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Abstract

The kinetics of the reaction of hydroxyurea (HU) with myoglobin (Mb), hemin, sickle cell hemoglobin (HbS), and
normal adult hemoglobin (HbA) were determined using optical absorption spectroscopy as a function of time,
wavelength, and temperature. Each reaction appeared to follow pseudo-first order kinetics. Electron paramagnetic
resonance spectroscopy (EPR) experiments indicated that each reaction produced an FeNO product. Reactions of
hemin and the ferric forms of HbA, HbS, and myoglobin with HU also formed the NO adduct. The formation of
methemoglobin and nitric oxide—hemoglobin from these reactions may provide further insight into the mechanism of
how HU benefits sickle cell patients. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydroxyurea (HU) has recently been used to
treat sickle cell disease, a condition that affects
one out of every 600 African Americans [1-3]. A
single mutation in the amino acid sequence of
hemoglobin (B6 L-glutamic acid — L-valine)
causes this disease [4]. Under hypoxic conditions,
this mutation allows sickle cell hemoglobin (HbS)
to polymerize causing distortion and increased
rigidity of the sickle red blood cell. These rigid
cells contribute to microvascular occlusion result-
ing in tissue eschemia, organ damage, pain and
death [5].

Hydroxyurea benefits sickle cell patients by in-
creasing the level of fetal hemoglobin (HbF),
which reduces the tendency of HbS to polymerize
[1,2]. The results of a multiparameter study of
sickle erythrocytes from patients undergoing hy-
droxyurea therapy indicate that an increase in the
proportion of F-cells (cells containing approx. 20%
HbF) is the primary effect of hydroxyurea [6].
However, clinical improvement and increased lev-
els of HbF have not always occurred simultane-
ously [7]. These findings suggest that other mech-
anisms may be responsible for a portion of the
improvement of sickle cell patients treated with
hydroxyurea [1,2]. Previous explanations of these
beneficial effects include a proposal that hydroxy-
urea increases mean cell volume (MCV) and re-
duces neutrophil count [2]. We have proposed
that hydroxyurea’s benefits partially arise from its
reaction with oxyhemoglobin (HbO,) to form
methemoglobin (metHb) and nitrosyl hemoglobin

(HbNO) [8-10]. Nitric oxide (NO) may also be
involved in the reaction of oxyhemoglobin and
HU [10,11]. HbNO reportedly exists in an
oxygen-dependent equilibrium with S-nitro-
sohemoglobin, a vasoactive protein S-nitrosated
at the B-93 residue [12]. The B-93 cysteine residues
of hemoglobin have also previously been impli-
cated in the reactions of nitrogen monoxides with
heme proteins [13]. To determine the importance
of protein structure (specifically the B-93 cys-
teine) in the reaction of HU with hemoglobin, we
have examined the reaction of HU with oxyHbA,
oxyHbS, oxyMb, and hemin. We wish to report
the results regarding both the kinetics and product
distribution of these reactions.

2. Experimental

Oxymyoglobin (MbO,) was prepared from
equine metmyoglobin (metMb, Sigma Chemical
Company). A sample of metMb (50 mg, 3.13
pmol) was placed in a sealed flask and flushed
with argon for 30 min. Deoxygenated buffer [0.1
M sodium phosphate (pH 7.3) 1.75 ml] was trans-
ferred into the flask with stirring to form a metMb
solution. Sodium dithionite (22 mg, 127 wmol,
Sigma) was added, and the color of the solution
went from brown to dark red. The solution was
purified through a pre-packed column of G-25
sephadex (Supleco, Bellfonte, PA) to remove ex-
cess dithionite, and diluted with buffer until the
concentration was between 250 and 300 wM.

