-

P
brought to you by i CORE

View metadata, citation and similar papers at core.ac.uk

provided by RERO DOC Digital Library

g ( 0: 9
DOI 10.1007/s00775-005-0046-9

ORIGINAL ARTICLE

Susanna Herold + Alain Puppo

Oxyleghemoglobin scavenges nitrogen monoxide and peroxynitrite:
a possible role in functioning nodules?

Received: 21 June 2005/ Accepted: 3 October 2005 / Published online: 3 November 2005

© SBIC 2005

Abstract It has been demonstrated that the NO® pro-
duced by nitric oxide synthase or by the reduction of
nitrite by nitrate reductase plays an important role in
plants’ defense against microbial pathogens. The detec-
tion of nitrosyl Lb in nodules strongly suggests that NO*®
is also formed in functional nodules. Moreover, NO°®
may react with superoxide (which has been shown to be
produced in nodules by various processes), leading to
the formation of peroxynitrite. We have determined the
second-order rate constants of the reactions of soy-
bean oxyleghemoglobin with nitrogen monoxide and
peroxynitrite. At 8pH 7.3 and 20 °C, the values are on
the order of 10° and 10* M~'s™', respectively. In
the presence of physiological amounts of CO,
(1.2 mM), the second-order rate constant of the reac-
tion of oxyleghemoglobin peroxynitrite is even larger
(10° M~ s7"). The results presented here clearly show
that oxyleghemoglobin is able to scavenge any NO°®
and peroxynitrite formed in functional nodules. This
may help to stop NO® triggering a plant defense reac-
tion.
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Introduction

Hemoglobins, heme-containing proteins that display a
conserved three-on-three arrangement of a-helices (glo-
bin fold), have been found ubiquitously in eukaryotes
and in many bacteria. Plant hemoglobins were first
identified in the root nodules of legumes [1], and these
proteins were therefore called leghemoglobins (Lbs). For
many years it was believed that Lbs were the only
hemoglobins present in plants. However, in the 1980s a
new class of hemoglobins was discovered in both no-
dulating and non-nodulating plants [2]. At least three
types of hemoglobins are now believed to be present in
plants [3]. Symbiotic Lbs are found in high concentra-
tions in the root nodules of legumes that establish a
symbiosis with nitrogen-fixing bacteria [4]. The primary
function of these hemoglobins is to facilitate the trans-
port of O, to bacteroids for ATP generation while
protecting nitrogenase in the bacteroids from O,-medi-
ated inactivation. Nonsymbiotic hemoglobins are
thought to be present in all plants, albeit at much lower
concentrations. These proteins have been divided into
two groups, class-1 and class-2 hemoglobins, according
to their phylogeny, protein sequences, biochemical
properties, and gene expression profiles. The diverse
properties of the hemoglobins belonging to these two
classes suggest that class-1 and the class-2 proteins have
different functions [5]. Class-1 hemoglobins have been
proposed to have important functions in plant growth
and ATP metabolism under hypoxic conditions, and are
expressed in plant tissue in response to specific metabolic
stresses [3]. Class-2 hemoglobins are induced in response
to microorganisms and, contrary to class-1 hemoglobins,
by cytokinin treatment [5]. Compared to class-1 hemo-
globins, these proteins display sequences closer to those
of Lbs. Finally, the third type of plant hemoglobins
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consist of truncated hemoglobins, hemoproteins that
display amino acid sequences 2040 residues shorter than
normal hemoglobins [6, 7].

In animals, nitrogen monoxide (NO°, nitric oxide)
was first identified as an endothelium-derived relaxing
factor (EDRF), but is now recognized to regulate a
variety of different functions [8]. Three isoforms of nitric
oxide synthase (NOS) are responsible for the generation
of NO® in mammalian systems: constitutive endothelial
and neuronal NOSs, and inducible NOS, which is asso-
ciated with immune and inflammatory responses [9]. NO*
is also produced in plants, but much less is known about
the mechanism of its generation and its functions [10, 11].
Evidence for the existence of a mammalian-type NOS in
plants, mostly based on cross-reactions with mammalian
NOS antibodies, has repeatedly been reported [12].
However, it has also been demonstrated that some of
these antibodies interact with plant proteins other than
NOS [13]. Alternative NO® sources may occur in plants,
and one candidate is considered to be nitrate reductase
[14-16]. This enzyme has been shown to transform nitrite
into NO® in a NADH-dependent process, which is
operative when photosynthetic activity is absent or
inhibited, and when nitrite can be accumulated [14, 17].

Depending on the concentration applied, both cyto-
toxic and protecting properties have been attributed to
NO?® in plants [18]. It has been demonstrated that NO*®
plays an important role in the mechanism of plant de-
fenses against microbial pathogens [18-20]. Further-
more, NO® was demonstrated to be essential for the
regulation of normal plant physiological processes [21].
As for mammalian [22] and bacterial [23] hemoglobins,
the reaction of plant hemoglobins with NO® may also
have a significant physiological function. In this context,
it has been shown that both class-1 hemoglobins and
NO® are produced during hypoxic stress [24]. Conse-
quently, it has been suggested that these hemoglobins
play a crucial role in modulating the levels of NO®.
Hemoglobin can act as a NO® dioxygenase [25] and thus,
by lowering the NO® concentration, prevent NO®-
mediated inhibition of cytochrome ¢ oxidase in mito-
chondria [26, 27].

Interestingly, it has been reported that a NOS-like
enzyme is present in the roots and nodules of a legu-
minous plant (Lupinus albus) [28]. Since NO® is an
inhibitor of nitrogenase from nitrogen-fixing bacteria
[29], it is not known whether NO® has a biological role in
nodules. However, a nitrosyl-leghemoglobin complex
(LbFe"™NO) has been detected in soybean [30], cowpea
[31], and alfalfa [32] nodules, an observation that sug-
gests that NO® is generated in functional nodules and
that Lb may indeed react with it. Moreover, since
superoxide may be produced in nodules by various
processes [33], including Lb autoxidation [34], it is also
conceivable that also peroxynitrite is formed in these
organs. In animals, peroxynitrite generated from the
diffusion-controlled reaction between NO® and O3~
((1.6+£0.3)x10'® M~! 57! [35]) causes protein nitration
and oxidative tissue damage [36].

