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NiII-ATCUN-Catalyzed Tyrosine Nitration in the Presence of Nitrite
and Sulfite**
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Abstract: The nitration of tyrosine residues in proteins

represents a specific footprint of the formation of reactive
nitrogen species (RNS) in vivo. Here, the fusion product of

orange protein (ATCUN-ORP) was used as an in vitro
model system containing an amino terminal Cu(II)- and

Ni(II)-binding motif (ATCUN) tag at the N-terminus and a

native tyrosine residue in the metal-cofactor-binding
region for the formation of 3-NO2-Tyr (3-NT). It is shown

that NiII-ATCUN unusually performs nitration of tyrosine at
physiological pH in the presence of the NO2

@/SO3
2@/O2

system, which is revealed by a characteristic absorbance
band at 430 nm in basic medium and 350 nm in acidic

medium (fingerprint of 3-NT). Kinetics studies showed that

the formation of 3-NT depends on sulfite concentration
over nitrite concentration suggesting key intermediate

products, identified as oxysulfur radicals, which are detect-
ed by spin-trap EPR study by using 5,5-dimethyl-1-pyrro-

line-N-oxide (DMPO). This study describes a new route in
the formation of 3-NT, which is proposed to be linked

with the sulfur metabolism pathway associated with the

progression of disease occurrence in vivo.

The formation of 3-nitrotyrosine (3-NO2-Tyr = 3-NT) in vivo is
often related to several pathophysiological disorders, such as

Alzheimer and Parkinson’s diseases.[1] The chemical origins of
the formation of 3-NT in proteins have been proposed to

occur through multiple pathways involving variable reactive ni-
trogen species (RNS) ; however, involvement of either peroxyni-
trite (ONOO@) or nitrogen dioxide (CNO2) is widely accepted for
the formation of nitrated tyrosine through radical pathway
promoted by transition metals (Fe, Cu, and Mn) or metallopro-
teins.[2] The peroxynitrite-dependent and -independent path-
ways for protein tyrosine nitration are induced under biological

conditions by superoxide dismutase (Cu-Zn-SOD[3] and Mn-
SOD)[4] and heme-containing proteins, respectively.[5] In addi-

tion, in the presence of H2O2, metal ions (FeII and CuII) generate
hydroxyl radicals (HOC) that oxidize NO2

@ to CNO2 by Fenton re-
actions, leading to the production of 3-NT.[6, 7] So far, most of

the studies have been focused on Fe-, Cu-, and Mn-based tyro-
sine nitration. However, NiII ions have not been considered for

this reaction until now. Free NiII ions are physiologically redox

inactive, and their toxicity in vivo has been related with activa-
tion by coordination with peptides and proteins with the histi-

dine-containing motif (XXH) in the N-terminus, called ATCUN
motif, which is found in several naturally occurring proteins.[8, 9]

NiII-ATCUN promotes oxidative damage to DNA in the presence
of H2O2

[9] or SO3
2@/O2 due to the formation of hydroxyl or oxy-

sulfur radicals (SO3C@ , SO4C@),[10] respectively. Therefore, sulfite

exposure in humans can cause numerous diseases, such as
asthma, chronic airway diseases, diarrhea, and neurological ab-

normalities.[11, 12] This exposure results from the inhalation of in-
dustrial SO2,[13] as well as from the intake of SO3

2@ (or HSO3
@)

used as a preservative in food,[11] alcoholic beverages, or
drugs.[14] Sulfite is also generated endogenously during the

normal metabolism of sulfur-containing amino acids.[15] In biol-

ogy, sulfite is detoxified to sulfate by sulfite oxidase,[16] to in-
hibit the formation of SO3C@ , but cytotoxicity of (bi)sulfite

occurs by the fatal loss of sulfite oxidase activity.[17] The addi-
tive sulfite, in food, when mixed with salivary nitrite and, sub-

sequently, with gastric juice in the stomach (pH&2–4), leads
to nitric oxide (NO) production.[18] The most relevant sources of

nitrite are diet and nitric oxide catabolism.[19] However, further

chemistry using a NO2
@/SO3

2@/O2 over a H2O2/NO2
@ or ONOO@

system as the nitrating source has not been explored for the

formation of 3-NT under physiological conditions (pH&7.6).
To the best of our knowledge, this is the first report of 3-NT

