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Pollen aeroallergens are present in atmospheric particulate matter (PM) where they can be found in coarse bio-
logical particles such as pollen grains (aerodynamic diameter d,. > 10 um), as well as fragments in the finest re-
spirable particles (PM2.5; d,e < 2.5 pm). Nitration of tyrosine residues in pollen allergenic proteins can occur in
polluted air, and inhalation and deposition of these nitrated proteins in the human respiratory tract may lead
to adverse health effects by enhancing the allergic response in population. Previous studies investigated protein
nitration by atmospheric gaseous pollutants such as nitrogen dioxide and ozone. In this work we report, for the
first time, a study on protein nitration by nitrate ion in aqueous solution, at nitrate concentrations and pH condi-
tions simulating those occurring in the atmospheric aerosol liquid water phase. Experiments have been carried
out on the Bovine serum albumin (BSA) protein and the recombinant Phleum pratense allergen (Phl p 2) both
in the dark and under UV-A irradiation (range 4-90 W m™~2) to take into account thermal and/or photochemical
nitration processes. For the latter protein, modifications in the allergic response after treatment with nitrate so-
lutions have been evaluated by immunoblot analyses using sera from grass-allergic patients. Experimental re-
sults in bulk solutions showed that protein nitration in the dark occurs only in dilute nitrate solutions and
under very acidic conditions (pH < 3 for BSA; pH < 2.2 for Phl p 2), while nitration is always observed (at
pH 0.5-5) under UV-A irradiation, both in dilute and concentrated nitrate solutions, being significantly enhanced
at the lowest pH values. In some cases, protein nitration resulted in an increase of the allergic response.
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* Corresponding authors.

E-mail addresses: alessandra.ghiani@unimib.it (A. Ghiani), grazia.perrone@unimib.it (M.G. Perrone).

http://dx.doi.org/10.1016/j.scitotenv.2016.09.041
0048-9697/© 2016 Published by Elsevier B.V.

Please cite this article as: Ghiani, A,, et al., Nitration of pollen aeroallergens by nitrate ion in conditions simulating the liquid water phase of
atmospheric particles, Sci Total Environ (2016), http://dx.doi.org/10.1016/j.scitotenv.2016.09.041



http://dx.doi.org/10.1016/j.scitotenv.2016.09.041
mailto:grazia.perrone@unimib.it
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2016.09.041
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv
http://dx.doi.org/10.1016/j.scitotenv.2016.09.041

2 A. Ghiani et al. / Science of the Total Environment xxx (2016) xXX-xXx

1. Introduction

Allergenic proteins from pollen are widely diffused in air during the
flowering periods of plants (Buters et al., 2008 and 2010), and their con-
tent in the atmosphere varies according to climate, geography and veg-
etation of the different areas (Miguel et al., 2006; D'Amato et al., 2007;
Blando et al., 2012).

The primary carrier in air of pollen aeroallergens are the pollen
grains, which have a typical aerodynamic size of 15-40 pm when intact.
However, strong evidences support the existence of pollen allergenic
proteins in the atmosphere as individual molecules separated from pol-
len and associated to atmospheric particles (PM) of sizes much smaller
than intact pollen grains (De Linares et al, 2007 and 2010;
Fernandez-Gonzélez et al., 2010). Indeed, pollen allergenic proteins
have been found in PM10, PM2.5 (also known as “PM respirable frac-
tion”) as well as in the finest submicrometric particle fraction (PM1
and finer particles) (Taylor et al., 2004; Bacsi et al., 2006; D'Amato et
al, 2007).

Pollen grains at maturity contain a large number of different pro-
teins, and it is well known that some pollen proteins can act as aller-
gens and belong principally to the protein families of profilins,
expansins, calcium-binding proteins, thaumatin-like proteins and
non-specific lipid transfer proteins (Breiteneder and Ebner, 2000;
Radauer and Breiteneder, 2006). The presence of pollen allergenic
proteins in atmospheric fine PM can have several consequences of
concern for the diffusion and growth of the allergic diseases
(D'Amato et al., 2007; Sofiev and Bergmann, 2013), due to: (i) a lon-
ger atmospheric residence time of fine particles and a long range
transport of pollen allergenic proteins; (ii) clinical effects in the
deeper respiratory airways due to the penetration capacity of the
fine particles (e.g. PM2.5); (iii) post-translational modifications
that can occur in pollen allergenic proteins contained in the PM.
The latest point, which refers to possible chemical transformations
of pollen allergenic proteins in atmospheric PM, is thought to be
very important to explain the observed increase of allergic patholo-
gies in urban environments associated to high concentrations of
atmospheric pollutants and PM (Farkhondeh and Ahmad, 2011).