We have recently reported that human methemoglo-
bin (metHb) and horse heart metmyoglobin (metMb)
catalyze the isomerization of peroxynitrite to nitrate,
albeit not very efficiently [37]. Moreover, oxyHb and
oxyMb have also been shown to scavenge peroxynitrite
and to prevent nitration of their own tyrosine residues as
well as externally added Tyr [38—40]. We have started to
investigate the reactivity of soybean leghemoglobin (Lb)
toward so-called reactive nitrogen species. In this work,
we have mainly focused on oxyLb, which is the physi-
ologically active form in the nodules. Our data show
that this form can efficiently scavenge NO® and perox-
ynitrite; the possible roles of these reactions in the
nodulation process are discussed.

Materials and methods
Reagents

Buffer solutions were prepared from K;HPO4/KH,PO,
(Fluka,Deisenhofen, Germany) with deionized Milli-Q
water. Sodium dithionite, potassium superoxide, and
hydrogen peroxide were obtained from Fluka. Sodium
bicarbonate was purchased from Merck (Darmstadt,
Germany). Nitrogen monoxide (Linde, Hollriegelsk-
reuth, Germany) was passed through a NaOH solution
and a column of NaOH pellets before use in order to
remove higher nitrogen oxides. Nitrogen monoxide
solutions were prepared as described previously [41].

Peroxynitrite, carbon dioxide, and protein solutions

Peroxynitrite was prepared either from KO, and gaseous
nitrogen monoxide according to Koppenol et al [42], or
by treating tetramethylammonium superoxide with
nitrogen monoxide at —77 °C in liquid ammonia, fol-
lowed by isolation as a crystalline solid via removal of
the ammonia [43]. No difference was observed between
the reactivity of peroxynitrite prepared according to the
two procedures. The peroxynitrite solutions, which
contained variable amounts of nitrite (maximally 50%
relative to the peroxynitrite concentration) and no
hydrogen peroxide, were stored in small aliquots at
—80 °C. Nitrite did not interfere with our studies, since
the reactions of nitrite with oxyLb or with LbFe'¥=0
proceed at a significantly slower rate than the corre-
sponding reactions with peroxynitrite [44, 45]. The stock
solutions were diluted either with 0.01 M NaOH or with
water, and the concentration of peroxynitrite was
determined spectrophotometrically prior to each exper-
iment by measuring the absorbance at 302 nm
(6300=1,705 M~ ' em™ 1) [43].

For the experiments carried out in the absence of
added CO,, the buffers and the 0.01 M NaOH solutions
were prepared fresh daily and thoroughly degassed.
Experiments in the presence of CO, were carried out by
adding the required amount of a freshly prepared 0.5 M



sodium bicarbonate solution to the protein solutions as
described in detail in [40]. The values for the constant of
the hydration—dehydration equilibrium CO; + H,O =
H* + HCO; were taken from [46], by considering the
ionic strengths of the solutions. After addition of CO, or
bicarbonate, the protein solutions were allowed to
equilibrate at room temperature for at least 5 min.

Soybeans (Glycine max) were grown in a glasshouse
and the Lb components purified from the root nodules
as described previously [47]. All of the experiments re-
ported here were carried out with Lb ¢,. The metLb
concentration was determined by measuring the absor-
bance in 0.1 M phosphate buffer (pH 7.0-7.3) at 404 nm
(e404a=141 mM ' cm™"). OxyLb was prepared by
reducing a concentrated metLb solutions with a slight
excess of sodium dithionite. The solution was purified
chromatographically on a Sephadex G25 column by
using a 0.1 M phosphate buffer solution pH 7.0 as the
eluant. OxyLDb solutions were prepared by diluting this
stock solution with buffer, and concentrations were
determined by measuring the absorbance at 411,
542 and/or 575 nm (g4, =125 mM ' cm™ !, es4n= 15.0
mM 'em™! and e55=14.8 mM ™! cmfl). FerrylLb
solutions were prepared as described in [48], and their
concentrations were determined by measuring the
absorbance at 416 or 543 nm (e46=97.2 mM ' cm™'
and es43=10.4 mM ' cm ™) [48].

UV/visible spectroscopy

Absorption spectra were collected in 1 cm cells with a
UVIKON 820 spectrophotometer (Kontron, Basel,
Switzerland).

Stopped-flow kinetics analysis

Single-wavelength stopped-flow studies were carried out
with an Applied Photophysics (Leatherhead, UK)
SX17MV or a SX18MV-R instrument. The measured
reaction time courses were analyzed with Kaleidagraph
(Synergy Software, Reading, PA), version 3.6.2. Rapid-
scan spectrophotometric studies were performed with an
On-Line Instrument Systems Inc. (OLIS; Bogart, GA)
stopped-flow instrument equipped with an OLIS RSM
1000 rapid scanning monochromator. The length of the
cell in each of the three spectrophotometers was 1 cm.
The mixing time of the OLIS instrument is ~4 ms,
whereas those of the single-wavelength instruments are
~2 ms. All of the measurements were carried out at
20 °C.

Kinetics studies of the reaction of oxyLb with NO*
were carried out under pseudo-first order conditions
with oxyLb in excess with the Applied Photophysics
instruments. Reaction time courses used for second-or-
der rate constant determination were collected at
405 nm. For this purpose, the NO® solutions were pre-
pared by diluting the aqueous stock solution (2 mM)

937

with degassed 0.1 M phosphate buffer (pH 7.3) directly
in a Hamilton (Martinsried, Germany) SampleLock
syringe and the oxyLb solutions were prepared by
diluting the stock solution with degassed 0.1 M phos-
phate buffer (pH 7.3). The concentrations of the oxyLb
solutions were determined spectrophotometrically prior
to each experiment. Detection of the metLb—peroxyni-
trite intermediate was performed with the OLIS instru-
ment at pH 9.5. Both the protein and the NO® solutions
were prepared in 0.1 M borate buffer (pH 9.5).