formation by a NiII-ATCUN in the presence of the NO2
@/SO3

2@/
O2 system. For this experiment, we used fusion orange protein

(ATCUN-ORP) as an in vitro model complex containing ATCUN
tag at the N-terminus (ASH) and native Tyr75 located in cluster
binding region of ATCUN-ORP (Figure 1).[20, 21] Recently, we have

reported that cluster formation in ORP occur by protein–pro-
tein interaction in head-to-tail fashion, in which the N-terminus

metal-binding ATCUN motif comes to the cluster-binding
region, in which Tyr residues are affected through pseudocon-

tact.[20] Therefore, taking advantage of this model system, NiII-

ATCUN-ORP was synthesized in the presence of NiCl2 and apo-
ATCUN-ORP at 1:1 ratio and characterized by UV/Vis absorption

and 1H NMR spectroscopic studies. The NiII-ATCUN-ORP can be
oxidized by the H2O2 or SO3

2@/O2 system and, subsequently,

produce HOC or oxysulfur radicals, respectively, which are eval-
uated by EPR spectroscopy using 5,5-dimethyl-1-pyrroline N-
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oxide (DMPO) as the spin trap. The oxysulfur radicals may be

scavenged by NO2
@ and Tyr to yield 3-NT, which is character-

ized by UV/Vis absorption spectra. The kinetic studies show

that the formation of 3-NT depends on SO3
2@ concentration

over NO2
@ concentration. Interesting, Ni-ATCUN is unable to

produce tyrosine nitration in the presence of the H2O2/NO2
@

system.
The apo-ATCUN-ORP (300 mm) was incubated with NiCl2

(300 mm) in 1:1 ratio to yield NiII-ATCUN-ORP derivative, which
shows an absorbance peak at 420 nm (e &172 m@1 cm@1) (Fig-

ure S1, Supporting Information) and similar to other NiII-ATCUN
site.[8] The 1H NMR spectrum of NiII-ATCUN-ORP (upon addition

of 80 % NiCl2 to apo-ATCUN-ORP) shows that intensity and po-

sition of the His3/53 peaks (a = 7.643, b = 7.625, d = 6.903, and
e = 6.890 ppm) are decreased and shifted (Figure 2). Further-

more, three new peaks (i = 7.672 ppm, ii = 7.381 ppm, and iii =
6.828 ppm) appeared. The two highly affected His3 protons, a

and e, are shifted to i and ii, respectively, supporting the
notion of a direct contact between this His3 and NiII.[22] Peak iii
at 6.85 ppm (doublet) may correspond to the Hd/He of Tyr75, ac-

cording to previous NMR data;[23] this means that the NiII-
ATCUN motif in NiII-ATCUN-ORP interacts with the aromatic

group of the Tyr residue. In the aliphatic region, only the ala-
nine site resonances at 1.310 and 1.298 ppm are highly affect-

ed (not shown) in a similar manner to Cu-ATCUN-ORP,[20] but
the Met signals at 1.987 and 1.890 ppm are not affected.

NiII-ATCUN-ORP is highly air stable. It can be oxidized by
H2O2 to yield a new band at 372 nm with a shoulder at 420 nm
(Figure S3, Supporting Information). The band at 372 nm may

either be ascribed to NiIII-ATCUN-ORP[24] or disproportionation
of NiIII to form a NiIV =O intermediate, producing a hydroxyl rad-

ical that abstracts hydrogen atoms from amino acids in its vi-
cinity in a common oxidative pathway.[25] The literature data

support the proposal that NiII-ATCUN-ORP undergoes the same

pathway in the presence of H2O2 to generate HOC (see EPR ex-
periment discussion) and activates the redox-active amino acid

residue in the vicinity (see discussion on NMR analysis). The ki-
netics results indicate that the intensity of absorbance band at

372 nm increases at higher concentrations of H2O2, resulting in
more production of HOC (Figure S3, Supporting Information).

