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Abstract—In solutions of purified human haemoglobin N-hydroxy-4-chioroacetanitide (N-hydroxy-
4CIA A) was one of the most active compounds and N-hydroxy-acetanilide (N-hydroxy-AA) was the least
active compound among the six N-hydroxy-N-arylacetamides tested for ferribacmoglobin {HbFe®*)-
forming activity. Co-oxidation of haemoglobin by N-hydroxy-4-chloroacetanilide was compared with that
of N-hydroxy-4-chloroaniline(N-hydroxy-4ClA) and found to differ in the kinetics of HbFe**-oxidation,
in the catalytic activity of the two compounds, in the activation energy, and in the product pattern,
indicating that the mechanism by which N-hydroxy-N-arylacetamides oxidize oxyhaemoglobin in vitro is
different from that of arylhydroxylamines. Attempts have failed to detect by EPR spectroscopy acetyl 4-
chlorophenyl nitroxide radical, the postulated catalytically-active oxidation product of N-hydroxy-4-

chloroacetanilide.

Oxyhaemoglobin from different species in isolated
form was found to display various enzyme activities.
Human haemoglobin A and haemoglobin S for ex-
ample, showed esterase activity, i.e. catalysed the
hydrolysis of 4-nitrophenylacetate [2]. Human
haemoglobin was also found to display peroxygenase
activity, i.e. to catalyse C-oxygenation in a manner
typical of the monooxygenase reaction observed with
hepatic microsomal cytochrome P-450, In the pres-
ence of NADPH-cytochrome P-450 reductase,
NADPH, and oxygen, haemoglobin catalysed p-
hydroxylation of aniline and N-demethylation of
benzphetamine [3]. Dog and bovine haemogiobin
were found to display peroxidase activity, i.e. to
catalyse electron transfer from phenylhydroxylamine
to oxygen, whether bound to haemoglobin or mol-
ecular oxygen [4], likewise shark haemoglobin and
human haemoglobin catalysed electron transfer from
epinephrine [5] and 4-dimethylaminophenol [6], res-
pectively, to oxygen bound to haermoglobin. In a
coupled reaction, phenylhydroxylamine reacted with
oxyhaemoglobin in the presence of molecular oxygen
to yield ferrihaemoglobin and nitrosobenzene, epi-
nephrine vielded ferrihaemoglobin and adreno-
chrome, and 4-dimethylaminophenol gave the cor-
responding phenoxy radical, This phenoxy radical
catalysed ferrihaemoglobin formation by 50-100
electron transfers per molecule 4-dimethyl-
aminophenol.

Autoxidation of oxyhaemoglobin [HbFe(IT)*(*)~
0,%7)] can be accelerated by electron-donating or-
ganic molecules, oxygen being released as superox-
ide (O;2), [5, 7-10]. Superoxide is a source for singlet
oxygen (10,) [11, 12] and rapidly dismutates to yield

* Communication 11T in this series: {1].

0, and H,0, [13]; H,0; in the presence of electron-
donating molecules, such as superoxide, yields OH-
radicals [14]. Thus, several reactive and electrophilic
oxygen species are produced during haemoglobin
autoxidation which may effect oxidation of electron-
donating organic molecules.

Here we wish to report on the results of our
experiments showing the differences in the mechan-
ism of haemoglobin oxidation between N-hydroxy-
N-arylacetamides and arylhydroxylamines.

Short communications on this subject have
appeared [15-17].

MATERIALS AND METHODS

N-Hydroxy-N-arvlacetamides. Preparation and
properties of N-hydroxyacetanilide (N-hydroxy-
AA), N-hydroxy-4-chloroacetanilide (N-hydroxy-
4CIAA), N-hydroxy-3,4-dichloroacetanilide (N-
hydroxy-3,4CL,AA), N-hydroxyphenacetin  (N-
hydroxy-4EAA), N-hydroxy-4-acetylaminobiphenyl
{N-hydroxy-4AAB), and N-hydroxy-2-acetylamino-
fluorene(N-hydroxy-ZAAF) were described in Part
I of this series [18].

[Ring-1*C]-N-Hydroxy-4-chloroacetanilide ~ was
prepared from [ring-**C]-N-hydroxy-4-chloroaniline
and acetic anhydride in ether containing acetic acid.
The preparation of [ring-'*C]-N-hydroxy-4-chloro-
aniline was carried out as described recently
[19]. [Ring-'*C]-N-hydroxy-4-chloroacetanilide had
a specific activity of 1700 dpm/nmol.

Preparation and properties of N-hydroxy-4-chloro-
aniline{N-hydroxy-4ClA),4-chloronitrosobenzene-
{4-CINOB}, 4-chioroaniline{4-ClA), and 4-chloro-
acetanilide(4-CIAA) were also described in [18].
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Sodium dithionite, sodium nitrite, ammonium sul-
phamate, potassium ferricyanide, potassium cyan-
ide, potassium thiocyanate, N-1-naphthylethylene-
diamine dihydrochloride, and 2-butanone were of
analytical grade and purchased from E. Merck AG,
D-6100 (Darmstadt). 4-Chloronitrobenzene was
purchased from Fluka AG, CH-9740 Buchs SG,
superoxide dismutase and 4-chloromercuribenzoate
from Sigma Chemie GmbH, D-8028 Taufkirchen,
and catalase from Boehringer-Mannheim GmbH, D-
6800 Mannheim.

Sephadex® G 100 fine and Sephadex® G 25 were
purchased from Deutsche Pharmacia GmbH, D-7800
Freiburg, and DE 52-cellulose (Whatman) from Vet-
ter KG, D-6900 Wiesloch.

Solvents. Diethylether DAB 7 was distilled before
use; methanol, benzene, chloroform, and acetic acid
were of analytical grade and purchased from E.
Merck, Darmstadt.