The reactions of peroxynitrite with oxyLb and with
ferrylLb were first studied by rapid-scan stopped-flow
spectroscopy, both in the presence and in the absence of
CO,. The second-order rate constants were then deter-
mined by single-wavelength measurements at 413 (or 415)
and 430 nm. The protein solutions were prepared by
diluting the oxyLb and the ferrylLb stock solutions to the
desired concentration with 0.1 M phosphate buffer (pH
7.0-7.3) under aerobic conditions, in the absence or
presence of added bicarbonate. Peroxynitrite solutions
were prepared by diluting the stock solution immediately
before use with 0.01 M NaOH to achieve the required
concentration. Kinetics studies of peroxynitrite decay in
the presence of different amounts of metLb were per-
formed by single-wavelength stopped-flow spectroscopy
by following the absorbance decrease at 302 nm. For all
reactions with peroxynitrite, the protein was dissolved in
a 0.1 M buffer at a pH slightly more acidic (0.2-0.4 pH
units lower) than the desired final pH, which was always
measured at the end of the reaction for the control.

Statistics

The experiments reported in this article were carried out
in triplicate at least, on independent days. The results are
given as mean values of at least three experiments + the
corresponding standard deviation.

Results

Kinetics studies of the reaction of oxyLb with nitrogen
monoxide

The reaction between NO® and oxyLb was first studied
under anaerobic conditions by rapid-scan stopped-flow
spectroscopy at pH 7.3 and 20 °C by following the
change in absorbance in the range 300-650 nm. Upon
reaction with a slight excess of NO® (3-10 uM) the
characteristic absorbance maxima of oxyLb (2-9 uM) at
411, 542, and 575 nm shifted within the mixing time
essentially to those of metLb (An.x=404, 532, and
623 nm) (data not shown). To determine the second-
order rate constant of this reaction, we therefore used
the single-wavelength stopped-flow instrument, which
has a shorter mixing time and is more suited to
measuring extremely fast reactions. Because of the
difficulties linked with accurately determining the
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concentrations of NO® solutions, we chose to keep the
concentration of oxyLb at a large excess compared to
that of NO°®, to maintain pseudo first-order conditions.
The reaction time courses were collected at 405 nm, one
of the wavelengths at which the difference in absorbance
between oxyLb and metLb is the largest
(Aeg9s=~30 mM ' cm™"). As shown in Fig. 1, the tra-
ces could all be fitted well to a single-exponential
expression. The second-order rate constant, obtained
from the linear fit of the plot of the observed pseudo
first-order rate constants versus oxyLb concentration
(Fig. 1) is (8.240.5)x10” M~ s~!. This value is very
similar to that reported for the corresponding reactions
of NO® with human oxyHb and horse heart oxyMb
(Table 1) [49].

The reactions of NO® with oxyHb and oxyMb have
been shown to proceed via the corresponding
peroxynitrite iron(II1) complexes (Fe"'OONO), which
have been characterized by UV/vis spectroscopy under
alkaline conditions [49, 50]. Moreover, the hemoglobin
intermediate HbFe"OONO has recently been charac-
terized under similar conditions by rapid-freeze EPR
spectroscopy [50]. As observed for Hb and Mb, rapid-
scan spectroscopic studies of the reaction of NO* with
oxyLb did not show the presence of a detectable inter-
mediate under neutral conditions (pH 7.3). Interestingly,
as shown in Fig. 2, the reaction of oxyLb with NO*®
yields the alkaline form of metLb (1,.=539 and
570 nm) without the formation of a detectable inter-
mediate, even under alkaline conditions (0.1 M borate
buffer pH 9.5). Under identical conditions,
MbFe™OONO has been shown to decay to metMb and
nitrate at a rate of 205+ 5 s~! [49]. The HbFe'"OONO

300
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Fig. 1 Determination of the second-order rate constant for the
NO®-mediated oxidation of oxyLb. Plot of k. versus oxyLb
concentration for the reaction between NO® (0.1-0.3 uM) and
variable amounts of oxyLb, measured at 20 °C in 0.1 M phosphate
buffer (pH 7.3). Inset Reaction time course (average of ten traces)
measured at 405 nm for the reaction of 1.65 uM oxyLb with
~0.16 uM NO® in 0.1 M phosphate buffer pH 7.3. The dotted bold
line represents the experimental data, whereas the full line
corresponds to the best fit to the data (kops=146+2 s7")

complex is more stable and the two subunits decay at a
rate of 47+3 and 6.9+0.1 s~ ' [49]. Recent reinvestiga-
tion of the kinetics of the decay of HbFe'OONO in
0.1 M borate buffer (pH 9.5) showed that the decay rate
of the fast component that we reported previously
(365 s ', [49]) is incorrect.

Kinetics studies of the reaction of oxyLb with
peroxynitrite

The reaction between oxyLb and peroxynitrite was
studied by rapid-scan UV/vis spectroscopy at pH 7.3
and 20 °C. As shown in Fig. 3a, upon reaction with
peroxynitrite, the intensities of the two absorbance
bands characteristic for oxyLb (A.x =542 and 575 nm,
thin line) decreased and the spectrum of metLb
(Amax =535 nm, bold line) appeared. Two sets of isos-
bestic points were identified during the reaction, at 525/
584 nm (Fig. 3a) and 525/611 nm (Fig. 3b), respectively.

