acid 

The procedure employed for the colorimetric estimation 

of para-aminobenzoic acid was the general diazotization-

coupling procedure for aromatic amines described by Bratton 

and Marshall (3). The absorption maximum for para-

aminobenzoic acid in this procedure is 545 mjt. 

Enzymatic Assays 

To measure 4-hydroxymethyl pyridine formation, the 

reaction mixture contained 4-hydroxymethyl pyridine N-oxide, 

2.0 jXmoles; Tris buffer, pH 6.0, 0.001 moles; NADH, 0.56 

I*moles; and undialyzed (or dialyzed) enzyme preparation, 

0.5 ml., containing approximately 5.0 mg. protein per ml., 

in a total volume of 1.0 ml. The reaction mixture was 

incubated at 37° for twenty minutes, and the reaction was 

stopped by placing the reaction vessels in ice. The con-

centration of product formed (4-hydroxymethyl pyridine) in 

a 0.5 ml. aliquot was determined as previously described. 

To measure para-aminobenzoic acid formation, the 

reaction mixture contained para-nitrobenzoic acid, from 

0.12 jimoles to 0.14 jwmoles; Tris buffer, pH 5.0; 0.001 

moles; NADH, 0.56 pnoles; and undialyzed enzyme prepara-

tion, 0.5 ml., containing approximately 5.0 mg. protein 
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per ml., in a total volume of 1.0 ml. The reaction mixture 

was incubated at 37° for twenty minutes, and the reaction 

was stopped by placing the reaction vessels in ice. The 

concentration of enzymatically-formed para-aminobenzoic 

acid was determined in a 0.5 ml. aliquot as previously 

described. 
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CHAPTER III 

DISCUSSION AND CONCLUSIONS 

In studying the enzyme responsible for the conversion 

of pyridine N-oxides to the corresponding pyridines, 

4-hydroxymethyl pyridine N-oxide was chosen as substrate 

for the enzyme since the product, 4-hydroxymethyl pyridine, 

is easily detected by the colorimetric assay (see the 

experimental section). The characteristic absorption of 

the color reaction at 614 mjui is shown in Figure 1, which 

is a scan of optical density versus wavelength. Also shown 

in Figure 1 is enzymatically formed 4-hydroxymethyl pyridine. 

This gives evidence that the product formed from 4-hydroxy-

methyl pyridine N-oxide is truly 4-hydroxymethyl pyridine. 

A standard curve for the color reaction relating 

optical density to the concentration of 4-hydroxymethyl 

pyridine is shown in Figure 2. This graph provides a means 

for converting optical density measurements into concentra-

tion units. 

The enzyme activity responsible for the conversion of 

4-hydroxymethyl pyridine N-oxide to 4-hydroxymethyl pyridine, 

functioning aa a pyridine N-oxide reductase, shows an abso-

lute requirement for reduced nicotinamide-adenine dinucleotide, 

13 
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Fig. 2—Standard curve for 4-hydroxymethyl pyridine assay. 
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NADH. , Without added NADH, little reduction of 4-hydroxymethyl 

pyridine N-oxide can be detected; the small amount of activity 

detected is probably due to residual NADH associated with the 

crude enzyme preparation. Figure 3 shows the dependence of 

enzymatic activity on the concentration of NADH. The require-

ment for NADH might be shown through the following equation: 

NADH + H + + If I — e n Z y l ° S * NAD+ + + EjO 

! 

The effects of increasing enzyme levels, present in the 

crude preparation, on the enzymatic reduction process are 

shown in Figure 4< In this plot, the enzyme level is repre-

sented as milligrams of protein per milliliter. It can be 

seen that there is not a linear response with increasing 

enzyme levels. This would indicate that some dissociable 

cofactor required for enzyme activity is present in rate-

limiting concentrations in the crude preparation (1, p. 61). 

Thus, as the enzyme concentration increases, an increasing 

proportion of the enzyme will be in the activated form and 

an upward curvature of the activity curve will result. At 

low enzyme concentrations, product formation proportional 

to the square of the enzyme concentration would be expected. 
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while at high enzyme concentrations, product formation pro-

portional to the first power of the enzyme concentration 

should result (1, p. 62). 

In considering possible dissociable cofactors which 

are known to be active in oxidation-reduction reactions in 

biological systems, several compounds were studied. Among 

these were ascorbic acid, ferrocyanide ion, phenols, nitrites, 

succinic acid, and glutathione. These cofactors apparently 

had no effect in enhancing enzymatically-catalyzed formation 

of product. 

Another group of cofactors which are often involved in 

oxidation-reduction systems are the coenzymes, flavin mono-

nucleotide, FMN, and flavin-adenine dinucleotide, FAD. 

Flavin-adenine dinucleotide proved to be an effective co-

factor as evidenced by the increase of specific activity in 

enzyme preparations containing this cofactor. 