Excess, discarded blood was obtained that had

Table 1

Hydroxyurea (mM) Apparent rate constant (s~ ') Error (+) Bimolecular Avg. bimolecular
rate constant rate constant
c'MhH

Myoglobin 37°C

660 14x107° 26x107° 22x107° 25+04%x107°

500 12x107° 29%x107° 23%x107°

330 1.0x 1077 37x107° 3.0x107°

Room temperature

660 6.8x107* 20%x107° 1.0x107°3 95+20x10*

500 38x107* 14x107° 75x107*

330 35%x107* 12x107° 11x107°3
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Table 2

Hydroxyurea (Mm) Apparent rate constant Error (£) Bimolecular Avg. bimolecular
™M " 'MH

HbA 37°C

660 6.2x10"* 1.9%107° 93x10"* 6.8+2.1x10"*

(8-93 Blocked) 660 47%x107* 45%x107° 7.1x107*

500 29x107* 35%107° 57x10"*

(H,0,) 500 77x107* 9.6x10°° 15x107°

330 1.8x107* 25x107° 55%x107*

Room temperature

660 9.9x107° 1.1x107° 1.5x107* 13+02x10"*

500 59%107° 83x1077 12x10"*

330 3.6x107° 21x10°° 1.1x10*

been drawn from patients homozygous in the
gene responsible for sickle cell disease with low
(less than 5%) fetal hemoglobin following federal
regulations and guidelines. Hemoglobin was pre-
pared as described previously [14]. The cells were
washed several times in 0.95% NaCl and lysed by
incubation in distilled water. The membranes were
removed by centrifugation and the supernatant
was dialyzed against 0.1 M sodium phosphate
buffer, pH 7.3. No difference was previously
observed in reaction HU with purified deoxy-HbS
and the hemolytsate [15]. The hemoglobin sample
was pelleted in liquid nitrogen and stored at
—80°C. Samples used for spectrophotometric
measurements were thawed and used within 24 h.
The thawed hemoglobin was diluted with phos-
phate buffer until the concentration was between
250 wM and 300 wM. HbA was prepared in a
similar fashion. The B-93 cysteines of 300 pM
oxyHbA were blocked by reaction with a 3 M

excess of iodoactemide (Aldrich) for 3 h in the
dark. The solution was purified by a Sephadex
G-25 column, and the method of Ellman was used
to confirm blocking [16].

Hemin (Sigma) solutions for kinetic and EPR
measurements were made from a stock solution
in ethylene glycol (4.5 mM) with a drop of am-
monium hydroxide (14.8 N). The hemin stock
solution was diluted with ethylene glycol for spec-
troscopic measurements at 250-300 wM.

A Hewlett Packard (HP) 8452A diode array
spectrophotometer (equipped with a heating
jacket) and a Perkin-Elmer (PE) Lambda 9 spec-
trophotometer were used to obtain the kinetic
data. Cuvettes (0.5 cm and 0.2 cm) were used in
the HP and PE spectrophotometers, respectively.
Three different concentrations of HU were used
in the experiments (1.32 M, 1.0 M, and 0.66 M)
and reactants were mixed in the cuvettes in a 1:1
volumetric ratio. For the measurements of oxyMb,

Table 3

Hydroxyurea (mM) Apparent rate constant Error (+) Bimolecular Avg. bimolecular
s™h " 'MhH

HbBS 37°C

660 43x107* 25%x107° 6.4x10"* 49+1.7x107*

500 26x107* 1.6x107° 52x107*

330 1.0x107* 1.6%x107° 31x10*

Room temperature

660 1.5%x107* 53x107° 23x107* 20+04x107*

500 1.1x107* 3.6x107° 22x107*

330 51%x107° 2.0x1073 1.6x107*
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oxyHbA, and oxyHDbS at 37°C, data was collected
for 1 h every 100 s. At room temperature, data
was collected for 12 h every 250 s. The blocked
oxyHbA reacted with 1.32 M HU in a 1:1 volu-
metric ratio at 37°C for 1 h, and scans were taken
every minute. For hemin at 37°C, data was col-
lected every 90 s for 4 h and every 300 s for 12 h
at room temperature. Hydroxyurea was dissolved
in ethylene glycol for the hemin reactions. Three
trials were performed with each concentration of
HU at each temperature. The kinetic data was
analyzed using Specfit (Spectrum Software Asso-
ciates, Chapel Hill, NC) using singular value de-
composition (SVD) and global analysis.