This observation indicates that the reaction of per-
oxynitrite with oxyLb proceeds via an intermediate. The
isosbestic points observed at the beginning of the reac-
tion (Fig. 3a) correspond to those between the spectra of
oxyLb and ferrylLb, whereas those present at the end of
the reaction (Fig. 3b) correspond approximately to
those between the spectra of ferrylLb and metLb. In
analogy to the reaction of peroxynitrite with human
oxyHb and horse heart oxyMb [39, 40, 51], our results
strongly suggest that the reaction between peroxynitrite
and oxyLb also proceeds in two steps via the formation
of ferrylLb (Reactions 1 and 2).

HOONO/ONOO"

(1) ox
(2) ferrylLb

yLb ferrylLb

HOONO/ONOO™
metMb

It is worth noting that the absorbance spectrum of the
reaction product (the bold line in Fig. 3b) is not com-
pletely identical to that of metLb. The small differ-
ences—the slightly lower absorbance around 500 nm
and the absorbance maximum at 539 instead of
535 nm—indicate that the final product is a mixture of
metLb and its nitrite complex LbFe""™NO,. Nitrite,
present as an impurity in the peroxynitrite solutions, is
in excess relative to metLb and thus partly binds to the
product but does not influence the rate of the reaction
between oxyLb and peroxynitrite. At pH 7.3 and 20 °C,
the second-order rate constant for nitrite binding to
metLb is (4.7+£0.1)x10° M ! s, and the absorbance
maxima of LbFe'"NO, are at 410 and 538 nm [45].

As shown in Fig. 4, the absorbance changes observed
for the Soret band in the course of the reaction of oxyLb
with an excess of peroxynitrite are also consistent with
the proposed mechanism. The characteristic band for
oxyLb (An.x=411 nm, thin line) decreased and the
absorbance maximum of the final product (A, =405—
406 nm, bold line) is very close to that of matLb
(Amax =405 nm). As discussed above, the absorbance
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Table 1 Comparison of rate

constants for reactions of Protein Reaction

Rate constants (M~ s~') Reference

different forms of

leghemoglobin (Lb), human Lb Fe(IO, + NO® + H,0 — Fe(IlI)OH, + NO3  k=(8.2+0.5)x10’ This study
hemoglobin (Hb), and horse Lb Fe(I)O, + HOONO/ONOO™ — Fe(IV)=0 k=(5.5+0.5)x10* This study
heart myoglobin (Mb) with In the presence of 1.2 mM CO, k=(8.8+0.9)x10°
NO°® and peroxynitrite at pH Lb Fe(IV)=0 + HOONO/ONOO~ — Fe(Ill)OH, k=(2.1+0.2)x10* This study
7.0-7.3 and 20 °C In the presence of 1.2 mM CO, (3.6 +0.5)x10°
Lb HOONO/ONOO™ Fe(IIT)NO5 (+ HT) kear=(1.45+ 0.022><105 This study
Hb Fe(I)O, + NO® + H,O — Fe(lll)OH, + NO3~ k=(8.9+0.3)x10 [66]
Hb Fe(I)O, + HOONO/ONOO™ — Fe(IV)=0 k=(3.3+0.1)x10* [51]
In the presence of 1.2 mM CO, k=(3.5+0.3)x10°
Hb Fe(IV)=0 + HOONO/ONOO™ — Fe(III)OH, k=(3.3+0.4)x10* [51]
In the presence of 1.2 mM CO, k=(1.1£0.1)x10°
Hb HOONO/ONOO™ Fe(III)NOj (+ HT) kear=(1.240.1)x10* [37]
Mb Fe(I)O, + NO* + H,0 — Fe(Ill)OH, + NO;~ k=(4.4+0.1)x10’ [49]
Mb Fe(I)O, + HOONO/ONOO™~ — Fe(IV)=0 k=(5.4+0.2)x10* [39]
In the presence of 1.2 mM CO, k=(4.1£0.7)x10° [40]
Mb Fe(IV)=0 + HOONO/ONOO~ — Fe(Ill)OH, k=(2.2+0.1)x10* [39]
In the presence of 1.2 mM CO, k=(3.2+0.2)x10* [40]
Mb HOONO/ONOO™ Fe(IIT)NO; (+ HT) ke =(2.940.1)x10* [37]

changes in the visible part of the spectrum suggest the
formation of small amounts of LbFe"'NO,
(Amax =410 nm), which may be responsible for the slight
shift observed for the Soret band. The intermediate band
with a maximum at 409 nm arises from a mixture of
mainly ferrylLb and metLb.

The kinetics of the reaction between oxyLb and an
excess of peroxynitrite were studied by single-wave-
length stopped-flow spectroscopy under pseudo first-
order conditions. The two steps of the reaction were
studied separately. The reaction time courses of the first
step were measured at 413 or 414 nm and those of the
second step at 399 or 430 nm, close to the isosbestic
points for the second and the first reaction step,
respectively. As shown in Fig. 5, both time courses could
be fitted to a single-exponential expression. However,
the fits for the second traces had to start from the point
when the first step finished (see vertical line in Fig. 5b).

I I
oxyLb (10.6 uM)

oxyLb (10.6 uM) + NO * (50 uM)

o
e
(¢)]

Absorbance
o

0.05

0 | | | | |
480 520 560 600 640

Wavelength (nm)

Fig. 2 Rapid-scan UV/vis spectra of the reaction of oxyLb
(10.6 pM) with NO°® (~50 uM) in 0.1 M borate buffer pH 9.5,
20 °C. Conversion of oxyLb (thin line) to the alkaline form of
metLb (bold line), collected ~2 ms after mixing

0.15

0.1

Absorbance

0.05

| | | | |
480 520 560

Wavelength (nm)

0.1

Absorbance

0.05

oL | | | |
480 520 560 600

Wavelength (nm)

Fig. 3a-b Rapid-scan UV/vis spectra of the reaction of oxyLb
(13 uM) with peroxynitrite (170 uM) in 0.05 M phosphate buffer
pH 7.3, 20 °C. Conversion of oxyLb (thin line) to a mixture of
LbFe™NO, and metLb (bold line). a The shown spectra were
collected with a time interval of 100 ms. b The shown traces were
collected at 400, 500, 600, 900, 1,200, and 1,800 ms
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As shown in Fig. 6, we obtained a linear dependence of
the observed rate constants on the peroxynitrite con-
centration for both reaction steps. The second-order rate
constants obtained from the linear fits of the data for the
two reaction steps are (5.5+0.5)x10* and (2.1+0.2)x
10* M~ ' s, respectively. These values are very close to
those obtained for the reaction of peroxynitrite with
human oxyHb and with horse heart oxyMb under sim-
ilar conditions (Table 1).