Purified human haemoglobin was prepared from
outdated human blood. Fifty ml of the concentrated
human erythrocytes were washed 5 times with an
equal volume of 0.2M phosphate buffer pH 7.4.
After final centrifugation, the packed cells were
haemolysed by adding 100-200 ml distilled water,
some saponin, by sonication, and the haemolysate
centrifuged at 18,800 g for 20 min. Seventy ml of
the supernatant was diluted to a concentrationof 10 g
Hb per 100 ml and chromatographed on a column of
Sephadex® G 100 fine (7 cmi.d. X 80 cm, ascending)
using 0.01 M Tris—-HCl buffer pH 8.3 as solvent. The
fractions containing Hb were combined and chroma-
tographed on a column of DE 52-cellulose (4 cm
i.d. X 15 cm, descending) by using a linear chloride
gradient from 750 m1 0.01 M Tris—HCIl buffer pH 8.3
to 0.1 M Tris—HCl buffer pH 7.0. For concentration,
the combined Hb fractions were applied to a column
of DE 52-cellulose (3cmi.d. X 8 cm) and left at +4°
for some hours. Haemoglobin was eluted from the
column with the solvent 0.5M NaCl in 0.1 M Tris~
HCI buffer pH 7.0, yield: 30-25 ml 10-14% purified
Hb. This haemoglobin preparation was dialyzed for
12 hr at +4° against 0.2 M phosphate buffer pH 7.4
before use and was found to contain 1-3% ferri-
haemoglobin. The preparation was essentially free
from SOD and catalase [20].

Carbonylhaemoglobin. Carbon monoxide was
passed through a solution of purified haemoglobin
for 60 min at room temperature. After addition of a
small amount of sodium dithionite, the solution was
applied to a column of Sephadex® G 25. Carbonyl-
haemoglobin was eluted by using CO-saturated
0.2 M phosphate buffer, pH 7.4.

Ferrihaemoglobin was prepared by addition of
twice the stoichiometric amount of potassium ferricy-
anide to a solution of purified haemoglobin. Purified
ferrihaemoglobin was obtained by chromatography
of the solution on a column of Sephadex® G 25 with
0.2 M phosphate buffer pH 7.4.

Haemoglobin with blocked SH-groups was pre-
pared by allowing 4-chloromercuribenzoate (twice
the stoichiometric amount of HbFe?*) to react with
purified haemoglobin in 0.2M phosphate buffer,
pH 7.4, for 30 min at room temperature. The reac-
tion mixture was dialyzed for 12 hr against 0.2 M
phosphate buffer, pH 7.4, at +4°; determination of
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the SH-groups according to Boyer [21] showed that
the two reactive SH-groups had been blocked.

Globin was prepared from purified haemoglobin
according to Teale [22]. A solution of haemoglobin
was dialyzed against water for 12 hr, mixed at 0° with
1M HCl to give a pH 1.9 and extracted twice with an
equal volume of ice-cold 2-butanone. The aqueous
phase containing globin was dialyzed against water
and lyophilized to yield solid globin.

METHODS

U.v. absorption spectra and absorbancies were
measured with a Varian Cary 118 spectrophoto-
meter. Kinetics of HbFe?* oxidation were measured
either with an Aminco-Morrow stopped-flow acces-
sory of an Aminco DW 2a spectrometer or with a
Zeiss PMQ 3 spectrophotometer.

HbFe3* determination. HbFe®* concentrations in
solutions of haemoglobin were determined at 550 nm
by measuring the increase in absorbance caused by
addition of potassium cyanide to the sample cuvette
according to Evelyn and Malloy [23] with the mod-
ification of Kiese [24]. For continuous monitoring at
630 nm either a split-beam spectrophotometer or a
dual-wavelength spectrophotometer and a reference
wavelength of 680 nm was used.

Determination of N-hydroxy-4-chloroaniline and
4-chloronitrosobenzene in blood, erythrocyte sus-
pensions, and solutions of haemoglobin. N-
Hydroxy-4-chloroaniline or 4-chloronitrosobenzene
in blood, erythrocyte suspensions, or solutions of
haemoglobin was determined as 4-chloronitroso-
benzene according to Herr and Kiese [25], modified
by Lenk and Sterzl [18]. Aliquots of 1 m! blood or
suspension were haemolysed with 8ml water,
oxidized by 0.1 ml 10% potassium ferricyanide, and
the mixture shaken with 6 ml CCl, for 10 min. After
centrifugation, the aqueous layer was discarded and
the CCl; phase washed twice with 10ml 0.025M
H,SO4 to remove 4-chloroaniline, and once with
water. To the CCl; phase, 2ml acetic acid and
0.1 ml aqueous 20% sodium nitrite were added.
After 15min, 0.5-1.0 ml aqueous 50% ammonium
sulphamate was added, and after a further 10 min,
0.1 ml aqueous 0.5% N-1-naphthylethylenediamine
dihydrochloride. After 2 hr in the dark, the absorb-
ance at 555 nm of the violet azo dye was read. A
blank was prepared from blood, erythrocyte suspen-
sion, and haemoglobin solution without any additive.
Calibration curves were obtained with increasing
concentrations of N-hydroxy-4-chloroaniline.

Determination of 4-chloroaniline in blood and
erythrocyte suspensions. Aliquots of 1 ml blood or
erythrocyte suspension were haemolysed, oxidized,
and shaken with 6 ml CCl; as described above.
However, the CCl, phase was not washed with
0.025 M H,S0,, so that both, 4-chloroaniline and 4-
chloronitrosobenzene were converted to the violet
azo dye by the subsequent procedure. Absorbancies
read at 555nm were corrected for 4-chloro-
nitrosobenzene and the residual absorbancies
expressed as 4-chloroaniline by using a calibration
curve obtained with increasing concentrations of 4-
chloroaniline.