1H NMR spectra of oxidized NiII-ATCUN-ORP were also ob-

tained upon addition of 2 mm H2O2 to a solution (Figure 3).
The intensity of peaks i, ii, and iii decreases and their positions

shift to 7.701 (i), 7.394 (ii), and 6.873–6.867 ppm (iii), respective-

ly. Peak iii (doublet) may correspond to the Hd/He protons of
oxidized tyrosine. Peaks i (singlet) and ii (singlet) are shifted

and assigned to His3 proton resonances (He and Hd) as a result
of the oxidation at NiII-ATCUN environment or influenced by

oxidized Tyr. The physical meaning of these spectral findings
may be interpreted due to the fact that the NiII-ATCUN site
produces a HOC in the presence of H2O2, which can oxidize the

tyrosine residue.[26] In the aliphatic region, Met is also oxidized
resulting in a decreased of the intensity of the peak at
1.987 ppm (f), and in the appearance of three new peaks at
2.623 (v), 2.581 (va), and at 2.555 ppm (vb). The va and vb signals
are assigned to the methyl protons of -S(O)-CH3 of the R and S
forms.[27] Peak v is also attributed to the -S(O)-CH3 methyl

group, but could only be seen in oxidized apo-ATCUN-ORP
(Figure S2 in the Supporting Information; not in oxidized Ni-
ATCUN-ORP).[20]

Besides the use of H2O2, in this study, NiII-ATCUN-ORP was
oxidized in the presence of SO3

2@/O2 and the UV/Vis absorption

spectrum shows a charge-transfer band at approximately
372 nm (Figure S4, Supporting Information) that is similar to

the H2O2 oxidation method and also other reported NiII-peptide

with sulfite oxidation.[28] The sulfite autooxidation by NiII-
ATCUN-ORP produce reactive oxysulfur radicals. The kinetic

measurements were performed at variable SO3
2@ concentra-

tions and the optical density values at 372 nm are reported as

a function of time in Figure 4. The absorbance versus time
traces clearly showed that initially (within approximately 2 min)

Figure 1. Crystal structure of apo-ATCUN-ORP showing only His3 (ATCUN
tag = ASH3-) and native Tyr75/42 residues. Highlighted metal-binding region
(reddish-orange) containing conserved residues D21PRFGRA27, H53GAGIN58,
and L72TGYVGPKAF81. Structures of apo-ATCUN-ORP (D. gigas) are deduced
from PDB file 2wfb, see Ref. [21] . Ni-ATCUN catalyzed Tyr to 3-NO2-Tyr in the
presence of Na2NO2/Na2SO3/O2.

Figure 2. A) Aromatic region (7.8–6.7 ppm) of the 1H NMR spectrum
(600 MHz) of apo-ATCUN-ORP (1.5 mm ; black), in 50 mm Tris-HCl at pH 7.6/
D2O (80:20) with 80 % NiCl2 (grey). The highly affected peaks are indicated
by a, b, c, d, e, i, ii, and iii. Magnification of B) i, a, and b peaks, and C) d, e,
and iii peaks.
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the intensity increased at 372 nm and decreased after a certain

time, depending on the concentration of Na2SO3, and then in-
creased again. The spectra are wave-like, indicating that NiII

and NiIII compete with O2 and SO3
2@. In an air-saturated solu-

tion and in the presence of 0.5 mm SO3
2@, the intensity is maxi-

mum and, in the presence of more than 1 mm SO3
2@, the for-

mation of oxidized species is low. It means that initially NiIII

forms rapidly, but it does not stabilize, resulting in the decom-

position to NiII or reduction by excess Na2SO3 (high concentra-
tion decreased). Considering that NiII-ATCUN-ORP is highly air

stable, NiII is oxidized by O2 a process initiated by trace levels
of SO3

2@.[29]

Our aim was to synthesize 3-NT with NiII-ATCUN-ORP in the
presence of H2O2 and NaNO2, and monitor the reaction by

spectroscopy. In this assay, 300 mm of NiII-ATCUN-ORP was incu-
bated with 1 mm NaNO2 and 1–5 mm H2O2 solution mixture, in

50 mm Tris-HCl, pH 7.6 at RT under air over 6–12 h. In this
assay, no 3-NT was obtained, as revealed by monitoring the ab-
sorbance at 430 nm by UV/Vis spectroscopy (not shown). In

the presence of H2O2, Ni-ATCUN-ORP can produce hydroxyl
radicals (see EPR experiments) ; thus, nitration of tyrosine
should be obtained from this H2O2/NO2