To confirm that the second step of the reaction be-
tween peroxynitrite and oxyLb corresponds to the
reduction of ferrylLb to metLb, we studied the reaction
of peroxynitrite with ferrylLb, prepared separately by
the addition of four equivalents of H,O, to deoxyLb
[48]. In contrast to ferrylHb [52], it has been shown that
ferrylLb is rather stable and (among other species) does
not react with H,S [48]. Figure 7a shows that upon

a
[0
[&]
C
©
£
@]
(2]
o]
<
0 | | | |
380 400 420 440
Wavelength (nm)
b

0.3

Absorbance
o
N

0.1

0 | | | |
380 400

Wavelength (nm)

Fig. 4a-b Rapid-scan UV/vis spectra of the reaction of oxyLb
(3 uM) with peroxynitrite (87 pM) in 0.05 M phosphate buffer pH
7.3, 20 °C. Conversion of oxyLb (thin line) to the intermediate (bold
dotted line) and to a mixture of LbFe'""NO, metLb (bold line). a
The spectra shown were collected over a time interval of 50 ms. b
The spectra shown were collected starting from 200 ms (dotted bold
line) with a time interval of 150 ms

addition of an excess of peroxynitrite to ferrylLb, the
maximum of the Soret band shifts from 415 to 416 nm
(characteristic for ferrylLb) to 405 nm (4. of metLb).
This conversion proceeds with a single isosbestic point at
414 nm, the same wavelength of the isosbestic point
found for the second step of the reaction between oxyLb
and peroxynitrite (Fig. 4b). The second-order rate con-
stant of the reaction between ferrylLb and peroxynitrite
was determined by fitting the reaction time courses at
420 nm to a single-exponential expression (Fig. 7b, in-
set). From a linear fit of the plot of the observed rate
constants versus peroxynitrite concentration (Fig. 7b),
we obtain a value of (3.4+0.7)x10* M~ s7!, very close
to that for the second step of the reaction between per-
oxynitrite and oxyLb. Taken together, our results sug-
gest that the reaction of peroxynitrite with oxyLb
proceeds according to reactions 1 and 2; in other words,

a
0.39 ¢
0.38
(0]
o
@
S 037
o
(7]
o)
< 0.36
0.35
b
0.34
8 0.32
C
©
2
o
(2]
O
< 0.3
" | | | | | |
0 01 02 03 04 05 06 07 0.8

Time (s)

Fig. 5a-b Reaction time courses measured at a 413 and b 399 nm
for the two steps of the reaction of 3 uM oxyLb with 270 uM
peroxynitrite in 0.05 M phosphate buffer pH 7.3 and 20 °C. The
dotted bold lines represent the experimental data, extracted from the
rapid-scan UV/vis spectra. In (b), the vertical line indicates the
starting point for the fit of the second step; that is, the point when
the first step is finished. The two observed rate constants resulting
from the best fits to the data (thin lines) are 17.4+0.5 and
6.94+0.3 57!, for the first (a) and the second (b) reaction step,
respectively
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Fig. 6 Determination of the second-order rate constants for the
two steps of the peroxynitrite-mediated oxidation of oxyLb. Plots
of keps versus peroxynitrite concentration for the two steps of the
reaction between oxyLb (3 uM) and peroxynitrite, followed at 413/
414 or 399/430 nm, respectively (in 0.05 M phosphate buffer pH
7.3 at 20 °C)

analogously to the reaction of peroxynitrite with human
oxyHb [51] and horse heart oxyMb [39].

The reaction between oxyLb and peroxynitrite was
also studied in the presence of 1.2 mM CO,. Rapid-scan
UV/vis spectroscopic studies showed that the absor-
bance changes of the Soret band and of the visible part
of the spectrum that occurred in the course of this
reaction are essentially identical to those discussed
above for the reaction in the absence of CO, (data not
shown). The kinetics of the two reaction steps were also
studied separately by following the absorbance changes
on two isosbestic points, 414 and 430 nm, for the first
and second step, respectively. As shown in Fig. 8, in the
presence of 1.2 mM CO, the observed rate constants
increased linearly with increasing peroxynitrite concen-
tration. The second-order rate constants obtained for
the two steps from the linear fits shown are
(8.840.9)x10° and (3.6 0.5)x10° M~ 57!, respectively.
These values are one order of magnitude larger than
those obtained for the two steps of the reaction that took
place in the absence of CO, (Table 1). Similar increases
in the values of the rate constants were also found for
the analogous reaction between human oxyHb and
peroxynitrite (Table 1).