Among the various chemical modifications that allergenic proteins
may undergo in the atmosphere, the nitration of the aromatic ring of
the amino-acid tyrosine (yielding to 3-nitrotyrosine) has been proposed
to be very relevant in allergic pathologies due to the potential enhance-
ment of the allergenicity of such nitrated proteins (Walcher et al., 2003;
Gruijthuijsen et al.,, 2006; Zhang et al., 2011; Shiraiwa et al., 2012a and
2012b). Previous studies have investigated the nitration of proteins in
air by gaseous pollutants, such as nitrogen dioxide (-NO,) and ozone
(03) (Shiraiwa et al., 2012b; Reinmuth-Selzle et al., 2014). Franze et
al. (2005) showed that major allergen from birch Bet v 1 is effectively
nitrated in the presence of -NO, and O3, and that such nitration affects
the allergenicity of the birch pollen. It has been shown that activated ar-
omatic compounds such as phenol and cresols can be nitrated (yielding
to the corresponding nitrophenols and nitrocresols) in the liquid water
phase of atmospheric PM by nitrate ions (NO3") in thermal and/or pho-
tochemical processes (Vione et al., 2006; Liittke et al., 1997). Tyrosine
residues in proteins may feature the same kind of reactivity, therefore
providing alternative pathways for protein nitration in atmospheric
PM. However, protein nitration in the bulk PM phase, due to the reac-
tion of proteins with nitrate ions contained in PM, has never been inves-
tigated so far.

The nitrate ion (NO3") is one of the most abundant components of
PM. It corresponds to 8-16% of PM2.5 total mass as annual average at
urban, rural and kerbside sites in Europe, with the highest values (25-
30% of PM2.5 mass) in winter, when it forms in the atmospheric con-
densed phase from oxidation of NO, gas pollutant emitted by combus-
tion sources (Putaud et al, 2010). Total inorganic ions, mainly
including sulphate and ammonium in addition to nitrate, can explain
about 50% of total PM2.5 mass (Putaud et al., 2010).

PM can be present in the atmosphere in solid, liquid and a mix of
solid-liquid states according to the hygroscopic characteristics of atmo-
spheric particles (Casati et al., 2015; D'Angelo et al., 2016) and environ-
mental relative humidity (RH). Adsorption of water molecules by solid
PM results in particle deliquescence at a given relative humidity (deli-
quescence relative humidity; DRH), and in these conditions the water
phase can feature very high ions concentrations, close to saturation of
soluble salts such as ammonium nitrate (NH4NO3) and ammonium sul-
phate (NH4),SO4. The acidity of this PM liquid water phase is strongly
dependent on the presence of not-neutralized acid components (mainly
NO3 and SO% ™), and on the PM liquid water content (the mass of liquid
water adsorbed by unit particle mass pg~"). The liquid water phase of
atmospheric PM can be highly acidic, and very low pH values (0-2)
have been reported in literature for PM of different urban and suburban
sites worldwide (Behera et al., 2013; Squizzato et al., 2013). Therefore,
the liquid water phase of atmospheric PM close to the deliquescence
point can feature ‘extreme’ conditions, in terms of ions concentrations
and pH, that are expected to be crucial for chemical and photochemical
reactions occurring in such liquid phase.

Prompted by the above considerations, we have carried out a batch
study to investigate if protein nitration can occur in the presence of ni-
trate, under the characteristic pH and concentration conditions that re-
ally occur in the liquid water phase of atmospheric particles.

