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SUMMARY

N,N-Dimethylaniline-N-oxide reduces ferriiuemoglobin (methemoglobin) under anaer-

obic conditions. In solutions of hemoglobin and N,N-dimethylaniline-N-oxide under air
ferrihemoglobin is formed. Oxygen is necessary for this reaction. After a short lag phase
the reaction rapidly increases in rate. Partial oxidation of the hemoglobin accelerates
the reaction. Reagents whiciu react with -SH groups also accelerate thue reaction. How-
ever, the “autocatalytic” course is retained after tiue -SH groups are blocked.

INTRODUCTION

In a study of the role of N,N-diinethyl-

aniline-N-oxide in the formation of fer-
rihemoglobin (methemoglobin) which is

observed after the injection of N,N-

dimethylaniline (1) it was observed that
after the intravenous injection of the N-

oxide thue formation of ferrihemoglobin
begins slowly and then increases in rate.

A similar course of reaction has been

observed with ferriluemoglobin formation

by nitrite (2-4), chlorate (5-7), and
phenylenediamines (Kiese and Rauscher, in
preparation). Since various meciuanisms
were found to cause this course of reaction,

it appeared necessary to study tiue reaction
between N,N-dimethylanihine-N-oxide and
hemoglobin more closely.

METHODS

N,N-Dinuetiuyl- and N,N-diethylani!ine-
N-oxide were prepam’ed by oxidizing the
amines with hydrogen peroxide according
to Belov and Savich (8) and isolating the
hydrochlorides of the N-oxides as described
by Bamberger and Leyden (9). Ziegler and
Pettit’s (10) method was used for deter-

mining the N-oxides

Beef hemoglobin was used in all experi-

ments. The red cells were washed three
times with several volumes of 0.9% sodium

chloride solution. For experiments with red

cells tiue washed cells were suspended in an
equal volume of Krebs-Ringer phuospluate

solution. Hemoglobin solutions were
prepared by iuemuuolyzing washed red cells

with water and separating the cell mem-
branes in the centrifuge. Ferrihemoglobin

solutions were prepared from red cells
which had been incubated withu nitrite and

then had been washed four times with
several volumes of 0.9% sodium chloride

solution.
Ferrihemoglobin was determined by the

increase in extinction at 550 m1i. caused by

adding cyanide to a suitably thluted! sample
of the reaction mixture.

In order to remuuove the oxygen from

huemoglobin solutions or suspensions of red

cells, nitrogemu was passed over tiuem for
1 hour at a rate of 4 liters per minute whuile

they were spread as a thin fast-moving
film on time wall of a rapidly rotated

cylinder (11). In order to reduce huemolysis
of red cell suspensions by tluis procedure,
2.5% polyvinylpyrrohidone (kollidon) was

added to the suspensions. Fum’thermore,
when the oxygen had been removed and

the N-oxide had been added, the rapid

rotation of the red cells was limited to

periods of 1 mm after samples hat! been
taken from t.he suspensiomus. All experi-

ments were carried out at 370#{149} Whuen the

effect of reagents which react with -SH
groups was studied, iuemoglobin solutions
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Fic. 1. Reduction of ferrihemog!obin (A) and disappearance of N,N-dimethykzniline-N-oxide and

N,N-diethy!aniline-N-oxide (B) under carbon monoxide at 37#{176}

The ferrihemoglobin concentration was about 6 g/100 ml (3.5 X 10’ equivalent per liter); the con-

centration of N-oxides was 102 M. X, Solutions of ferrihemoglobin and N,N-dimethylaniline-N-oxide;
I, solutions of ferrihemoglobin which had been incubated with 5 X 10�#{176}M p-chloromercuribenzoatc

before adding N,N-dimethylaniiine-N-oxide; El, solutions of ferrihemoglobin and N,N-diethylaniiine-
N-oxide. The symbols indicate the averages of three experiments.
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were incubated, before the addition of

N,N-dimethylaniline-N-oxide, for half an

hour at 370 with 5 X 10� i�i sodium p-

chloromercuribenzoate, 102 M N-ethyl-
maleimide, or 2.5 X 102 �I iodoacetamide.