Electron paramagnetic resonance spectroscopy
(EPR) samples for oxyMb, oxyHbA, and oxyHbS
were prepared by reacting the oxygenated pro-
teins (1 mM) with 1.32 M HU in a 1:1 volumetric
ratio for 12 h. Blocked HbA (2.2 mM) reacted
with 1.32 M HU in a 1:1 volumetric ratio for 12 h.
Argon de-gassed hemin (2.2 mM) in ethylene
glycol was reacted with both ["*N]- and [**N]hy-
droxyurea (0.433 M) in de-gassed ethylene glycol
in a 1:1 volumetric ratio. [""N]hydroxyurea was
prepared as previously described [10]. These solu-
tions were transferred to an EPR tube and frozen

in liquid nitrogen (77 K). EPR spectra were taken
on a Varian E-line Spectrometer using 5-mW
microwave power, 5-G modulation amplitude and
9.1-GHz microwave frequency.

3. Results

Oxy(Mb, HbA, and HbS) display characteristic
absorbances at 540 and 577 nm. When each pro-
tein reacted with HU at 37°C and room tempera-
ture, these absorbances decreased with time and
absorbances at 635 and 500 nm increased indicat-
ing the formation of met(Mb, HbA, and HDS).
Figs. 1-3 depict typical spectra for the reaction of
HU with oxyMb, oxyHbA, and oxyHbS, respec-
tively. The final reaction products resemble that
which we reported earlier for oxyHbS at room
temperature [9]. Spectral analysis of that reaction
indicated the presence of HbNO, metHbS, a Hb-
HU adduct and hemichromes. Close examination
of the spectra indicates that there are no perfect
isosbestic points. As discussed previously in the
case of oxyHDbS [9], the lack of an isosbestic is
most likely due to the formation of other species
besides the met forms: the NO adducts and

Absorbance

0.00

450 500

600 650

Wavelength (nm)

Fig. 1. Time resolved absorption of the reaction of hydroxyurea (660 mM) and oxyMb (270 wM) at room temperature.

Measurements are shown for 10-min intervals for 12 h.



J.W. Rupon et al. / Biophysical Chemistry 84 (2000) 1-11 5

ODBB335535555>

Absorbance

450 500 550 600 650
Wavelength (nm)

Fig. 2. Time resolved absorption of the reaction of hydroxyurea (660 mM) with oxyHbA (270 pM) at room temperature.
Measurements are shown for 10-min intervals for 12 h.

OO

Absorbance

450 500 550 600 650
Wavelength (nm)

Fig. 3. Time resolved absorption of the reaction of hydroxyurea (660 mM) and oxyHbS (270 wM) at 37°C. Measurements are shown
for 100-s intervals for 1 h. The dip in the spectrum at 655 nm is the result of instrumental error.

!'Rate constants at each concentration are averages of three trials. Bimolecular rate constants were determined by dividing these
average rate constants by the concentration of HU used. Standard deviations were determined using the n — 1 method.
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Fig. 4. EPR of the products of oxyMb + HU (a) and oxyHbA + HU (b). The products of oxyHbS and HU have previously been
shown [9]. The protein concentration was 1 mM and the HU concentration was 660 mM. The g = 2 signal corresponds to a field of
3250 G, while the g = 6 signal corresponds to a field of 1083 G for both spectra.

Table 4

Hydroxyurea Apparent rate constant Error (+) Bimolecular Avg. Bimol.
(mM) ™ s~ 'M™hH

Hemin 37°C

660 2.8x107* 74%10°° 43%x107* 27+14%x1074
500 1.1x107* 51x10°° 21x1074

330 53%x107° 43x%10°° 1.6x107*

Room temperature

660 14x107* 2.7%107° 22x1074 1.9+04x10"*
500 98x107° 25x107° 20x107*

330 50%x1073 1.8x107° 1.5%x107*
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Fig. 5. Time resolved absorption of the reaction of hydroxyurea (660 mM) with hemin (270 wM) at room temperature.

Measurements are shown for 300-s intervals for 12 h.

hemichromes. The presence of hemichromes is
evidenced by increased turbidity of the sample.
Tables 1-3 summarize the kinetic data for both
the 37°C and room temperature reactions.! The
kinetic data for the room temperature reaction of
oxyHbS and HU has previously been reported [9].
Experiments with 3-93 cysteine-blocked HbA de-
monstrated a similar absorbance change and rate
(Table 2).