@ system by Fenton re-
action pathway, like the Cu and Fe systems.[6, 7] Nevertheless,

our in vitro model system is unable to produce 3-NT with the
H2O2/NO2

@ system. It is suggested that the methionine residue

is very close to NiII-ATCUN in ATCUN-ORP and it can be easily

oxidized by the hydroxyl radical to produce methionine sulfox-
ide,[27] which was detected by NMR spectroscopy (see Figure 3,

NMR section). In addition to the oxidation of Met residue, we
also observed that HOC may oxidize other redox-active amino

acid residues in the vicinity, such as Tyr residue in ATCUN-ORP
to a limited amount of TyrC, but without formation of NO2C
from NO2

@ . It is known that the neighboring methionine resi-

due, in proteins and peptides, inhibits tyrosine nitration be-
cause methionine can be easily oxidized by reactive nitrogen

and oxygen species.[30]

We further investigated the formation 3-NT from the NaNO2/

SO3
2@/O2 system by using the NiII-ATCUN-ORP model. In this

assay, 300 mm of NiII-ATCUN-ORP was incubated in a NaNO2

(1 mm) and Na2SO3 (1 mm) solution in 50 mm Tris-HCl, pH 7.6,

at RT under air over 6 h. Figure 5 shows an absorbance band
at 430 nm, which is attributed to 3-NT; under acidic conditions,

the UV/Vis absorption spectrum is shifted to 350 nm, whereas
under basic conditions, it is shifted to 430 nm and vice versa,

which is a fingerprint of 3-NT.[31] The kinetics measurements of
3-NT formation were performed at various SO3

2@ concentra-

tions with fixed amount of NO2
@ , for which typical absorbance

(at 430 nm) versus time traces are reported in Figure 5 (inset).
In this assay, 1–5 mm of Na2SO3 and 1 mm of nitrite were

added to 300 mm of Ni-ATCUN-ORP in 50 mm Tris-HCl, pH 7.6
at RT under air and nitration was monitored in the UV/Vis
region. The Figure 5 (Inset) clearly shows that the intensity in-
creases at 430 nm with high concentration of Na2SO3 with

time. To verify the reactivity of NiII ion and O2, kinetic measure-
ments were carried out on two sets of samples at 430 nm
under the same reaction conditions: one sample without NiCl2,

and the other without O2 (anoxic conditions; Figure 5, inset). In
both cases, no increase of the band at 430 nm was observed,

meaning that 3-NT did not form. To further examine the role
of NO2

@ in the formation of 3-NT, we compared the nitration

reaction by using different concentrations (1–5 mm) of NO2
@

and a fixed amount (1 mm) of SO3
2@ ; tyrosine nitration was

monitored by UV/Vis absorption spectroscopy (Figure S5, Sup-

porting Information). In this assay, the intensity at 430 nm of
the formation of 3-NT is the same in all cases. This means that

3-NT formation depends on SO3
2@ concentration rather than

on NO2
@ concentration.

Figure 3. A) Aromatic region (7.7–6.7 ppm) of the 1H NMR (600 MHz) spec-
trum of apo-ATCUN-ORP (1.5 mm) with 80 % NiCl2 (grey), and with 2 mm
H2O2 after 1 h (dotted black) and 2 h (black) in 50 mm Tris-HCl at pH 7.6/
D2O (80:20); i (i’), ii (ii’), and iii (iii’) indicate highly affected peaks. B) The
highly affected peaks in the aliphatic region (2.7–1.95 ppm) are indicated by
v, va, vb, and f. Magnification of C) ii and ii’ peaks, and of D) iii and iii’ peaks.
Arrows indicate the direction of peak intensity variation.

Figure 4. Kinetic measurements. OD372nm vs. time for NiII-ATCUN-ORP
(300 mm) with 200 mm (grey), 500 mm (red), 1 mm (blue), and 2 mm (black)
Na2SO3 in 50 mm Tris-HCl, pH 7.6 at RT.
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The NiII-ATCUN-ORP is EPR silent. When 1.5 mm NiII-ATCUN-
ORP (Ni:ORP 1:1) was incubated with 5 mm H2O2 for 3 min, 1,