Tables I and II show the effects of the various addi-

tives on the specific activity of dialyzed and undialyzed 

enzyme. The specific activity may be defined as the micro-

moles of product formed per twenty minutes per milligram of 

protein. It is assumed at this point that cysteine has a 

stabilizing effect on the enzyme, thus increasing the activ-

ity. Flavin-adenine dinucleotide also shows the ability to 

increase the enzymatic activity. One possible involvement 
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TABLE I 

EFFECTS OF VARIOUS ADDITIVES ON THE SPECIFIC 
ACTIVITY OF DIALYZED ENZYME 

Additions or Deletions From Specific Activity 
the Complete Reaction (umoles x 10z 

Mixture* product/20 
minutes/mg 
protein) 

1. None 2.$7 

2. Plus FAD (O.OO64 yumoles) . . . • 3.SO 

3. Plus FAD (O.OO64 Mmoles) $.20 
ATP (2.5 jumoles) 

4. Plus Vit. B2 (0.013 /Amoles) 4.24 

5. Plus Vit. Bo (0.013 J* moles) 6.97 

ATP (2.5/A-moles) 

6. Plus ATP (2.5 ̂ umoles) 4.24 

7. No additives, but with 
undialyzed enzyme 11.5'0 

* The complete reaction mixtures contained, in a total volume 
of 1.0 ml., 

a. NADH, O.56y«moles 
b. 4-Hydroxymethyl pyridine N-oxide, 2.0/imoles 
c. Tris buffer (pH 3), 100 At moles 
d. Dialyzed enzyme (0.5'ml)} 5 nig. protein. ^ 

1 
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TABLE II 
<? 

EFFECTS OF VARIOUS ADDITIVES ON THE SPECIFIC 
ACTIVITY OF UNDIAIYZED ENZYME 

Additions or Deletions From Specific Activity 
the Complete Reaction (wpioles x 10* 

Mixture* product/20 
minutes/mg 
protein) 

1. None 3*25 

2. Minus NADH 1.21 

3. Plus FAD (0.0064^tAmoles) . . 4*37 

4. Plus Cysteine (2.5/Amoles) . 5*25 

5. Plus FAD (O.OO64/Amoles) 
Cysteine (1.25yumoles) 6.30 

6. Plus FAD (O.OO64 yy.moles) 
Cysteine (2.5 yUmoles) . . . . . . . . 9.45 

7. Plus FAD (0.0064 Mmoles) 
Cysteine (5. O^Jlmoles) „ . 8,00 

*The complete reaction mixtures contained, in a total 
volume of 1.0 ml., 

a. NADH, O.56^tmoles 
b. 4-Hydroxymethyl pyridine N-oxide, 2.0 iAmoles 
c. Tris buffer (pH 8). 100^moles 
d. Undialyzed enzyme (0.5 tnl), 5 mg. protein. 
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of FAD might be the following: 

FADH2-Enzyme + (j > FAD-Enzyme + || 

+ H2O 

NAD+ NADH + H+ 
$ 

where FADHg represents the reduced form of FAD. Thus, the 

role of NADH would be in the maintenance of reduced flavo-

enzyme. 

The effects of riboflavin (vitamin B2) were also tested. 

Vitamin Bg alone increased the specific activity slightly, 

but vitamin B2 plus ATP caused a significant increase in 

specific activity. One possible explanation for the en-

hancing effect noted by the combination of riboflavin with 

ATP is that ATP could be involved in the conversion of the 

riboflavin into either FMN or FAD. The latter cofactor has 

been shown to be effective in this system. 

Of prime importance in any enzymatic study is the deter-

mination of optimum conditions for catalysis. Figure 5 shows 

how the enzymatic production of 4-hydroxymethyl pyridine 

varies as a function of incubation time. An incubation time 

of twenty minutes was chosen for all the assays reported 
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Fig. 5i-Effects of incubation time on the enzymatic pro-
duction 'of 4-hydroxymethyl pyridine (4-HMP). 
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herein-., At incubation periods longer than twenty minutes 

product formation per unit time decreases significantly. 

Figure 6 shows the effects of varying the hydrogen ion 

concentration on product formation. As can be seen from 

this figure, the reductase activity, is maximal over a very 

limited pH range. Enzymatic activity decreases rapidly on 

either side of pH $.0; therefore, all enzyme studies reported 

herein were conducted at a pH of 3.0 in the reaction mixtures. 

The effects of temperature variation on the enzymatic 

production of 4-hydroxymethyl pyridine is shown in Figure 7. 

Temperature effects on the velocity of enzymatic reactions 

may be due to several causes. It may be due to an effect on 

stability of the enzyme; to an effect on the enzyme-substrate 

affinity; to an effect on the pH function of any or all of 

the components; or to an effect on the affinity for activators 

or inhibitors, or other causes (1, p. 145)• A temperature 

of 37 degrees C. was chosen as it gave optimum enzyme activity. 