EPR spectroscopic experiments confirmed the
presence of MbNO and HbA-NO as well as the
met-forms of these proteins (Fig. 4). The forma-
tion of HbS-NO from the reaction of oxyHbS and
HU has previously been shown [10]. Trace A (Fig.
4) shows a peak at g =6 (1083 G) characteristic
of the high spin Fe*' in metMb, and a peak at
g =2 (3250 G) characteristic of MbNO. No split-
ting is seen in the g=2 MbNO signal, which is
also characteristic of the Mb protein. Trace B
(Fig. 4) confirms the formation of HbA-NO from
the reaction of oxyHbA with HU. Both spectra
also show the three characteristic low-spin ferric
peaks around g=2 (2600, 2900, and 3450 G).
Experiments with 3-93 cysteine-blocked HbA also
demonstrated the formation of HbA-NO.

Hydroxyurea also reacted with hemin (Fe
and Fig. 5 depicts the change in absorption for

3+)

this reaction over time. The absorbance rises
between 500 and 600 nm and decreases between
600 and 650 nm resulting in an isobestic point at
600 nm. Table 4 summarizes the kinetic data for
this reaction at various HU concentrations and
temperatures.

EPR spectroscopy indicates the formation of a
hemin-NO complex during the reaction of hemin
and HU. The EPR spectrum of hemin treated
with ['"NJHU produced a two peak pattern con-
sistent with electronic coupling to "N (I=1/2,
Fig. 6, Trace A) [17,18]. The reaction with
[ NJHU produced a three peak pattern consis-
tent with the electronic coupling to “N (I =1,
Fig. 6, Trace B). These results demonstrate that
the NO of the hemin-NO complex is derived from
the -NHOH group of HU. Reactions between
reduced hemin (Fe**) and hydroxyurea demon-
strate a rapid oxidation of hemin in an oxygen
free environment (data not shown).

4. Discussion
The time resolved spectra of the reaction of

hydroxyurea with oxyMb, oxyHbA, and oxyHbS
demonstrate the formation of the corresponding
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(a)

(b)

2900 3250 3600 G

2900 5250

3600 G

Fig. 6. EPR spectrum of hemin-'>NO (a) from the reaction of hemin (2.2 mM) with [ Nlhydroxyurea (0.433 M). The g =2 signal
corresponds to a field of 3250 G. Trace (b) shows the spectrum of hemin-*NO from the reaction of hemin (2.2 mM) with
[ Nlhydroxyurea. Hyperfine splitting in hemin-"*NO (a) and hemin-'*NO (b) was produced by reaction with inositiol hexaphos-

phate (IHP, 1 mM, Sigma) prior to freezing.

iron oxidized (met-like) products. While these
spectra resemble the spectra of the corresponding
met-proteins, small differences and the lack of
perfect isosbestic points suggest the presence of
another product. EPR studies indicate that X-NO
(X =Mb, HbA, or HbS) forms in these reactions.

The rate constants for the reaction of hydrox-
yurea with oxyHbA and oxyHbS are similar at
both 37°C and room temperature and both reac-
tions appear to be pseudo-first order. The similar
rate and product distribution from the reaction of
HU with oxyHbA and oxyHbS suggests that the
B-6 mutation does not affect the reaction. While
the reaction of hydroxyurea and oxyMb produces
similar products, the kinetic data shows that this

reaction occurs at an increased rate compared
with HbA and HbS. As myoglobin does not posses
any cysteine residues that correspond to the (3-93
cysteines of hemoglobin, this increased rate may
indicate the involvement of these residues in these
reactions. However, blocking the 3-93 cysteines in
HbA with iodoacetamide followed by reaction
with HU, resulted in no significant differences in
rate and product distribution. These results de-
monstrate that the B-93 cysteines do not influ-
ence the reaction of HbA and HbS with hydroxy-
urea and do not account for the differences in
rate of reaction between hemoglobin and myo-
globin with hydroxyurea. The increased rate of
the oxyMb-HU reaction compared to that with
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(a)
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Fig. 7. EPR spectra of metMb (2 mM) and HU (1.32 M) (a), metHbA (1 mM) and HU (1.32 M), and metHbS (1 mM) and HU (1.32
M) (c). The g = 2 signal corresponds to a field of 3250 G. The samples were probed at 9.1 GHz with the magnetic field sweeping

1000 G centered at 3250 G.

hemoglobin maybe due to differences in protein
structure at the active site. As HU binds heme
itself, the structure of the heme pocket of myo-
globin may stabilize this binding or be more con-
ducive to some other aspect of the chemistry of
the reaction [8,9].