2 and 4 h, no NiIII (or NiI) signal was observed. Yet, a very weak

and sharp (Dpp = 1.0 mT) signal at g&2 (Figure S6, Supporting
Information) emerged after incubation for 2 h (stable until 4 h),

consistent with an organic radical (proposed to be a tyrosine
radical ; see details explanation in the Supporting Information)

present in a very small concentration.[26, 32] In this assay, forma-
tion of other radical species (HOC) was identified by using spin-
trap DMPO. After 3 min incubation, the signal characteristic of

the HOC–DMPO adduct emerged [a(H) = 1.47 mT and a(N) =

1.69 mT; Figure 6 A].[33] Incubation with 5 mm SO3
2@ (with or

without 1 mm NO2
@) to 1.5 mm NiII-ATCUN-ORP, produces nei-

ther amino acid radical species in ATCUN-ORP nor NiIII (or NiI)
up to 8 h of incubation. However, the formation of the SO3C@

was clearly identified by using spin-trap DMPO [a(H) = 1.62 mT

and a(N) = 1.45 mT; Figure 6 B].[34] The intensity of the SO3C@–
DMPO adduct signal, in the presence of nitrite (dark red spec-
tra), increases until 30 min of incubation, after which it starts

to slowly decrease. Alternatively, in the absence of nitrite
(orange spectra), the SOC@ signal intensity reaches its maximum

at 6 h and afterwards decreases. This means that the formation
of oxysulfur radical is scavenged by nitrite to yield transient

species (NO2C@) and that the intensity decrease is relatively fast

when the complete system is considered.
To understand the role of NiII in the formation of oxysulfur

radicals, we carried out the reaction in deionized water with
NiCl2 and the NO2

@/SO3
2@/O2 system, resulting in no formation

of oxysulfur radical (no EPR signal). In the presence of 50 mM
Tris-HCl buffer, pH 7.6, the NiII(NTris)x complex is generated,

which produces a small amount of oxysulfur radical (not

shown). Therefore, free NiII is not toxic, but in the presence of
N-donor systems (like peptide, protein and small ligands) NiII

shows toxicity.
Based on the spectroscopic results and the conclusions

drawn from the kinetic experiments, the following mechanism
is proposed for (NO2

@/SO3
2@/O2) + NiII-ATCUN mediated tyrosine

nitration in ATCUN-ORP (Figure 7). In the first step, NiII-ATCUN-

ORP is oxidized to NiIII-ATCUN-ORP by O2 and initiated by
traces of SO3

2@. After formation of the unstable NiIII-ATCUN-

ORP, which oxidizes SO3
2@/O2 to generate SO3C@ . Radical anion

SO3C@ immediately reacts with O2 to yield another oxysulfur

radical, SO5C@ , which is highly reactive and dimerizes to yield
SO4C@ and O2.[10, 34] Many types of oxysulfur radicals form in this

Figure 6. Spin-trap EPR study. A) 5 mm NiII-ATCUN-ORP (Ni/ORP 1:1) was in-
cubated with 5 mm H2O2 for 3 min in the presence of DMPO, and the EPR
spectrum (blue spectrum) was acquired at 293 K. The HOC–DMPO adduct
signal was simulated with a(H) = 1.47 mT and a(N) = 1.69 mT (grey spectrum).
Experimental spectra were acquired as described in the section “Materials
and Methods” in the Supporting Information. Radical species formation in
NiII-ATCUN-ORP reacted with the NO2

@/SO3
2@/O2 system. B) 1.5 mm NiII-

ATCUN-ORP (Ni:ORP 1:1) was incubated, in the presence of DMPO, with
5 mm SO3

2@, in the absence (orange spectra) or presence (dark-red spectra)
of 1 mm NO2

@ , for the time period indicated, and the EPR spectra were ac-
quired at 293 K, as described in the “Materials and Methods” section in the
Supporting Information. The SO3C@–DMPO adduct signal was simulated with
a(H) = 1.62 mT and a(N) = 1.45 mT (grey line).