Extraction procedure. To determine the amounts

of N-hydroxy-4-chloroacetanilide, 4-chloronitroso-
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benzene, 4-chloronitrobenzene, 4-chloroaniline, and
4-chloroacetanilide, aliquots of haemoglobin solu-
tions incubated at 37° with N-hydroxy-4-chloroacet-
anilide were extracted twice with 25 ml ether. The
combined ether extracts were shaken twice with
15ml 2M NaOH to remove residual N-hydroxy-4-
chloroacetanilide from the neutral and basic metabo-
lites in the ether extracts (ether 1). The two alkaline
phases were combined, acidified with 35 m12 M HCI,
and extracted twice with 50 ml ether. The combined
ether extracts were dried over Na,SO, and evapor-
ated in vacuo to yield the recovered N-hydroxy-4-
chloroacetanilide (ether2). To determine the re-
sidual amount of 4-chloronitrosobenzene bound to
haemoglobin-Fe**, the solution was shaken for 15
min with 20 ml ether and 1 ml 10% potassium ferri-
cyanide to yield ether 3 extract. The components of
ether 1 and ether 3 were identified and determined by
HPLC, and N-hydroxy-4-chloroacetanilide in ether 2
by u.v. spectroscopy.

Reaction mixtures of haemoglobin and either N-
hydroxy-4-chloroaniline or 4-chloronitrosobenzene
were extracted with ether to yield ether 1 extract;
since no N-hydroxy-4-chloroacetanilide was present,
no ether 2 extract was prepared. Ether 1 and ether 2
extracts were analysed by HPLC.

Assay for N-hydroxy-4-chloroacetanilide, 4-
chloronitrosobenzene, 4-chloronitrobenzene, 4-
chloroaniline, and 4-chloroacetanilide. Ether 1 and
ether 3 extracts containing the neutral and basic
metabolites of N-bydroxy-4-chloroacetanilide, N-
hydroxy-4-chloroaniline, and 4-chloronitrosoben-
zene were analysed by HPLC with an isocratic basic
system from Waters Ass. Inc. (Milford, MA), using
a u-Bondapak Cjg-column and methanol-water =
70:30 (v/v) as solvent. The resolved metabolites
were detected by their u.v. absorbance at 254 and
280 nm and quantified by comparing the area under
the peaks with those of known amounts of authentic
compounds. The following retention times (R,) were
observed at a flow rate of 2 mlI/min and a pressure
of 2500 psi: 4-chloronitrosobenzene (4.2 min), 4-
chloronitrobenzene (3.7 min), 4-chloroaniline (2.2
min), and 4-chloroacetanilide (2.7 min).

Since N-hydroxy-4-chloroacetanilide disturbed
HPLC of the neutral and basic metabolites by its
tailing effect, we have removed its residual amounts
from ether extracts by 2 M NaOH and re-extracted it
into ether after acidification (ether 2). The amount of
recovered N-hydroxy-4-chloroacetanilide was deter-
mined by u.v. spectroscopy by reading the absorbance
of its (i) neutral methanol solution at A = 257 nm
using €,57 = 13980 and (ii) alkaline methanol solution
at A = 298 nm using €04 = 8490.

EPR measurement. EPR measurements to detect
acetyl 4-chlorophenyl nitroxide radical in solutions of
purified haemoglobin containing N-hydroxy-4-
chloroacetanilide were performed at room tempera-
ture with a Varian E 109 spectrometer as well as with
a Bruker ER 200 D-SRC spectrometer.

RESULTS

Kinetics of haemoglobin oxidation by N-hydroxy-4-
chloroacetanilide

To determine the order of the reaction in respect of
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Table 1. Rate coefficient of haemoglobin oxidation by
N-hydroxy-4-chloroacetanilide determined from initial

velocities
N-hydroxy-

4CIAA  HbFe** HbFe** k

mM mM nM xXsec”! 1Xmol™? X sec”?
0.131 0.105 46.9 3.41
0.131 0.211 79.2 2.86
0.131 0.729 374.9 3.93
0.261 0.105 103.6 378
0.522 0.105 185 3.37
0.020 0.506 46 4,54
0.050 0.506 125.5 4.96
0.100 0.506 245.9 4.85
0.020 5.06 433.3 4.28
0.050 5.06 1531.2 6.05
0.100 5.06 2538.5 5.02

M=4.28 + 0.28 (SEM)

*Formed at 37° and determined with a Zeiss PMQIIL
spectrometer at 630 nm; data in column 3 are corrected for
haemoglobin autoxidation.

the two reactants, haemoglobin-Fe** and N-
hydroxy-4CIAA, and of the total reaction, initial
velocities of HbFe?* oxidation were measured by
keeping the concentration of one reactant constant
and varying the concentration of the other or

3+
vice versa. On plotting log deFte versus log

(HbFe?*) or log(N-hydroxy-4CIAA) from Table 1,
straight lines were obtained with the slope of 1 (plots
not shown), i.e. the reaction s first order in respect of
(HbFe?*) and (N-hydroxy-4CIAA), and the total
reaction is second order. An expression for the rate
of HbFe** formation therefore is equation (1).

3+
ﬂ%’_&?ﬁ_)‘ = k x (HbFe?*) x
(N-hydroxy-4CIAA) (1)

Table 2. Dependence of the catalytic activity on the molar
ratio of N-hydroxy-4-chloroacetanilide to haemoglobin-Fe?*

N-hydroxy- HbFe?*  HbFe?* produced after 2 hr*
4CIAA
mM mM % mM equiv.
2.73 2.73 100+ 2.73t 1
0.11 273 68.7 1.875 17
0.055 2.73 53.5 1.46 26
0.011 2.73 194 0.53 48
0.108 2.7 82 2214 20
0.055 2.7 71 1.911 35
0.011 2.7 33 0.891 81
0.1 5.06 67 3.39 34
0.05 5.06 46.5 2.353 47
0.02 5.06 28.5 1.442 72

*Formed at 37° and determined at 550 nm with the
cyanide method; data in column 3 are corrected for haemo-
globin autoxidation.