The second reaction step, the reduction of ferrylLb by
peroxynitrite, was studied with separately prepared
ferryLb, again in the presence of 1.2 mM CO,. The
reaction time courses were measured at 420 nm (data
not shown). For all peroxynitrite concentrations studied,
the traces could be fitted to a single-exponential
expression and the observed rate constants were very
similar to those of the second step of the reaction be-
tween peroxynitrite and oxyLLb measured under similar
conditions. The second-order rate constant obtained
from a linear fit of the plot of the observed rate constant
versus peroxynitrite concentration (data not shown) is
(2.3£0.5x10° M~ ' s,
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Catalysis of the decay of peroxynitrite by metLb

The reaction of metLb with peroxynitrite was studied by
stopped-flow spectroscopy by following the absorbance
changes at 302 nm, the absorbance maximum of per-
oxynitrite. As shown in Fig. 9, at pH 7.3 and 20 °C,
addition of ~6 uM of metLb reduced the half-life of the
decay of (100 uM) peroxynitrite from #,,=3.5 s (in the
absence of the protein) to #;,=0.6 s. Interestingly, un-
der identical experimental conditions metLb was signif-
icantly more efficient than human metHb at catalyzing
the decay of peroxynitrite (Fig. 9). The half-life for the

D
©
o

o
"
[¢)]

Absorbance
o

0.05

380 400 420 440
Wavelength (nm)
b 12 — T T T T T T |
° 0.15 11 4
10 | § 0.14} 1 _
g 0.13 B
~ 8L o m
é 0 O:1 0..2 Of3 0f4 O..S 0..6
2 6 Time (s) —
i3
4 -
2 -
0 | | | |
0 50 100 150 200 250

[Peroxynitrite] (uM)

Fig. 7a-b Reaction of ferrylLb with peroxynitrite. a Rapid-scan
UV/vis spectra of the reaction of ferrylLb (2.2 pM) with perox-
ynitrite (130 uM) in 0.05 M phosphate buffer pH 7.3, 20 °C.
Conversion of ferrylLb (thin line) to metLb (bold line). The spectra
shown were collected over a time interval of 50 ms. b Determina-
tion of the second-order rate constant for the peroxynitrite-
mediated reduction of ferrylLb. Plot of ks versus peroxynitrite
concentration for the reaction between ferrylLb (2-4 pM) and
variable amounts of peroxynitrite, measured at 20 °C in 0.05 M
phosphate buffer pH 7.3. Inset Reaction time course measured at
420 nm for the reaction of 4 uM ferrylLb with 160 pM peroxyni-
trite in 0.05 M phosphate buffer pH 7.3 and 20 °C. The dotted bold
line represents the experimental data, extracted from the rapid-scan
UV/vis spectra, and the thin line the best fit to the data
(kops=7.3£0.3 571
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Fig. 8 Determination of the second-order rate constants for the
two steps of the peroxynitrite-mediated oxidation of oxyLb in the
presence of CO,. Plots of kg versus peroxynitrite concentration
for the reaction between oxyLb (3 pM) and peroxynitrite in the
presence of 1.2 mM CO,, followed at 414 or 430 nm, for the first
and the second reaction steps, respectively (in 0.05 M phosphate
buffer, pH 7.4-7.5 at 20 °C)

reaction performed under identical conditions but with
~6 uM metHb was #;,=2.8 s.

Experiments in the presence of variable amounts of
metLb showed that the observed decay rate of
peroxynitrite increased linearly with increasing protein
concentration (Fig. 10). At pH 7.3 and 20 °C, the cata-
lytic rate constant obtained from the linear fit shown in
Fig. 10 was (1.45+0.02)x10° M~' s~!. This value is one
order of magnitude larger than that previously reported
for human metHb and horse heart metMb (Table 1) [37].

I I
no protein
—— 5.9 yM metHb
0.1 —&— 5.9 pM metlLb —
(0]
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Fig. 9 Comparison of the efficiencies of human metHb and metLb
at catalyzing the decay of peroxynitrite under identical experimen-
tal conditions. Absorbance decrease measured at 302 nm for the
decay of 100 uM peroxynitrite in the absence and presence of
5.9 UM metLb or 5.9 uM metHb, in 0.05 M phosphate buffer pH
7.3, at 20 °C

Analogous studies were carried out at pH 6.5. As
shown in Fig. 10, at lower pH the rate constants
observed for the decay of peroxynitrite were significantly
larger, both in the absence and in the presence of metLb.
Moreover, the efficiency of metLb to catalyze the decay
of peroxynitrite also increased. Indeed, the catalytic rate
constant obtained from the linear fit at pH 6.5 and 20 °C
was (5.15+0.02)x10° M~! s7!. This result suggests that,
analogous with the reaction with human metHb [37],
peroxynitrous acid (HOONO) is the species that reacts
with metLb. Interestingly, under acidic conditions the
catalytic rate constant for metLb is one order of mag-
nitude larger than that for human metHb, which is
(2.340.1)x10* M~' s7! (at pH 6.5 and 20 °C [37]).

The reaction of peroxynitrite with metLb was also
studied by following the absorbance changes at different
wavelengths on the Soret band (404, 411, and 415 nm).
In analogy with the reaction with human metHb, the
time courses did not only show the decay of peroxyni-
trite, which still absorbs in this range (because of its very
broad band with /,,.x=302 nm). In most cases, one or
two additional processes were observed, which took
place at a faster rate than that of peroxynitrite decay
(data not shown). The absorbance changes linked with
these processes are small and it is possible that they
represent the binding of peroxynitrite to metLb.

In addition, further absorbance changes were de-
tected over a much longer timescale (up to 500 s). The
directions of these changes (increase/decrease) indicated
that they did not arise from the reaction of metLb with
nitrite, always present as a contaminant in our perox-
ynitrite solutions (see below). Because of the large excess
of peroxynitrite over metLb used in these experiments, it
is conceivable that a fraction of peroxynitrite eludes the
reaction with the heme and thus leads to modification of
the amino acid residues of Lb. Indeed, the analogous

Kobs (s

| |
0 2 4 6 8 10

[metLb] (M)