These concentrations had been found most

effective in experiments relating to fer-

rihemoglobin formation by durenediamine

(Kiese and Rauscher, in preparation).

RESULTS

Redaction of Fern hemoglobin by N,N-

Dimethylaniline-N-oxide

N,N-Dimethylaniline-N-oxide reduces
ferrihenuoglobin. Figure 1 shows the results

of experinuents with solutions of about
3.5 X 10�’ equivalent ferrihemoglobin and
102 M N,N-dimethylaniline-N-oxide under

carbon monoxide. After thue N-oxide had
been added to tiue ferrihemoglobin solution,
the reaction did not begin at full speed but

increased in rate. This course of reaction
is even muuore evident with the much more

slowly m’eacting N,N-diethylaniline-N-

oxide. About 2 moles of N,N-dimethyi-
aniline-N-oxide w’ere found! to disappear

with eachu equivalent of ferrihemoglobimu

reduced.
Previous incubation of the ferrihenuo-

globin solution with 5 X 1Q� i�i p-chloro-
mercuribenzoate did not change tiue initial

rate of decrease in N-oxide concentration.

But the rate of ferrihemoglobin reduction

increased to nuore tiuan twice thue velocity
observed in the absence of p-chloro-
nuercuribenzoate. After all tlue ferrihemo -

globin was reduced the concentration of the

B

N-oxide remained constant. Only about 1
mole of N,N-dimethylanihine-N-oxide was

found to disappear with the reduction of
one equivalent of ferrihemoglobin in the
presence of p-chloromercuribenzoate.

With constant initial concentrations of
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N,N-dimethylaniline-N-oxide tlue velocity

of ferrihemoglobin reduction was observed

to increase with the ferrihemoglobin

concentration. Tiuc increase in reaction

rate exceeds time increase in ferrihemoglobin
concentration. In view of the complicated

kinetics it is hard to define the relationship

between time ferrihemoglobin concentration
and the rate of its reduction more closely.

If N,N-diethuylamuiline-N-oxide and fer-
rihemoglobin were allowed to react under

air thue ferrihemoglobin concentration
decreased only a little. The N-oxide, huow-

ever, disappeared more rapidly than in the
absence of oxygen. After 80 mm it was no

longer detected in the reaction mixtui’es.

N,N-Dietluylaniline.�N-oxide was found

to react muchu more slowly with ferrihuemo-
globin than the dimetiuyl homolog. In a

solution of about 3.5 X 1Q� equivalent of

ferrihemoglobin per liter and 102 M N,N-
diethylaniline-N-oxide, during 80 nuin

incubation under carbon monoxide, 0.5 X
1O� equivalent of ferrihuemoglobin and
10� �i N-oxide disappeared (see Fig. 1).

Formation. of Fern hemoglobin by N,N-
Dimethylaniline-N-ox-ide

The course of the reaction and the role

of oxijgen; effect of -SH reagents. The
characteristic course of the increase in fer-
rihemoglobin concentration in red cells
caused by 10-2 M N,N-dimethylaniline-N-

oxide under air is shown in Fig. 2. This

course of the reaction is observed not only

with hemoglobin within red cells, but also
with hemoglobin in solution. The effect of

luemoglobin concentration in solutions of
hemoglobin on tiue reaction rate huas been

studied witlu solutions containing 4-12 g of
hemoglobin per 100 ml. As calculated from

the phase of muuost rapid increase in icr-

rihemogiobin concentration in three experi-

ments, the velocity of ferriluemoglobin

formation was found to be proportional to
the hemoglobin concentration.