The reaction of hemin with hydroxyurea indi-
cates that the globin portion of the macro-
molecule is not required for reaction. The rate
constants of the hemoglobin proteins do not dras-
tically differ from those of hemin and EPR exper-

iments demonstrate the formation of hemin-NO.
As hemin exists in the Fe" state, this reaction
more closely models the reaction of metX (X =
Mb, HbA, and HbS) with hydroxyurea rather than
the reaction of oxyX with hydroxyurea. Eq. (1)
depicts a proposed reaction sequence where the
oxygenated forms of Mb, HbA, and HbS react
with HU to form met X, which reacts further with
excess HU to form X-NO. In support of this
sequence, metHb has been shown to react with
HU to form HbNO [15], and samples of pure
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Absorbance

450 500

600 650

Wavelength (nm)

Fig. 8. Time resolved absorption of the reaction of hydroxyurea (660 mM), H,O, (30 mM) and oxyHbA (270 nM) at 37°C.
Measurements are shown for 100-s intervals for 1 h. The dip in the spectrum at 655 nm is the result of instrumental error.

met-Mb, met-HbA and met-HbS treated with HU
formed MbNO, HbANO, and HbSNO, respec-
tively, as determined by EPR (Fig. 7).

X-0, +HU - met-X + HU - X-NO 1)

If Eq. (1) is true, all X-NO formation occurs
through the met-protein. This proposed sequence
leads to the prediction that X-NO formation could
be blocked by the addition of a species that binds
tightly to Fe**. Preliminary studies of the reac-
tions of both oxyMb and metMb with hydroxy-
urea in the presence of KCN show no MbNO
formation by EPR (data not shown).

The in vitro experiments reported here demon-
strate that the globin portion of these molecules
has little influence on the rate or product dis-
tribution of the reaction of HU and these pro-
teins. These experiments identify the heme por-
tion of Mb, HbA, HbS as responsible for the
oxidation of HU, and the formation of X-NO
appears to occur through the met species. Previ-
ous in vitro experiments demonstrate the forma-
tion of NO or ‘NO-like’ products from the oxida-
tion of HU with hydrogen peroxide or mixtures of
hydrogen peroxide and copper(Il) sulfate [19].

Indeed, the addition of two equivalents of hydro-
gen peroxide accelerates the reaction of oxyHbA
with HU (Table 2, Fig. 8). These results suggest
that the reaction of oxyHb and HU may be espe-
cially important in situations of high peroxide
concentration and lend support to the idea that
NO may be involved in these reactions.

Recent studies provide evidence of HbNO for-
mation after HU treatment in vivo. EPR spectra
performed on rats treated with HU confirms ni-
trosylhemoglobin formation in vivo [20]. Similar
experiments reveal the presence of HbS-NO in
patients with sickle cell disease receiving HU
orally as treatment for sickle cell anemia [21].
Whether in vivo NO production from HU oxida-
tion occurs from the reaction of HU with oxyHb
remains unclear as NO production from HU in
liver tissues has been described [20]. The in vivo
formation of NO from HU oxidation may also
arise from other oxidants including peroxidase,
lipoxygenase, peroxidase/H,0O,, copper, zinc-
superoxide dismutase, and the tyrosyl radical from
ribonucleotide reductase [22-25]. Indeed, pre-
liminary work with cytochrome c¢ shows rapid
reduction of the protein in reaction with HU.
These results suggest that any heme containing
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protein may be capable of oxidizing HU with the
formation of NO.

5. Conclusion

Taken together, these results indicate that
heme-iron complexes react with HU to form the
corresponding FeNO species. The structure of
the surrounding protein appears to have little
influence on these reactions. The formation of
FeNO complexes may occur through the reaction
of ferric heme proteins with HU. The detection
of these FeNO species suggests the intermediacy
of NO in these reactions. The reaction of heme
proteins with HU with NO production may repre-
sent an important metabolic pathway for HU.
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