The experiments have been carried out using two kinds of allergenic
proteins: the Bovine serum albumin (BSA) protein and the Phleum
pratense allergen Phl p 2. BSA is a well-defined model protein commonly
used in laboratory experiments. Even though BSA is not a pollen aller-
gen, it has been detected in the atmosphere, and it can therefore be con-
sidered an aeroallergen (Choi et al., 2009; Voltolini et al., 2013). Phl p 2
is a major timothy grass (Phleum pratense) pollen allergen. Phleum
pratense is an important species of the Poaceae family due to its geo-
graphical diffusion and its clinical significance for pollen allergy. The de-
gree of protein nitration in acidic nitrate solutions has been determined
by a biochemical test (Slot Blot analysis). Protein nitration has been in-
vestigated in the dark and under UV-A irradiation, to take into account
both thermal and photochemical reaction pathways that can occur in
the atmosphere. In order to evaluate changes in the allergenicity of
Phl p 2 after treatment with the nitrate solutions in the different condi-
tions, immunoblotting analysis were conducted using a sera mix from
grass pollen allergic patients.

It is important to note that the aim of this preliminary work was not
to quantify the degree of protein nitration nor to investigate on the mo-
lecular nitration mechanism, but it was to qualitatively evaluate if nitra-
tion of proteins can occur solely in the presence of the nitrate ion as
nitrating agent in acidic conditions such as those typically occurring in
the liquid water phase of atmospheric PM. In this respect, we believe
that our experimental results may be important as they add new knowl-
edge on the relevance of protein nitration occurring in the bulk PM liq-
uid phase. Likewise, we are interested in evaluating the allergenic
response of the treated proteins, also considering that in the acidic con-
ditions featured by the experiments proteins may undergo further mod-
ifications such as degradation or aggregation providing other routes to
alter the allergenic response.

2. Material and methods

2.1. Simulation of ionic concentrations and acidity in the liquid water phase
of atmospheric PM

The concentrations of soluble ions in the atmospheric aerosol liquid
water phase (mol kg~ ! H,0 and mol I~ ! sol) and its acidity (pH) were
simulated by using the E-AIM (Extended Aerosol Inorganic Model)
model (http://www.aim.env.uea.ac.uk/aim/aim.php) (Wexler and
Clegg, 2002), which calculates the thermodynamic properties of highly
concentrated aqueous solutions of inorganic salts relevant for the
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atmosphere. In particular, the current online version of E-AIM, Model II,
has been used for calculations (Clegg et al., 1998).

As input data we referred to the average chemical composition of
PM2.5 in the summer season (June-Sept: when the maximum of grass
pollen allergenic proteins is expected in the atmosphere due to the
flowering) for atmospheric concentrations (ug m~>) of the most abun-
dant water soluble inorganic ions (nitrate, sulphate and ammonium
ions) measured in the PM2.5 of Milan, Northern Italy (Perrone et al.,
2010 and 2012).

Ammonia (present as ammonium ion in the PM) is the major atmo-
spheric neutralizing agent, but because of typically high amount of the
acidic PM components sulphates and nitrates in polluted areas, ammo-
nia may not be concentrated enough for complete neutralization, mak-
ing PM acidic. The neutralization ratio (NR) (Bencs et al., 2008).

NR = [NH4*]/([S04*7] + [NO57])

is used to describe the aerosol acidity, expressing the degree of neutral-
ization of sulphate and nitrate by ammonium (expressed as equivalent).

According to studies of the ionic balance of PM2.5 in Milan (Perrone
etal, 2010), as well as to studies reported in literature for other urban
sites of North Italy (Squizzato et al., 2013), three different neutralization
conditions were considered: complete ammonium neutralization
(NR = 1.000); very low ammonium deficit (0.2% of ammonium deficit
NR = 0.998); 10% of ammonium deficit (NR = 0.900).

The input data entered in the E-AIM model (ion concentrations, NR)
and output results of the model (DRH at 25 °C; amount of liquid water,
dissolved ions and pH at DRH) are all listed in Table S1. pH is used to de-
scribe PM acidity and represents the hydrogen ion activity in the aque-
ous solution.

pH = — log (Y X Xuy)

where yy is the hydrogen ion activity coefficient and xy ., is the aqueous
mole fraction of dissociated H*.