Figure 5. UV/Vis absorption spectra of NiII-ATCUN-ORP (300 mm) with (1 mm
Na2SO3 + 1 mm NaNO2) in 50 mm Tris-HCl pH 7.6 after 6 h and desalting by
PD-10 (black line), addition of 5–8 mL 1 m of HCl, at pH about 5 (dotted line)
at RT. Inset : Formation of 3-NT in the reaction of NiII-ATCUN-ORP (300 mm)
with 1 mm Na2NO2 and variable Na2SO3 concentration (1–5 mm) followed by
measuring the absorbance at 430 nm (kinetics OD430nm vs. time); 1 mm
(purple), 2 mm (blue) and 5 mm (black) of Na2SO3 over 12 h under air at RT
in 50 mm Tris-HCl, pH 7.6. The kinetic study of apo-ATCUN-ORP with 1 mm
Na2NO2 and 2 mm Na2SO3 (grey line) over 12 h under air at RT in 50 mm Tris-
HCl, pH 7.6. The kinetic study of NiII-ATCUN-ORP with 1 mm Na2NO2 and
2 mm Na2SO3 (green line) over 12 h under argon at RT in 50 mm Tris-HCl,
pH 7.6.
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reaction and all of them are reactive species that can likely oxi-
dize redox-active amino acid residues in ATCUN-ORP, such as

methionine and tyrosine. The 1H NMR study (not shown) of the
Ni-ATCUN-ORP + (NO2

@/SO3
2@/O2) system indicates that the for-

mation of oxysulfur radical cannot oxidize the methionine resi-

due. It is well known that the oxidation of methionine is initiat-
ed by HOC rather than oxysulfur radicals.[27, 35] Either SO3C@ or

SO4C@ radicals or both of them, can be scavenged by nitrite
and tyrosine to produce 3-NT. The CNO2 may be obtained from

NO2
@ in the presence of SO4C@ radicals.[36] The nitrating species,

CNO2 or SO3C@ (or SO4C@), may abstracts phenolic proton from ty-

rosine residue in ATCUN-ORP to produce TyrC which combined

with nitrating species, CNO2 to produce 3-NT. After abstracting
proton from tyrosine by oxysulfur radicals, the formation of

HSO3C (or HSO4C) can be dissociated to yield HOC radical and
SO2

2@ (or SO3
2@)[34, 36] but no detection of HOC radical by spin-

trap EPR study in the NO2
@/SO3

2@/O2 system was observed. So
we can rule out the formation of HOC radical from this system.
The nitrating species is still unknown but it is usually assumed

to be nitrogen dioxide due to the transient nature of CNO2.
After formation of CNO2 and TyrC, their transient nature makes

them immediately to react forming non-radical species. It was
our initial expectation that CNO2 formed by oxysulfur radicals
would react with TyrC to yield 3-NT.

In this study, for the first time, the NiII-ATCUN in ORP was

used as an in vitro model for nitration of tyrosine residues by
reacting with the NaNO2/Na2SO3/O2 system. The UV/Vis absorp-
tion and 1H NMR spectroscopies clearly showed that the ORP-

containing ATCUN motif binds NiII stoichiometrically, to yield a
1:1 NiII-ATCUN-ORP complex. The NiII-ATCUN-ORP can be oxi-

dized by either H2O2 or SO3
2@/O2 to produce hydroxyl radical as

well as oxysulfur radical, respectively. The formation of hydrox-

yl radicals is not involved in the formation of 3-NT. The former

are scavenged by methionine in the vicinity and no more oxi-
dized nitrite is available to yield nitrating species (tyrosine ni-

tration), whereas oxysulfur radical may be scavenged by both
nitrite and tyrosine to yield 3-NT. Overall, the accumulated

spectroscopic data provide a new pathway formation of nitrat-
ing agents for tyrosine nitration, which in vivo may influence

the progression of disease states associated with sulfur metab-
olism.

Experimental Section

Fusion D. gigas protein, ATCUN-ORP, was heterologous expressed
in E. coli BL21(DE3) and purified in the apo-form as previously de-
scribed.[23] Subsequently, 1 mm NiIICl2 was added to 1 mm apo-
ATCUN-ORP in 50 mm Tris-HCl, pH 7.5, and the mixture was incu-
bated for 10 min on an ice bath (4 8C) to yield NiII-ATCUN-ORP de-
rivative. Formation of 3-NT in ATCUN-ORP was assessed by measur-
ing the absorbance at 430 nm at pH 7.6. The reaction was moni-
tored in a 1 cm quartz optical cell, which contained 300 mm NiII-
ATCUN-ORP, 1–5 mm Na2NO2 and 0.2–2 mm Na2SO3 over 12–15 h
under air at room temperature in 50 mm Tris-HCl buffer at pH 7.6.
Nitration of tyrosine in ATCUN-ORP was detected by using UV/Vis
absorption spectroscopy and monitoring the absorbance at
430 nm.[31]
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