Fig. 10 Determination of the catalytic rate constant for the metLb-
mediated decay of peroxynitrite. Plot of ko, versus metLb
concentration for the protein-catalyzed decay of peroxynitrite
(100 uM), measured at 20 °C in 0.05 M phosphate buffer (pH 6.5
and 7.3)



reaction of metHb with an excess of peroxynitrite leads
to the formation of a long-lived radical characterized by
EPR spectroscopy and assigned as a tyrosyl radical [53].
Moreover, similar studies carried out with distal histi-
dine sperm whale metMb mutants also showed the for-
mation of small amounts of nitrated tyrosine residues in
those mutants that displayed similar or even larger
values of catalytic rate constants for peroxynitrite
isomerization [54]. Thus, the absorbance changes de-
tected in our experiments with metLLb when peroxyni-
trite had already completely decayed may arise from
subsequent reactions of reactive (radical) intermediates
generated on the globin, which slightly modify the
absorbance features of the Soret band. Nevertheless, the
Amax Of metLb was unchanged at the end of the reaction,
an observation that suggests that these subsequent
reactions are minor processes. In conclusion, since these
reactions are certainly due to the large quantities of
peroxynitrite used in our experiments, which are signif-
icantly larger than those possibly generated in plants, we
decided not to investigate them further.

Discussion

Leghemoglobins are the most extensively studied oxy-
gen-binding hemoproteins in plants, as Hb and Mb are
for vertebrates. The major function of Lb is undoubt-
edly to guarantee oxygen supply to respiring nitrogen-
fixing microsymbionts at very low oxygen concentra-
tions (10 nM) [4]. However, the discovery that NO® is
also produced in plants may reveal further roles for Lb,
related to the biochemistry of so-called reactive nitrogen
species, as has happened for Hb and Mb [22, 55, 56].
Indeed, it has recently been demonstrated that besides
O, uptake and storage, Hb and Mb also act as NO® and
peroxynitrite scavengers [38, 39, 49].

In plants, one of the functions of NO® is to act as an
essential messenger in defense signaling against patho-
gens [11]. The detection of nitrosyl Lb in nodules [30-32]
strongly suggests that NO® is also formed in functional
nodules. This has recently been confirmed by experi-
ments performed in our laboratories with a fluorescent
probe (A. Puppo, unpublished results). Moreover, NO*
may react with superoxide, which may be produced in
nodules by various processes [33, 34, 57], thus leading to
the formation of peroxynitrite. Since hemoproteins are
among the major targets of NO® and peroxynitrite in
vivo, in this work we studied the reactions of different
forms of soybean Lb with these two so-called reactive
nitrogen species, focusing particularly on the physio-
logically active oxyLb form.

The kinetics studies presented here show that the
reaction of NO® with oxyLb is comparable to those with
oxyHb and oxyMb. Indeed, the reaction proceeds via
ferrylLb, the final product is metLb, and the values of
the second-order rate constant are all of the same order
of magnitude (Table 1). Detailed studies with Mb
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mutants have revealed that, because of the high chemical
reactivity of NO® towards the oxygenated heme center,
diffusion of NO® into the distal pocket is very likely to be
the rate-limiting step for this reaction [58—60]. The same
argument holds for the binding of NO® to deoxygenated
forms of hemoglobins and myoglobins. Indeed, a good
correlation has been found between the values of the
rate constants for NO®-mediated oxidations of several
oxyMb mutants in which residues of the distal pocket
were replaced and those of NO® binding to the corre-
sponding deoxygenated proteins [58]. This observation
supports the hypothesis of a common rate-limiting step.
The value of the second-order rate constant for NO*®
binding to deoxyLb (1.2x10® M~! s™!, [61]) is four times
larger than that of the reaction between the two subunits
of deoxyHb and NO® (3.0x10” M~' s™!, [62]). Accord-
ing to this hypothesis, the observation that the NO®-
mediated oxidations of oxyLb and oxyHb proceed at
comparable rates is unexpected. Indeed, it would have
been predicted that the second-order rate constant for
the NO°®-mediated oxidation of oxyLb is four times
larger than that for the corresponding reaction with
oxyHb.

The amino acid sequence of soybean leghemoglobin
shows a high degree of homology with those of verte-
brate myoglobins and hemoglobins [4]. Also, its tertiary
folding pattern is very similar to that of Mb and of the a-
and the f-subunits of human Hb [63, 64]. Moreover,
soybean Lb contains two histidine residues in positions
analogous to those of the “proximal” and ““distal” his-
tidine of mammalian Hb and Mb. In oxyHb and oxy-
Mb, the distal histidine is strongly hydrogen bonded to
the coordinated oxygen, a feature that will lead to sta-
bilization of the Fe™O35™ resonance structure (vs.
Fe“OQ). In contrast, kinetics studies with distal histidine
Lb mutants (His61 in soybean Lb) [63] as well as spin
echo EPR studies [65] showed that the hydrogen bond
between the distal histidine and the coordinated O, in
oxyLb is very weak at neutral pH and becomes strong
only at low pH. Consequently, in oxyLb the FeM035~
resonance structure is likely to be less stabilized and so
radical recombination reaction with NO® may proceed
at a slightly slower rate.

In analogy to the reaction of NO® with oxyHb and
oxyMb [49, 66], it is conceivable that the metLb—per-
oxynitrite complex (LbFe""OONO) is formed in the first
step of the corresponding reaction with oxyLb. How-
ever, no intermediate could be detected in our stopped-
flow studies, even under conditions that allowed for the
spectroscopic characterization of the corresponding
human Hb complex (pH 9.5) [50, 66]. Our previous
studies with Hb and Mb suggested that the rate of decay
of the intermediate iron(II) peroxynitrite complex is
strongly influenced by the protein environment sur-
rounding the heme [49, 66]. Indeed, significant differ-
ences were observed among the decay rates of the
peroxynitrite complexes of metMb and the iron(III)
forms of the two subunits of Hb: at pH 9.5 and 20 °C,
the values are 205, 47, and 6.9 s™', respectively [49].
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A significant difference between the structures of Hb/Mb
and Lb is the presence of a wider and more flexible heme
pocket in Lb [63, 64]. Thus, the observation that
LbFe™OONO decays at a considerably larger rate than
the corresponding Mb and Hb complexes seems to
suggest that isomerization to nitrate is facilitated when
the distal pocket is wider. Studies with distal histidine
mutants of Mb (or Lb) would help to corroborate this
hypothesis.