At DRH, the water content of particles is low (H,0 is 0.52-0.61 as
mole fraction), and the ion concentrations in the aqueous solution is
maximum. At DRH, the calculated nitrate concentration in the liquid
water phase of atmospheric PM was 13.1-13.9 mol kg~ ! H,0, which
is close to the saturation of ammonium nitrate (ammonium nitrate sat-
uration is ~24 mol kg~ ! H,0 at 20 °C) (Lide and Haynes, 2010).

Highly acidic conditions (pH = 2.48) of the liquid water phase of at-
mospheric PM were calculated at DRH even with a very low (0.2%;
NR = 0.998) ammonium deficit. For a higher ammonium deficit
(10%), the acidity values were still higher (pH = 0.44) (Table S1).

2.2. Aqueous solutions prepared for laboratory experiments of protein ni-
tration in bulk solutions

Two types of aqueous solutions were prepared:

-Concentrated solution (close to the NH;NO3 saturation condi-
tion) (1:1): they were prepared by referring to the ionic concentrations
and pH of the liquid water phase of atmospheric PM at DRH, as simulat-
ed by E-AIM model (see Section 2.1 and Table S1).

-Diluted solutions (1:100 and 1:1000): they were prepared to sim-
ulate a higher liquid water content of atmospheric particles and, corre-
spondingly, diluted ionic concentrations in the aqueous solution. This
would occur when RH > DRH, and water vapor goes on condensing on
atmospheric particles that can serve as nuclei for cloud or fog droplets
which are in the size range of coarse PM (typically ~10 pm diameter,
but ranging greatly in size from 1 to 100 pum). In fact, a dilution 1:100
would be for a fine atmospheric particle (1 um) growing 4.7 times its di-
ameter (4.7 um), thus 4.7 = 104 times its initial volume, due to water
uptake. A dilution 1:1000 would be for the same fine atmospheric par-
ticle (1 um) growing 10 times its diameter (10 um), thus 10> = 1000
times its initial volume, due to further water uptake. Clearly, dilution

of the solution due to the water uptake may cause a significant change
in pH. For example, for NR = 0.900 (10% of ammonium deficit) the
pH is equal to 0.44 at the DRH, and pH increases to 2.39 and 3.39 for
1:100 and 1:1000 dilutions, respectively (this estimation neglects all
other processes eventually occurring in the solution, such as phase
partitioning and dissociation equilibria).

Solutions were prepared by dissolving in ultrapure water (Milli-Q®)
the required amounts of ammonium nitrate (NH4NOs; > 99.0%, Sigma
Aldrich), and subsequently adjusting the acidity at various pH values
(from 5.6 to 0.5) by adding sulphuric acid (H,SO,4; 95-98%, VWR). The
pH of the solutions was measured by a glass electrode (pH Meter HI
2211; Hanna Instruments, precision 4-0.01). All the solutions were
stored in sterile plastic falcons (25 ml) in the dark at —18 °C until
their use for protein nitration experiments.

2.3. Proteins: BSA and recombinant Phl p2

We used two different proteins: Bovine Serum Albumin (BSA) and
recombinant Phl p 2.

Commercial BSA standard protein solution supplied by Sigma Al-
drich was dissolved in water at the concentration of 0.5 pg pl .

Phl p 2 is one of the most relevant allergenic proteins present in tim-
othy (Phleum pratense) belonging to group 2/3 of grass pollen allergens.
For this study, a recombinant Phl p 2 protein (gently provided by Dr.
Gianni Mistrello and Dr. Stefania Zanotta, Laboratory of Research and
Development, Lofarma S.p.A. Viale Cassala 40 - 20143 Milano, Italy)
was used. It was obtained after production in E. coli and subsequent pu-
rification. IgE-binding capacity of the recombinant protein was tested
by using sera from people allergic to timothy. Recombinant protein
Phl p 2 was diluted in water at 0.5 ug pl ™.