+ After 60 min incubation.
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Rate coefficients for the second order oxidation
were determined from the slope of the tangents on
the linear segments of the recorded kinetics. De-
pending on the ratio of (N-hydroxy-4CIAA) to
(HbFe**), linear segments were observed up to 7
min, during which time < 10% of total HbFe™ was
oxidized. Rate coefficients, shown in Table 1, suggest
that the rate of the reaction increased with increasing
ratio of the two reactant concentrations.

When we determined the temperature-
dependency of the reaction by varying the tempera-
ture of the reaction between 10 and 37°, we obtained
an activation energy E, of 12.7 kcal X mol™" from the
linear Arrhenius plots.

Catalytic activity of N-hydroxy-4-chloroacetanilide

When the ratio of N-hydroxy-4CIAA concentra-
tion to HbFe®* concentration was 1:25, each N-
hydroxy-4CIA A oxidized 16 equivalents of HbFe?*
in 2 hr. When the molar ratio was further increased to
1:245, each N-hydroxy-4CIAA oxidized 81 equiva-
lents of HbFe?* in 2 hr, i.e. on increasing the molar
ratio from 1:25 to 1:245, the catalytic activity of N-
hydroxy-4CIA A increased about 4-fold (Table 2).

Kinetics of haemoglobin oxidation by N-hydroxy-4-
chiloroaniline

We have also studied the kinetics of haemoglobin
oxidation by N-hydroxy-4CIA. The order of the
reaction was also determined by keeping the concen-
tration of one reactant constant and varying the
concentgation of the other and vice versa. Plots of log

+
ggl—{-‘%—te—-lversus log (HbFe?*) or log(N-hydroxy-
4ClA) were also linear with the slope of 1, i.e. the
reaction is also first order in respect of (N-hydroxy-
4ClA) and (HbFe?*) and second order in respect of
the total reaction (plots not shown).

Rate coefficients of the second order oxidation
were determined from the slope of the tangents on
the linear segments of the kinetics, which were
recorded with an Aminco-Morrow stopped-flow
apparatus {Table 3). The rate constant of 7800 I x
mol™! X sec™! for N-hydroxy-4CIA as compared to
4.281 x mol™! xsec™  for  N-hydroxy-4CIAA
showed that the arylhydroxylamine reacted 1800
times faster with HbFe®* than did the N-hydroxy-N-
arylacetamide. In addition, the temperature depen-
dency of the reaction, determined between 10 and
37, gave an activation energy of E, = 3.5kcal X
mol™" from the linear Arrhenius plot.

Catalytic activity of N-hydroxy-4-chloroaniline

To determine how many equivalents of HbFe>*
can be oxidized by each N-hydroxy-4CIA, the con-
centration of HbFe?* was kept constant (2.7 mM)
and the concentration of N-hydroxy-4CIA varied.
On addition of an equimolar concentration of N-
hydroxy-4ClA, less than 1 equivalent of HbFe** was
formed instantaneously (0.7), but on addition of
1.35,0.67, and 0.106 mM N-hydroxy-4CIA, 1 equiva-
lent of HbFe®* (Fig. 1). After the rapid initial
reaction a second slow phase of haemoglobin oxida-
tion followed, by which 1 further equivalent of
HbFe®* was formed in 2 hr.

R. HeiLmair, W. LEnk and H. StERZL

Table 3. Rate coefficient of haemoglobin oxidation by N-
hydroxy-4-chloroaniline determined from initial velocities

N-hydroxy-
4CIA HbFe?* HbFe’t* k
uM uM  uM xsec”t I x mol™! X sec™!
54 107 44.2 7642
107 107 87.7 7656
215 107 191.6 8327
429 107 378.6 8248
107 54 49.9 8642
107 107 87.7 7656
107 215 150.7 6551

M = 7844 + 300 (SEM)

*Formed at 37° and determined with the Aminco-
Morrow stopped-flow accessory of an Aminco DW2 A
spectrometer at 630 nm and a reference wavelength of
680 nm.

Metabolites of N-hydroxy-4-chloroacetanilide, N-
hydroxy-4-chloroaniline, and 4-chloronitrosoben-
zene produced by co-oxidation with haemoglobin

Two attempts have failed to establish a similar
relationship between HbFe®* concentration and the
concentration of 4-CINOB with purified human
haemoglobin and N-hydroxy-4CIAA as with HbFe**
in rat erythrocytes in vitro {1]. Concentrations of 5.1
and 13.7 mM haemoglobin-Fe?* incubated with 100
and 330 uM N-hydroxy-4ClAA, respectively, pro-
duced increasing HbFe** concentrations, but no
increase in 4-CINOB concentration. Obviously, the
4-CINOB concentrations were below the sensitivity
range of the modified Herr and Kiese method {18},
i.e. =7uM. That this is the case, was shown by
HPLC, see Table 4. However, the Herr and Kiese

01t mM

60 120 min
Fig. 1. Kinetics of ferrihaemoglobin formation in vitro by N-
hydroxy-4-chloroaniline. A solution of purified human
haemoglobin (2.24 mM HbFe**) in 0.2 M phosphate buffer
pH 7.4 was incubated at 37° with various concentrations of
N-hydroxy-4-chloroaniline indicated in the graph. Symbols
represent data from single experiments with 2 ml reaction
mixture each and are corrected for haemoglobin autoxida-

tion (@—4—@).
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Fig. 2. Co-oxidation of haemoglobin-Fe?* and N-hydroxy-4-chloroacetanilide in erythrocytes in vitro.