The average concentration of Lb over the entire
nodule is ~300 uM. However, in very active nodules its
local concentration can reach 2-3 mM [4]. In biological
systems, Lb is mainly present in the reduced LbFe"
form. Indeed, because of the low oxygen tension in root
nodules, only ~35% of Lb is found in the oxygenated
form (oxyLb) [67]. Even if a large part of NO*® did bind
to deoxyLb, the NO® scavenging activity of oxyLb
would be noticeable. Both processes would protect
nitrogenase, which is rapidly inhibited by NO® [29].
Moreover, it has been shown that some Lb genes are
induced early in the symbiotic interaction [68], before
nitrogenase is expressed. At this stage, the oxygen con-
centration may still be high and larger amounts of Lb
may be in the oxygenated form. Under these conditions,
the NO® scavenging activity of oxyLb would preclude
any triggering of a plant defense reaction by this reactive
species.

The protective role of oxyLb may be even greater
against the damaging effects of peroxynitrite. In nodules,
superoxide formation may occur from Lb autoxidation
[34] and as a result of the strong reducing conditions
required for nitrogen fixation and the action of several
proteins including ferredoxin, uricase and hydrogenase
[33]. Thus, peroxynitrite is also likely to be produced in
functional nodules. Our kinetics studies show that
oxyLb is a good scavenger for peroxynitrite. Indeed, the
half-life of peroxynitrite in the presence of 1 mM oxyLb
is ~10 ms. Moreover, it has been reported that the CO,
concentration in active nodules is about 1.3 mM [69].
Our studies in the presence of 1.2 mM CO, showed that
oxyLb is even more efficient under these conditions:
1 mM oxyLb reacts with peroxynitrite with a half-life of
~1 ms. The mechanism of the reaction between oxyLb
and peroxynitrite seems to be identical to that between
oxyHb and peroxynitrite. Thus, our work shows that,
particularly in the presence of CO,, oxyLb can not only
scavenge peroxynitrite but also the radicals derived from
its decomposition: CO3 ~ and NO5.

Because of the high affinity of deoxyLb for O,, with
the stopped-flow instruments at our disposal it was not
possible to determine the rate constant of its reaction
with peroxynitrite. To get qualitative information, we
added 5 equiv. of peroxynitrite to deoxyLb under
strictly anaerobic conditions in a UV/vis cell, and we
have confirmed that metLb is produced from this
reaction (data not shown). We have previously shown
that the reactions of peroxynitrite with deoxyMb and
deoxyHb proceed at a similar rate (Hb) or faster (Mb)
than those with the oxygenated forms of these proteins

[39, 51]. Thus, even if Lb was mostly in its deoxygenated
form, it may still be an efficient peroxynitrite scavenger.

Interestingly, most extracts from root nodules con-
tain some amount of the oxidized iron(IIl) form of Lb
(metLb). It has been argued that Lb may be oxidized
during the extraction process [4, 67]. Nevertheless, direct
evidence for metLb occurrence in soybean nodules, in
particular in old nodules, has been presented by carrying
out UV/vis spectroscopic measurements of intact nod-
ules attached to roots [70].

Here, we have shown that metLb catalyzes the
isomerization of peroxynitrite to nitrate, analogously to
metHb or metMb. Nevertheless, metLb is ten times
more active. We have previously shown that the effi-
ciencies of metHb and metMb as peroxynitrite isomeri-
zation catalysts are strongly affected by the presence of
the hydrogen bond between the distal histidine and the
H>O molecule bound to the iron(IIl) center [37, 54, 71].
This strong hydrogen bond has to be cleaved in the rate-
determining step of the catalytic process: peroxynitrite
binding to the iron(III) center. Thus, metMb mutants in
which this hydrogen bond is absent are much more
efficient catalysts for the isomerization of peroxynitrite
to nitrate [54, 71].

Studies with distal histidine metLb mutants have
suggested that this residue undergoes hydrogen bonding
to the water molecule coordinated to the iron(III) center
in Lb as well [63, 72]. However, it has been shown that
this hydrogen bond is weaker in metLb than those in
metMb and metHb [63, 72]. Moreover, the position of
the Soret absorbance maximum of metLb (404 nm)
indicates that the water molecule is only weakly bound
to the iron(III). Taken together, the wider, more flexible
heme pocket and the weaker hydrogen bond offer an
explanation for the larger value of the catalytic rate
constant obtained for metLb. Nevertheless, the value of
keat 18 still more than one order of magnitude smaller
than those of the H64A- and H64D-metMb mutants
[54], proteins in which this hydrogen bond is absent.

It is interesting to note that the reactivity of metLb
towards peroxynitrite is very different to that towards
another oxidant generated in plants, H,O,. Indeed,
exposure of metLb to H,O, results in the formation of
the highly valent oxoiron(IV) form (LbFe'Y=0) and
one or more radicals on the globin [48]. In addition, a
green compound is produced, which is believed to be a
cross-linked species produced from the reaction of a
globin radical with the heme [73].

The results presented here clearly show that oxyLb is
able to scavenge any NO* formed in functional nodules.
This may contribute to the protection of nitrogenase,
which is rapidly inactivated by this reactive species [29].
OxyLb is also able to scavenge peroxynitrite, which is
likely to be produced from the reaction of NO® with
superoxide formed in nodules [33, 34, 57], precluding
any damaging effect of this species. In both cases, the
metLb generated can be reduced by a metLb reductase
[74] to its ferrous form, which can give rise to oxyLb.
Thus, oxyLb may have a protective role against these



reactive species in functional nodules. On the other
hand, taking into account the early inductions of some
Lb genes [68], a possible role in the nodulation process
cannot be excluded.
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