24. Dark and light irradiation conditions

Protein nitration in acidic nitrate solutions was investigated both in
the dark (no irradiation) and under illumination with UV-A. 0.5 g of
BSA or Phl p 2 proteins were transferred in single well of an optically
clear UV transparent microtiter plate containing 20 pl of each of the ni-
trate solutions prepared before. Immediately microtiters were trans-
ferred under the UV-A and incubated for 10 min (minimum
experimental time) and 30 min. UV irradiation at 365 nm was conduct-
ed using a transilluminator Vilber Lourmat TFX-35 modified in order to
carry lamps Vilber Lourmat with same emission spectrum (ultraviolet
light with wavelengths ranging from 315 to 400 nm, maximum emis-
sion at 365 nm) and chosen intensity. Different irradiance were used:
4,16, 30 and 90 W m~2. Not UV treated samples were placed in a box
completely in the dark near the treated samples under the lamps.

All experiments with BSA and Phl p 2 have been repeated at least
three times (3 to 5) to confirm the results.

2.5. Patients and preparation of a sera mix

Sera from 13 adult patients mono-sensitized to grass pollen, collect-
ed by the Department of Allergology of the Clinica San Carlo (Paderno
Dugnano, Milan, Italy), were utilized for this study. All patients had pre-
viously undergone routine diagnostic analyses and gave an informed
written consent to the use of their stored sera for scientific purposes
in an anonymous form. Phleum-specific IgE levels, measured by
ImmunoCAP (Phadia, Uppsala, Sweden), ranged between 8.13 and
88.1 Ku1™". Sera from 3 healthy, nonatopic adults (showing negative
clinical history and negative SPT with commercial airborne allergens ex-
tracts) were used as controls. Sera were pooled to carry out all immuno-
chemical analyses and the mix was aliquoted and stored at — 20 °C until
use.
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2.6. Slot Blot analysis to assess protein nitration and allergenicity

Slot Blot is a simple technique for immobilizing proteins on a mem-
brane (nitrocellulose, polyvinylidene difluoride or PVDF, nylon). In our
case a dissolved sample containing proteins was filtrated through a ni-
trocellulose membrane (0.22 um; Hybond-C membrane, Amersham)
by applying vacuum after incubation with acidic nitrate solutions (in
the dark and under UV-A irradiation as described in Section 2.4), to ad-
sorb the treated proteins into the membrane.

Equal amounts of protein were loaded on each well (0.5 pg) and
bound to nitrocellulose membranes. In order to check that the same
amount of proteins was loaded in each well, membranes were first
stained with Ponceau S Staining solution [0.1% (w/v) Ponceau S in 5%
(v/v) acetic acid]. Ponceau S solution is a rapid and reversible staining
method used for the detection of proteins with a limit of detection of
about 250 ng of transferred protein. Ponceau S is a negative stain,
which binds to the positively charged amino groups of the protein. It
also binds non-covalently to non-polar regions in the protein. Once
treated, background stain can be easily removed by a quick rinse with
water.

Membranes were then treated in two different ways. A set of them,
in order to assess protein nitration, were incubated for 1 h with antibod-
ies against 3 nitro-tyrosine produced in rabbit (Sigma Aldrich) diluted
1:5000 in TBS-T [20 mM Tris, 150 mM NaCl and 0.05% (v/v) Tween 20,
pH 7.5] containing 1% (w/v) nonfat dry milk powder and, after washing,
for 1 h with goat anti-rabbit IgG-Alkaline Phosphatase antibodies
(Sigma Aldrich) diluted 1:15,000 in TBS-T 1% (w/v) nonfat dry milk
powder. The signals were detected using Sigma FAST™ BCIP/NBT (5-
bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium) tablets.
BCIP was used in conjunction with NBT for the colorimetric detection
of alkaline phosphatase activity. This substrate system, when incubated
with alkaline phosphatase, produces an insoluble NBT diformazan prod-
uct that is easily observable for its purple colour. The final colour de-
pends primarily on the abundance of target antibody.