Ferrihaemoglobin (O-O-0O), 4-chloronitrosobenzene (@-@—-@®) and 4-chloroaniline (0-0-0) produced

by washed human erythrocytes (8.5 mM HbFe?* after haemolysis; approx. 25 mM HbFe?* inside the red

cell), suspended in 0.2 M Krebs-Ringer phosphate pH 7.4 without additives and incubated at 37° with

330 uM N-hydroxy-4-chloroacetanilide. Volume: 30 ml suspension; 0.1 ml was used for HbFe** determi-

nation and 1.0ml each for the determination of 4-chloronitrosobenzene and the sum of 4-
chloronitrosobenzene and 4-chloroaniline.

method is superior over HPLC, because (i) major
losses of the volatile 4-CINOB and 4-ClA can be
avoided and (ii) continuous monitoring of 4-CINOB
concentrations is less time-consuming. Its disadvan-
tages, however, are (i) a certain lack of specificity and
(ii) its limitation to those metabolites which can be
diazotized.

However, on incubation of washed human
erythrocytes (8.5 mM HbFe?* after haemolysis) with
330 uM N-hydroxy-4CIAA, a parallel increase of
HbFe3*t, 4-CINOB, and 4-ClA concentration was
observed, indicating (i) accumulation of 4-CINOB
during haemoglobin oxidation and (ii) partial reduc-
tion of the newly-formed 4-CINOB, which depended
on external substrates of the glycolysis pathway, see
Fig. 2. On incubation of purified haemoglobin (2.77-
3.5mM HbFe?*) with 1.0mM N-hydroxy-4CIAA,
haemoglobin was completely oxidized after 1hr
(Table 4), and larger concentrations of 4-CIAA, 4-
CINOB, and 4-CINO,B were determined as in the
control experiment without haemoglobin. The con-
centration of 4-CIAA increased with increasing
HbFe** concentration, but the concentration of 4-
CINOB and 4-CINO,B increased in the first two min
and then declined. This is because 4-ClA A is neither
volatile nor reactive and accumulated during
haemoglobin oxidation. But 4-CINOB and 4-
CINO,B are volatile and the former can react with
the SH-groups of haemoglobin. To correct the datain
Table 4 for losses of 4-CINOB, we include the results

of recovery experiments with N-hydroxy-4CIA and
4-CINOB, because N-hydroxy-4CIA is instanta-
neously oxidized to 4-CINOB and determined as
such. The results of either experiment show that 2
min after the rapid initial reaction with haemoglobin,
75 and 70%, respectively, were lost.

When we analysed the reaction mixture of car-
bonylhaemoglobin or globin and N-hydroxy-4CIAA,
we found metabolite concentrations similar as in the
control experiment without haemoglobin, indicating
that oxygen bound to the ferrohaem is an absolute
requirement for the metabolization of N-hydroxy-
4CIAA.

On addition of N-hydroxy-4CIAA to haemoglo-
bin, whose SH-groups were blocked by 4-
chloromercuribenzoate, we observed accelerated
haemoglobin autoxidation and lower concentrations
of the three metabolites. This is in agreement with
the results of other groups [26-28].

When we incubated purified ferrihaemoglobin
with N-hydroxy-4CIAA, we determined concentra-
tions of the three metabolites which exceeded those
of the control experiment, indicating that also ferri-
haemoglobin is capable of oxidizing N-hydroxy-
4CIAA, althou%h to a lesser extent.

Search for *C-labeled haemoglobin. Purified
haemoglobin (3.1 mM HbFe?) was incubated with
3.17mM 'C-N-hydroxy-4CIAA at 37°. After 2
and 60 min aliquots were chromatographed on a
Sephadex® G 75 with 2 mM phosphate buffer pH 7.4
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as solvent. The eluate was collected in fractions
of 5ml, whose absorbance at 254 nm and radio-
activity were determined.

Two peaks were found in the elution profile.
Peak 1 contained the fraction with haemoglobin and
peak 2 the fractions containing *C-N-hydroxy-
4CIAA and metabolites. After 2 min incubation,
77% HbFe** (mean of 2 experiments) and 1.5% of
the added radioactivity, and after 60 min, a mean of
76% HbFe** and 4.7% radioactivity, was determined
in peak 1. Radioactivity in peak 2 was extracted into
ether and analysed by HPLC to yield 80/77% N-
hydroxy-4CIA A (recovered), 2.1/2.5% 4-CIA A, and
0.1/0.1% 4-CINOB and 4-CINO,B, determined
together. Twenty percent of the radioactive material
in peak 1 was extracted into ether, but the amount of
radioactive material was too low to be analysed by
HPLC. These results indicated that binding of N-
hydroxy-4CIAA or its metabolites to haemoglobin
was negligible.

The effect of superoxide dismutase and catalase on
N-hydroxy-4-chloroacetanilide-induced haemogio-
bin oxidation

To a solution of haemoglobin (0.11 mM HbFe?*)
was added 900-1000 U of superoxide dismutase and
0.11 mM N-hydroxy-4CIAA and the mixture incu-
bated at 37°. Superoxide dismutase impaired N-
hydroxy-4ClA A-induced haemoglobin oxidation by
maximal 10% as compared with the experiment
without SOD.

When haemoglobin (0.11 mM HbFe?*) containing

2969

15% HbFe** was incubated with 900 U SOD per ml
and 0.11 mM N-hydroxy-4CIAA, SOD impaired N-
hydroxy-4ClA A-induced haemoglobin oxidation by
33%.