If suspensions of red cells were freed
from oxygen by passing nitrogen over them,

ferrihemoglobin formation by N,N-dimeth-

ylaniline-N-oxide was strongly inhibited,
as may be seen in Fig. 2. The oxygen
content of the red cell suspensions kept

under nitrogen was not determined. ‘F

fore it cannot be decided whether the very
slow formiuation of ferriluemoglobin was due

to oxidation of ferroluemoglobin by the N-

oxide or whuether traces of oxygen were
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Fmo. 2. Formation of ferrihernog!obin by 102 M

N,N-dimcthy!ani!ine-N-oxide in suspensions of red

cells containing 16-20 g henmoglobin per 100 ml
under air and under nitrogen at 37#{176}

In the experiments under nitrogen, before addi-

tion of the N-oxide oxygen was removed by pass-

ing nitrogen over suspensions rotated at 1400 rpm

for 1 hour. The cell suspensions kept under air

underwent the same treatment in order to avoid
any effect of the technique of removing oxygen

from red cell suspensions. The symbols indicate
the averages of three experiments. 0, Suspen-
sions of red cells under air; x, suspension of red
cells under nitrogen.

involved in the reaction. In any case the

data shown in Fig. 2 clearly illustrate the
importance of oxygen for ferrihemoglobin
formation by N,N-dimctlmylanihine-N-
oxide.

Pretreatment of the red cell suspensions

with reagents which react with -SH
groups increased the velocity of the
reaction of N,N-dimethylaniline-N-oxide

with oxyhemoglobin. However, it did not
change the course of the reaction, i.e., the

increase in rate after some ferriluemoglobin
had been formed (Fig. 3).

The effect of partial oridation of herno-
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Figure 4 sluows time formation of fern-

hemuioglobin in solutions of hemoglobin of

whuich about 30% had been previously oxi-

dized an(! in solutions with the same fem’-
rohenuoglobin content amid! a negligible

percentage of fem’rihenuoglobimu. A similar

accelerating effect was observed if a
muuixture of fem’rohemoglobin and ferrihemo-

globin was used in l)lace of partially

oxidlized hemoglobin. Time comucentration of

N,N-dhmethylanmhmne-A -oxide was found
also to riecrease more rapidly in the solu-
tions which contained ferrihemoglobin at

the onset of thue reaction.

Format ion of Ferrihe in ogl.ob in by N,N-

1)ieth�laniiine-N-oxide

N,N-Diethylaniline-IV-oxide was found

to reduce ferriheiuuoglobin muclu more

slowly than N,N-dimethylani!ine-N-oxide

(Fig. 1). The results pm’esented in Fig. 5
show that, the reaction witiu oxyhemoglobin,

wluichu produces ferrihiemoglobin, also
proceeds more slowly than the reaction

between N,N-dimethylanihine-N-oxide and

Mo!. Plmarniacol. 3, 9-14 (1967)

FIG. 3. The effect of -511 reagents on the rate of ferrihemoglobin formation (A) and disappearance

of 10 M N,N-dimct/mylanilinc-N-oxide (B) in .�olutions of about. 7 g hemoglobin per 100 nil under air

at 37#{176}

The symbols imudicate the mumeans of three experiments. X, No -SH reagent added; El, 10� �t N-

ethyhmnalcimide added before the N-oxide; 0, 2.5 X 102 M iodoacetamide adder! before the N-oxide;

#{149},5 X 1O� M p-chloromuuemcuribenzoatc added before the N-oxide.

globin on the fornration of ferrihemoglobin

by N,N-dimethylaniline-N-oxide and
oxygen. The course of fem’rilmemoglobin
formation by N,N-diiuuethylamuiline-N-oxide

in the presence of oxygen suggests that a

reaction product enhuances the reaction. In

order to test whether the partial oxidation
of hemoglobin enhuances the reaction, the

ferrihuemoglobin fornuation in solutions of
henuoglobin of wluiclu about 30% had been
oxidized to fem’rihemoglobin was compared

with tiue ferrihuemoglobin formurntion in
solutions witlu the same content of ferro-

hemoglobin equivalents.