The other set of membranes, in order to evaluate the allergenicity of
proteins, were simultaneously treated overnight with pooled sera (di-
luted 1:10; PBS Tween 0.1) and then with polyclonal anti human IgE-
secondary antibody conjugated with peroxidase (Sigma-Aldrich). The
signals were detected using the SuperSignal West Dura detection kit
(Pierce). SuperSignal West Dura Substrate is a highly sensitive en-
hanced chemiluminescent substrate for detecting horseradish peroxi-
dase (HRP) on immunoblots. The extremely intense signal output
enables detection in the high femtogram range of the antigen. The sen-
sitivity, intensity and duration of the signal allow for easy detection of
HRP using photographic or other imaging methods. Immunoreactive
bands were visualized on an X-ray film (Kodak).

2.7. SDS PAGE and gel staining by silver stain

In order to assess the quality of the proteins and their degradation,
0.10 pg of each sample, treated as reported above, were loaded in 14%
sodium dodecyl sulphate polyacrylamide gel and submitted to electro-
phoresis (SDS-PAGE). Then, gels were stained with Silver Stain kit
(Bio-Rad, Italy) following manufacturer's protocol.

3. Results
3.1. Nitration of the BSA protein under UV-A irradiation and in the dark

BSA is a globular protein of 67 kDa commonly used as protein stan-
dard in laboratory experiments. It was also used in previous studies to
investigate the chemical kinetics of the nitration of aerosolized proteins
by atmospheric gas pollutants (Shiraiwa et al., 2012b). The protein con-
tains 21 Tyr residues that may be nitrated in the reaction conditions.

Several experiments were performed to assess BSA nitration in acid-
ic nitrate solutions by changing the nitrate concentration (1:1; 1:100;

1:1000; see Table 1 for the specification of nitrate concentrations), the
pH value (pH ranging from 5.6 to 0.5) and the reaction time (ranging
from 10 min, minimum experimental time, to 30 min), both in the
dark and under UV-A irradiation (irradiance of 4, 16, 30 and
90 W m~2). It is important to note that the maximum reaction time
(30 min) considered in this study is sufficiently short compared to the
typical atmospheric residence time of tropospheric aerosols, that is in
the order of hours to days for fog/cloud droplets, and of days to weeks
for fine particles (Seinfield and Pandis, 2006). Therefore, such reaction
time can be considered representative (as a lower bound limit) to look
at chemical processes occurring in the aerosol liquid water phase. As
for the irradiance of the UV-A lamps, we can note that the solar UV-A ir-
radiance at middle latitude (~53°) in summer is about 45 W m~2 as av-
erage summer value at noon, with much higher values at lower latitude
and in single days (Seckmeyer et al., 2008). Therefore, the maximum
UV-A irradiance applied in the experiments carried out under irradia-
tion (90 W m™~2) is representative of a sunny and clear summer day,
with a peak in solar irradiance, whereas the minimum irradiance
(4 W m™2) is low compared to normal solar irradiance conditions.

The results of the BSA nitration experiments are summarized in Fig.
1 and Fig. 2, which report the Slot Blot analysis in the different experi-
mental conditions discussed above. Hereafter we will refer (qualitative-
ly) to the degree of protein nitration as related to the intensity of the
bands in the Slot Blot analysis.

The degree of BSA nitration increased progressively by increasing
the reaction time (see Fig. 1) thus evidencing the reaction rate over
this time range. Since the signal was always most intense at the longest
reaction time considered (30 min) all the reported results are referred
to this reaction time.

In the experiments carried out under UV-A irradiation the effects of
increasing the irradiance (4, 16, 30 and 90 W m~2) on the BSA nitration
are shown in Fig. 2. The results clearly show that the degree of protein
nitration significantly increased by raising the lamp irradiance, with a
noticeable effect also given by nitrate concentration and pH. Indeed,
the degree of BSA nitration under irradiation always increased by
shifting to more acidic pHs, and to higher nitrate concentrations. It is
worth noting that protein nitration is also observed by irradiating the
protein with the lamp of lowest irradiance (4 W m™2), provided that
the nitrate concentration is sufficiently high and the pH is sufficiently
low (for example nitration is detected for the 1:100 nitrate solution
and pH = 2.2, or for the 1:1 nitrate solution and pH = 3) (Fig. 2). As
the irradiance raised, the signals corresponding to protein nitration
were progressively detected for lower nitrate concentrations and higher
pH values. In particular, BSA nitration was observed under the maxi-
mum UV-A irradiance applied (90 W m™?2) for the solutions at all con-
centration values (1:1000, 1:100 and 1:1) and over the pH range 5-
0.5 (time: 30 min) (Fig. 1 and Fig. 2).