When oxyhaemoglobin was mixed with HbFe>* to
yield a concentration of 50% HbFe**, and then
incubated with 900 U SOD per m! and 0.1 mM N-
hydroxy-4CIA A, the rate of haemoglobin oxidation
was not significantly different from that in the ab-
sence of SOD. These results indicated that superox-
ide dismutase did not significantly affect haemo-
globin oxidation by N-hydroxy-4CIAA.

The requirement of molecular oxygen for the N-
hydroxy-4-chloroacetanilide- and  N-hydroxy-4-
chloroaniline-induced haemoglobin oxidation

After addition of an equimolar concentration of N-
hydroxy-4CIAA to 0.11 mM haemoglobin-Fe?* at
room temperature, a slow increase in absorbance at
630 nm, a slow decrease at 576 and 540 nm, and a
shift of the Soret band to 404 nm was observed as an
expression of slow ferrihaemoglobin formation.
When the experiment was performed with deoxy-
haemoglobin under N;, no spectroscopic changes of
the deoxyhaemoglobin spectrum were observed dur-
ing the first 15 min.

After addition of an equimolar concentration of N-
hydroxy-4CIA to 0.11mM haemoglobin-Fe?* at
room temperature, the absorption maxima of oxy-
haemoglobin at 576, 540, and 413 nm disappeared
and the Soret band shifted to 404 nm as an expression
of ferrihaemoglobin formation. But after addition of

Table 5. Kinetic and catalytic properties of six N-hydroxy-N-arylacetamides in the oxidation of purified haemoglobin in
vitro

Kinetic properties

5.04 mM haemoglobin-Fe>*
50 uM N-hydroxy-N-arylacetamide

Catalytic properties
5.04 mM haemoglobin-Fe*
20 uM N-hydroxy-N-arylacetamide

HbFe?* produced in 3 hr HbFe** produced in 3 hr
equiv. HbFe?* equiv. HbFe?*
oxidized/ oxidized/
k N-Hydroxy-N- N-hydroxy-N-
1-mol™! - sec™ % uM arylacetamide % uM arylacetamide
N-hydroxy-acetanilide 0.5+0.02 13 655 13 6 302 15
(14)
N-hydroxy-4-chloro- 34+02 53 2671 53 31 1562 78
acetanilide (36)
N-hydroxy-3,4- 50+02 44 2218 44 29 1462 73
dichloroacetanilide %)
N-hydroxyphenacetin 1.2+0.03 29 1462 29 10 529 26
(19
N-hydroxy-4- 3.6+£02 30* 1754* 33* 15* 891* 42*
acetylamino-biphenyl (14)
N-hydroxy-2- 2601 27 1361 27 12 630 31
acetylamino-fluorene (10)

Data in column 2 are means + SE (number of observations in brackets) of the second order rate constants of
haemoglobin oxidation at 37° by six N-hydroxy-N-arylacetamides. Concentrations applied: haemoglobin-Fe?*: 0.11,
0.21, and 0.73 mM; N-hydroxy-N-arylacetamides: 0.11, 0.22, 0.33, 0.44, and 0.52 mM. Initial velocities of HbFe®*-
formation were monitored at 630 nm with a Zeiss PMQ I1I spectrophotometer at 37° with 3 mi reaction mixture.

Data in columns 3-8 are from single experiments with 50 or 20 pM N-hydroxy-N-arylacetamide and 5.04 mM
haemoglobin-Fe?* in 3 ml reaction mixture at 37° and are corrected for haemoglobin autoxidation. HbFe3* formation was
determined for 3 hr at 550 nm by the cyanide method.

*In these experiments, haemoglobin-Fe?*-concentration was 5.75 mM and the N-hydroxy-4-acetylaminobiphenyl-
concentration 52.7 uM and 21.1 uM, respectively.
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an equimolar concentration of N-hydroxy-4CIA to a
solution of deoxyhaemoglobin (0.11 mM) in a Thun-
berg cuvette under N;, no spectral changes of the
absorption maxima at 553 and 428 nm and also no
increase in absorbance at 630 nm were observed.

After addition of equimolar concentrations of 4-
CINOB to either oxy- or deoxyhaemoglobin
(0.11 mM HbFe?*) in a Thunberg cuvette under N,
new absorption maxima at 561, 540, and 420 nm
appeared as an expression of the ferrohaem adduct of
4-CINOB. In addition, the absorbance at 630 nm
increased, which was not an expression of HbFe>*
formation, since it could be reversed by carbon
monoxide.

These results demonstrated the absolute require-
ment of molecular oxygen as the third reactant in the
N-hydroxy-4CIAA- as well as N-hydroxy-4CIA-
induced haemoglobin oxidation.

Failure to detect acetyl 4-chlorophenyl nitroxide
radical

After mixing S5ml ImM haemoglobin-Fe?* in
0.2 M phosphate buffer pH 7.4 with 10 ul of a metha-
nol solution of N-hydroxy-4ClAA (final concn.:
1 mM), the reaction mixture was placed in a flat cell
or a capillary and monitored for 30 min at the position
where the expected signal was to appear, but it was
not detectable. No other result was obtained when
the experiment was repeated later with another
spectrometer, but also at room temperature.

Substituent effects on the kinetics of haemoglobin
oxidation

The kinetics of ferrihaemoglobin formation from
four monocyclic N-hydroxy-N-arylacetamides, N-
hydroxy-AA, N-hydroxy-4CIAA, N-hydroxy-3,4-
CLAA, and N-hydroxy-4EAA and the two poly-
cyclic analogues N-hydroxy-4AAB and N-hydroxy-
2AAF, have been compared with purified haemoglo-
bin in vitro. The results (Table 5) show differences in
the rate and efficacy of HbFe>* formation. N-
Hydroxy-3,4CLLAA was the most active compound,
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©
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/O\
¢ o
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H3C N
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HbFe 2+
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followed by N-hydroxy-4CIAA and N-hydroxy-
4AAB, and N-hydroxy-AA was the least active
compound.