A substrate response curve (reaction velocity versus 

concentration of 4-hydroxymethyl pyridine N-oxide) is shown 

in Figure 8. This plot is typical of enzymatic reactions 

and shows that as the substrate concentration becomes high 

the enzyme becomes saturated and the rate of product forma-

tion reaches a maximum. 

Figure 9 is a Lineweaver-Burk reciprocal plot of the 

data shown in Figure 3. When l/v is plotted against l/S, 
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Fig. 6—Effects of pH variation on the enzymatic production 
of 4-hydroxymethyl pyridine (4-HMP). 
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Fig. 7—Effects of temperature variation on the enzymatic 
production of 4-hydroxymethyl pyridine (4-HMP). 
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• Fig. ^--Substrate response curve for enzymatic reduction 
of 4-hydroxymethyl pyridine N-oxide (4-HMP N-oxide) to 4-
hydroxymethyl pyridine (4-HMP). 
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a straight line is obtained which is predicted from the 

reciprocal form of the Michaelis equation. The straight 

line intersects the ba!se line at a point corresponding to 

-l/Km. The Michaelis constant (Km) can then be readily-

determined. The Km is the value of the concentration of 

substrate which is experimentally found to give one-half 

the maximum enzymatic velocity (1, pp. 63-70). From Fig-

ure 9, the apparent Km value is 5x10"^ moles per liter. 

It was of interest, at this point, to determine whether 

the enzyme responsible for conversion of pyridine N-oxides 

to the corresponding pyridines is the same as the enzyme 

previously described in E. coli which catalyzes the con-

version of certain aromatic nitro compounds to the 

corresponding aromatic amines (2). One method of deter-

mining whether a single enzyme is responsible for these 

conversions is to observe the effect which one of the sub-

strates has on the enzymatic conversion of the other sub-

strate. 

Cell extracts of E. coli 9723 were found to catalyze 

the reduction of para-nitrobenzoic acid to para-aminobenzoic 

acid. This reduction process also required the addition of 

NADH to the reaction mixture. In order to determine the 

amount of conversion of PNBA to PABA, a standard curve, 

relating optical density to the concentration of PABA, was 

plotted (see Figure 10). 
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Figure 11 is a substrate response curve showing the 

rate of enzymatic formation of product, PABA, versus the 

amount of substrate, PNBA. From this curve, it was deter-

mined that levels of PNBA above 0.5 micromoles per milliliter 

resulted in almost complete saturation of the enzyme. 

When an enzyme is not absolutely specific for one sub-

strate only, the possibility arises that it may act on two 

different substrates present at the same time. This is not 

simply two independent parallel reactions because the same 

enzymatic center acts on both substrates and, therefore, there 

will be competition between them. If a single enzyme were 

involved in catalysis, in a mixture containing concentrations 

a and b of substrates A and B respectively, the total veloc-

ity of the reaction, v-̂ , must lie between the two velocities 

which would be obtained with these concentrations of A and B 

separately, va and v^. This is shown in the following 

equation: 

vt 68 va + vb 
m A , • •• ..n 

l + + £L 
K. 

a b 

where Ka and are the dissociation constants and Va and Vfc 

are the maximum velocities for substrates A and B respectively 

(1, pp. £4-^5). 
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The effect which each of the substrates has on the 

enzymatic conversion of the other substrate is shown in 

Figures 12 and 13* The levels of NADH were increased in 

the study to insure sufficient reducing power for both sub-

strates. The enzymatic conversions of the two substrates 

to their respective products were determined both singly 

and in combination. As can be seen from the figures, the 

presence of the second substrate reduces the amount of 

product formed from the other substrate. The data suggest, 

therefore, that the activity responsible for both conver-

sions is a single enzyme, and that the two types of sub-

strates compete with each other for one and the same active 

center on the enzyme. If two different enzyme activities 

are responsible for the reduction of 4-hydroxymethyl pyridine 

N-oxide and para-nitrobenzoic acid respectively, there 

should be no decrease in enzymatic conversion of either 

of the substrates when the other substrate is added to the 

reaction mixture. 

In conclusion, this study suggests that the enzyme 

responsible for the conversion of 4-hydroxymethyl pyridine 

N-oxide to 4-hydroxymethyl pyridine is the same enzyme as 

the one previously described in E. coli, which catalyzes 

conversion of aromatic nitro compounds to the correspond-

ing aromatic amines. The enzyme has been shown in this 

study to require NADH as a co-aubstrate (source of hydrogen 
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for the reduction process). Other cofactors that enhance 

activity were found to be FAD (suggesting that the enzyme 

is flavoprotein) and cysteine, which apparently exerts a 

stabilizing effect. 
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