Nitration of BSA in the dark (see the left column of Fig. 1) was ob-
served for the 1:1000 solution over the pH range 5-0.5 (reaction time:
30 min). The degree of protein nitration progressively increased at
more acidic pH. Notably, the degree of BSA nitration in the dark signifi-
cantly decreased by increasing the concentration of the nitrate solution.
Indeed, a weak signal was still observed for the 1:100 solution at pH 0.5,
whereas no BSA nitration was detected for the 1:1 solution at any pH in-
vestigated. The integrity of the BSA protein after treatment with the
acidic nitrate solutions both in the dark and under UV-A irradiation

Table 1

Acidic nitrate solutions used in the experiments of protein nitration. Nitrate ionic concen-
trations (mol kg~ ') and pH values simulate different conditions occurring in the atmo-
spheric aerosol liquid phase.

Solutions pH5.6 pH5.0° pH3.0° pH22* pHO.5°
dil 1:1 NH,NO; molkg~! 1330 13.37 13.15 13.07 13.90
dil 1:100 NH4;NO; molkg™! 0.13 0.13 0.13 0.13 0.14

dil 1:1000 NH4,NO; molkg™' 0.013 0.013 0.013 0.013 0.014

2 Solutions were acidified with H,SO,.
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Fig. 1. BSA nitration evaluated using Slot Blot membranes probed with the antibody
against 3-nitrotyrosine, after treatment of the protein with NH4NOs solutions at
different pH (5.6, 5.0, 3.0, 2.2, 0.5), and different nitrate concentrations (1:1, 1:100,
1:1000; see Table 1 for the specification of nitrate concentrations), in the dark (no UV-
A), as well as under UV-A light (365 nm; 90 W m™2) irradiation for 10 or 30 min. Slot
Blot membranes are representative of 5 different experiments.

has been assessed by the SDS-PAGE analysis reported in the Fig. S1 of
the Supplementary materials. At 30 min, BSA degradation was not ob-
served for any nitrate concentration and pH when the reaction was car-
ried out in the dark or with the smallest irradiance (4 W m~?2), whereas
it was still low at the lowest pH (2.2-0.5) and the maximum irradiation
(90 W m~2).

In summary, nitration of BSA was observed both in the dark and
under irradiation experiments. In both cases, the degree of protein ni-
tration increased in the more acidic conditions. Moreover, under

irradiation BSA nitration largely increased as a function of the nitrate
concentration, and a very large protein nitration degree was observed
for the 1:1 nitrate solution (Fig. 1). On the contrary, in the dark, the larg-
est degree of protein nitration was detected for the lowest nitrate con-
centration (1:1000), whereas nitration did not appear to occur for
more concentrated solutions. This counterintuitive trend will be further
discussed in Section 4.

3.2. Nitration of the Phl p 2 protein under UV-A irradiation and in the dark

BSA nitration results were useful to optimize the settings for the ex-
periments with Phl p 2. Indeed, recombinant Phl p 2 was available in
limited amount and the experiments with acidic nitrate solutions
were performed at all pH values considered for BSA (pH = 5.6, 5.0,
3.0, 2.2, 0.5), but using only two nitrate concentrations (1:1 and
1:1000), both in the dark and under UV-A irradiation (90 W m~2) for
a reaction time of 30 min.

Phl p 2 is a small allergen protein released by Phleum pratense pollen
of 10.7 kDa, containing 3 Tyr residues, all on the surface of the protein,
that may be nitrated in the reaction conditions. Results of the Phl p 2 ni-
tration experiments are summarized in Fig. 3A. Interestingly, in the ex-
periments performed under UV-A irradiation (90 W m~2) protein
nitration was always observed within the entire pH range 5.6-0.5 inves-
tigated, and for both dilute (1:1000) and concentrated (1:1) nitrate so-
lutions. These results are very similar to those presented for BSA
(Section 3.1), as they also show that Phl p 2 nitration significantly in-
creased at acidic pH and for the more concentrated (1:1) nitrate solu-
tion (see Fig. 3A).