After 3hr, each N-hydroxy-4CIAA oxidized 53,
each N-hydroxy-3,4CL,AA 44, and each N-hydroxy-
4AAB 33 equivalents of HbFe?*, whereas N-
hydroxy-AA oxidized only 13 equivalent of HbFe?*,
When the N-hydroxy-N-arylacetamide concentra-
tion was decreased by 60%, the catalytic activity of N-
hydroxy-4CIAA increased by 47%, of N-hydroxy-
3,4Cl,A A by 66%, and of N-hydroxy-4AAB by 27%,
indicating that not simply one substituent effect
exists, but that inductive and conjugative effects of
the aryl substituents govern the kinetic properties
and catalytic activities of N-hydroxy-N-aryl-
acetamides.

DISCUSSION

Differences in the mechanism of haemoglobin oxi-
dation between N-hydroxy-N-arylacetamides and
arylhydroxylamines

The results presented here show that the mechan-
ism by which N-hydroxy-N-arylacetamides oxidize
haemoglobin-Fe?* in vitro is distinct from that of
arylhydroxylamines, although either reaction is
second order in respect of the total reaction and first
order in respect of the two reactants. Yet, it has to be
assumed that the rate-limiting step of the two reac-
tions is different, because different products are
formed by the co-oxidation of haemoglobin with
eitl}er N-hydroxy-N-arylacetamides or arylhydroxyl-
amines.

The reaction of N-hydroxy-4CIAA with oxy-
haemoglobin is slow, k being 4.31 X mol™! x sec™! at
37° as compared with the instantaneous reaction of
N-hydroxy-4CIA with oxyhaemoglobin, & being 7800
1x mol™' x sec™. The activation energy E,=
12.7 kcal X mol™ for the reaction of N-hydroxy-
4CIAA was much higher than that for N-hydroxy-
4CIA (3.5 keal X mol™'). The activation energy of
12.7 keal X mol™ is closer to the value of 14 kcal x

X

6+ 6~
HbFe2*—09

!

HbFe3*~02**

HbFe 3+ ..oH

Fig. 3. Catalysis of haemoglobin oxidation by N-hydroxy-4-chloroacetanilide. The mechanism of

haemoglobin oxidation catalysed by N-hydroxy-4-chloroacetanilide is depicted; we consider the forma-

tion of acetyl 4-chlorophenyl nitroxide the rate-limiting step in the second order oxidation; since the

superoxide dismutase and catalase did not affect N-hydroxy-4-chloroacetanilide-induced haemoglobin

oxidation, we assume that the dioxygen moiety of oxyhaemoglobin is sequentially reduced to water in situ,
i.e. oxyhaemoglobin acts as superoxidase.



N-Hydroxy-N-acrylacetamides—1IV: different mechanisms of oxidation

mol ™! determined from the half-wave potential of the
chemical one-electron oxidation of N-hydroxy-
4CIAA than the value of 22.1 kcal X mol™? (= 960 +
10mV, Riedl [29]) for the irreversible two-electron
oxidation, therefore one-electron oxidation is more
likely to happen. It may be assumed that the
N-hydroxy-4CIA A-induced oxidation of oxyhaemo-
globin is a three-center reaction of the hydroxamic
acid with haemoglobin-Fe®* as the electron donors
and the dioxygen moiety of oxyhaemoglobin as the
electron acceptor, see Fig. 3. Electron transfer from
haemoglobin-Fe®* to the dioxygen moiety, which
is normally rather slow, is accelerated by the
hydroxamic acid which acts as a catalyst, and whose
occasional self-reaction gives rise to only small
concentrations of the three metabolites, 4-CIAA, 4-
CINOB, and 4-CINO,B. Forrester et al. [30], who
found that chemical oxidation of N-hydroxy-AA and
N-hydroxy-4AAB by PbO, in benzene yielded the
corresponding N-arylacetamides, nitroso- and nitro-
arenes, and N, O-bis-acetylarylhydroxylamines,
proposed a mechanism for the self-reaction of secon-
dary aromatic nitroxides. However, the results of
Riedl [29] on the chemical oxidation of N-hydroxy-
4CIAA suggested that this scheme has to be mod-
ified, because the product pattern depended on the
reactant concentration, solvent, and the oxidant.

Apparently the dioxygen moiety is sequentially
reduced to water, since we found no evidence for the
presence of superoxide or hydrogen peroxide in the
reaction mixture. .

N-Hydroxy-4CIA A oxidized up to 81 equivalent of
HbFe?*, indicating its catalytic activity. The finding
that only 7% of the applied N-hydroxy-4CIAA was
accounted for by the three metabolites, supports the
idea that the preponderant amount of the
catalytically-active molecule returned to the hydro-
xamic acid and only a few underwent self-reaction.
We assume that it is acetyl 4-chlorophenyl nitroxide
radical which is formed from N-hydroxy-4CIAA by
one-electron oxidation. Such an idea is in agreement
with the view of Michaelis [31], that oxidation of
organic molecules proceeds in successive univalent
steps and that the intermediate is a radical, whichis a
prerequisite for the reversibility of an oxidation-
reduction system. Such a view is also in agreement
with the laws of thermodynamics, since electrons can
flow from haemoglobin-Fe?* (E;, = +125mV, Anto-
nini ef al. [32]) to acetyl 4-chlorophenyl nitroxide
(Eyp = +610 £ 10 mV = 14.0 + 0.2kcal, Riedl [29])
and on to the dioxygen moiety of oxyhaemoglobin to
yield either H,O, (E;p = +900mV, James [33])
or HO (Ep= +800mV[O,-»H,0] or +1350
mV[{H,0,—-H,0], James [33]). Also in agreement
with the laws of thermodynamics is the observation
that N-hydroxy-4CIAA is not oxidized by molecular
oxygen in buffer pH7.4 [O;+ e— Oyf; Epp=
—400 mV}, James {33]). Since our attempts have
failed to directly demonstrate the presence of acetyl
4-chlorophenyl nitroxide radical by EPR spectro-
scopy in reaction mixtures of oxyhaemoglobin and N-
hydroxy-4CIAA, we assume that its stationary con-
centration during the initial fast phase of the oxida-
tion must be below the sensitivity of the method, i.e.
<10™"M.