For partial oxidation of the imemoglobin,

washed red cells were suspended in an

equal volume of 0.9% sodium clulom’ide

solution. To 100 ml of ret! cell suspension,

16 muug sodium nitrite was added. After
being kept for 30 mm at roomui temperature,

the cells were washed four times witlu
several volumuies of isotonic sodiumuu clu!oride

solution. Thuen about 30% of the hemo-

globin was found to be oxidized to fern-

iuenioglobin.
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Fmc. 4. The influence of partial oxidation of

heinog!obin on time formation of ferriliemoglobin

by N,N-dimethy!ani!ine-N-oxide under air

Curve A. Initial concentration of hemoglobin

7.5 g per 100 ml with a negligible amount of fern-
hemoglobin. Curve B. Initial concentration of

hemoglobin 10.7 g per 100 ml of which 3.1 g/100
ml was oxidized to ferrihemoglobin. The curves

show the increase in ferrihemoglobin concentration

beyond the ferrihemoglobin present at the onset

of the reaction. N,N-dimethylaniline-N-oxide 102

M, temperature 37#{176}.The symbols indicate the

means of three experiments.

oxyhemoglobin. Tlue decrease in N-oxide
concentration corresponds to the rate of

fennihemoglobin formation. In 80 mm the

concentration of N,N-dietluy!anihine-N-

oxide decreased by only about 10%,
whereas about 75% of the N,N-dimethyl-

aniline-N-oxide had disappeared in the

same time.

0�0

0 20 40 60mm 80

FIG. 5. Formation of ferrihemog!obin by 10

N,N-dimethykzni!ine-N-oxide and N,N-diethyl-

aniline-N-oxide in solutions containing about 8.5 g

hemoglobin per 100 ml under air at 37#{176}

The symbols indicate the averages of three ex-

periments. 0, N,N-dimethylaniline-N-oxide; x,
N,N-diethylaniline-N-oxide.

1)lS(USSION

Thue fom’muuation of fem’rihemoglobin by
.V,N-dimethylaniliiue-N-oxide is not. due to

a direct oxidation of the ferrohuemoglobin

by the N-oxide. Oxygen is needed for tlue
reaction. Since tlue A-oxide is rather stable

in aqueous solution undem’ air, oxyhemo-
globin mrnmst be involved in the reaction.

The reactiomu of oxyhemoglobin with N,iV-

dimethylaniline-N-oxide either yields fer-
nihemoglobin directly or l)roduceS a

substance whichu omi its part oxidizes ferro-
hemoglobin. A meciuanismn of the latter

type seems to act wimen othuer reducing
substamuces hike arylluydroxylamines form

fernihemoglobin (12).
Apart from time m’ed!uct.ion of ferrihemo-

globin by N,N-dimethylanihine-N-oxide,

other m’eactions complicate the course of
ferrihemoglobin formation by the N-oxide.

The reaction increases in rate after part of

the hemoglobin is oxidized. Partial oxi-
dation of the hemoglobin by another agent

also accelem’ates the reaction. The mecha-

nism by which the “autocatalytic” effect of
fernihemoglobin works is not yet under-

stood. Oxidation of an iron atom in the
hemoglobin molecule increases the affinity

of the other ones for oxygen (13, 14).

Heme-heme interaction may facilitate the
reaction of oxygenated hemes with the N-

oxide once one heme is oxidized. Another
mechanism could be an activation of the
N-oxide by combining withu the ferriheme.

A third possibility involving reactions of

-SH groups seems to be ruled out by the
results presented. Pretrcatnuent of the
hemoglobin witlu -SH reagents accelerates
its reaction with N,N-dimetluylanihine-N-

oxide. In a study of tlue reaction of
phenyhenediamines with hemoglobin, it has

been observed that derivatives which
oxidize the iron in hemoglobin also react
with -SH groups of the protein. The data
presented in Fig. 1 show tiuat N,N-di-

methylaniline-N-oxide or a derivative also

react with -SH groups. However, the

progressive blocking of -SH groups can-

not be tiue full explanation for the auto-

catalytic type of m’eaction, because it is

also observed! aftet’ the -SH groups have
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reacted with p-chloromercuribenzoate, N-
ethylmaleimide, or p-iodoacetamide.
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