In contrast,

the  A-hydroxy-4ClA-induced
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haemoglobin oxidation was different, in that each N-
hydroxy-4CIA reacted only once with haemoglobin-
Fe?*, indicating its lack of catalytic activity in the
absence of reducing equivalents. Furthermore, the
second order oxidation of haemoglobin was 1800-
fold faster, the activation energy of the reaction much
lower, and two electrons were transferred from each
N-hydroxy-4CIA to the oxygen moiety of oxy-
haemoglobin, since 4-CINOB is the oxidation pro-
duct. The activation energy of 3.5 kcal X mol™!is of
the same order of magnitude as the electric energy of
formation obtained from the half-wave potential of
the couple N-hydroxy-4CIA/4-CINOB, E,, =
+80x15mV # 1.8+ 0.35kcal, Riedl [29]) and
reflects the energetically-favoured transfer of two
electrons.

Data on the kinetic properties of arylhydroxyl-
amines are scanty. In their experiments with isolated
human haemoglobin, Eyer ef al. {20] determined the
second order rate constant for the unsubstituted
phenylthydroxylamine to 23501 X mol™" X sec™?, the
p-chloro-substituted arylhydroxylamine surpassed
the unsubstituted analogue 3.3-fold in its activity.

Hustedt and Kiese [34] found that the rate of
HbFe?* formation by N-hydroxy-AA in haemolysate
of bovine erythrocytes was proportional to the con-
centration of HbFe?* and N-hydroxy-AA and as-
sumed a second order reaction.

In contrast to the results of Elbaum and Nagel [2]
that haemogiobin displayed esterase activity towards
4-nitrophenylacetate, we found no evidence for the
enzymic N-deacetylation of N-hydroxy-4CIAA by
haemoglobin, which would have made N-hydroxy-
4CIA the actual ferrihaemoglobin-forming molecule.

Substituent effects in the oxidation of haemoglobin
by N-hydroxy-N-arylacetamides

We determined the kinetic properties and catalytic
activities of the four monocyclic N-hydroxy-N-aryl-
acetamides, N-hydroxy-AA, N-hydroxy-4CIAA, N-
hydroxy-3,4CLLAA, and N-hydroxy-4EAA and the
two polycyclic analogues, N-hydroxy-4AAB and N-
hydroxy-2AAF. The second order rate constants
show (Table 5), that N-hydroxy-3,4CLAA, N-
hydroxy-4CIA A, and N-hydroxy-4A AB were among
the most active compounds and N-hydroxy-AA was
the least active compound tested.

The catalytic activity of the six N-hydroxy-N-
arylacetamides was determined by monitoring HbFe*
concentrations for 3hr with 50 and 20uM N-
hydroxy-N-arylacetamides and 5.04 mM haemoglo-
bin-Fe**, i.e. a 100- and 250-fold excess of haemoglo-
bin-Fe?*, respectively. N-hydroxy-4CIAA showed
the highest catalytic activity, followed by N-hydroxy-
3,4CLAA and N-hydroxy-4AAB, and N-hydroxy-
AA was the least active compound (Table 5). On
reducing the hydroxamic acid concentration by 60%,
the catalytic activity of N-hydroxy-4CIAA increased
by 47%, that of N-hydroxy-3,4CLAA even by 64%,
and that of N-hydroxy-4AAB by 27%. We assume
that the catalytically-active oxidation products of N-
hydroxy-4CIAA and N-hydroxy-34CL,AA, presum-
ably the corresponding acetyl chlorophenyl nitrox-
ides, are especially stabilized by the (~1)- and (+ M)-
effect of the Cl-atoms, by which the unpaired elec-
tron of the nitroxide—oxygen is delocalized to a larger
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extent than by any other substituent. The catalytic
activity of N-hydroxy-4AAB is probably much
lower, because the much weaker (—I)- and (+M)-
effect or the weak (—M)-effect of the 4-phenyl sub-
stituent governs its oxidation to the corresponding
nitroxide and in turn its reduction to the correspond-
ing hydroxamic acid.

Further reaction of the ferrohaem-nitrosoarene
adduct

The second slow phase of haemoglobin oxidation
which followed the rapid initial phase (Fig. 1) con-
tinued, until all HbFe?* was oxidized. The results
with 4-CINOB (Table 4) show, that the concentration
of 4-CIA and 4-CINO,B increased with HbFe**
concentration. Probably part of the electrons which
were transferred from HbFe?* to oxygen [35] have
sequentially reduced 4-CINOB to 4-ClA. But we
cannot explain at present, whether 4-CINO,B was
formed by autoxidation of 4-CINOB or by dispro-
portionation of the other product of this one-electron
transfer which may be the nitrosoarene radical anion
(Russel et al. [36]). 4-ClA then could be the other
product of the disproportionation.

Hirota and Itano [37], who studied the influence of
ring substituents on the binding of nitrosoarenes to
haemoglobin-Fe?*, also observed slow conversion of
the ferrohaem-nitrosoarene complexes into un-
liganded ferrihaemoglobin, but did not determine
the product pattern.
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