In the dark experiments Phl p 2 nitration was only observed for the
dilute 1:1000 nitrate solution and for pH < 2.2 (Fig. 3A). No signal was
detected in the case of the 1:1 nitrate solution at any pH. Again, these re-
sults are very similar to those reported for BSA, and they confirm the
finding that protein nitration under dark conditions only occurred for
the dilute nitrate solution (1:1000). In particular, nitration was ob-
served at pH < 5 for BSA and at the more acidic pH < 2.2, for Phl p 2. It
should be noted that incorrect results from the method applied to eval-
uate protein nitration in the case of such very high 1:1 nitrate

H,0 acidified with H,SO,
A Q, pH pH pH pH pH
T 56 5 22 05
UV-A4Wm?
UV-A 16 Wm?
CTR—
UV-A 30 Wm?
UV-A 90 Wm?
B NH,NO, NH,NO, NH,NO, NH,NO,
o PH pH pH pH pH o PH pH pH pH pH Q, pPH pH pH pH pH o, pPH pH pH pH pH
I 56 5 3 22 05 r 56 5 3 22 05 T 56 5 3 22 05 r 56 5 3 22 05
1:1000 |
1:100 I I I l l
11 || | U I I |
UV-A 4 Wm? UV-A 16 Wm? UV-A 30 Wm? UV-A 90 Wm?

Fig. 2. BSA nitration evaluated using Slot Blot membranes probed with the antibody against 3-nitrotyrosine after treatment of the protein with NH4NOs solutions at different pH (5.6, 5.0,
3.0,2.2,0.5), different nitrate concentrations (1:1, 1:100, 1:1000; see Table 1 for the specification of nitrate concentrations) and under exposure to UV-A light with different irradiance (4,
16, 30,90 W m~2). Samples were irradiated for 30 min. In panel A there are shown the experiments carried out with acidified water (without NH4NO3) as controls; in panel B there are the

experiments carried out with NH4NO5 solutions at the different concentrations.
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Fig. 3. Nitration, allergenicity and stability of the recombinant Phl p 2 protein treated with acidified water solutions (CTR) as controls, and with NH4NOs5 solutions at different pH values
(5.6, 5.0, 3.0, 2.2, 0.5), different nitrate concentrations (1:1, 1:1000; see Table 1 for the specification of nitrate concentrations), in the dark (no UV-A) or under exposure to UV-A light
(90 W m~2). Samples were irradiated for 30 min. In panel (A) there are shown Slot Blot membranes probed with the antibody against 3-nitrotyrosine, to evaluate protein nitration; in
panel (B) Slot Blot membranes probed with a sera mix from grass pollen allergic patients to evaluate allergenicity, and in panel (C) SDS PAGE and gels silver staining to evaluate

protein degradation.

concentration can be ruled out, since in the experiments carried out
under UV-A irradiation, a large degree of protein nitration was indeed
detected at high nitrate concentration.

The integrity of Phl p 2 after treatment with the acidic nitrate solu-
tions both in the dark and under UV-A irradiation has been evaluated
by the SDS-PAGE analysis reported in Fig. 3C. We note that the protein
exposed to UV-A light was already partly degraded in controls (in ab-
sence of nitrate) at pH < 3, whereas in the dark it remained intact at
any pH. When the protein was treated with acidic nitrate solutions
under UV-A irradiation protein degradation was already detected at
pH = 5.6 and significantly enhanced at lower pH and at higher nitrate
concentration. Notably, for the 1:1 nitrate solution and pH < 3 the
band corresponding to the intact protein was completely disappeared,
indicating full protein degradation. Protein degradation was also ob-
served in the dark when Phl p 2 was treated with the 1:1 nitrate solution
at pH < 3, although to a much lesser extent than in the experiments car-
ried out under UV-A irradiation. The comparison of the SDS-PAGE anal-
ysis performed for BSA and Phl p 2 clearly shows that the integrity of Phl
p 2 is more affected by the reaction conditions, as protein degradation
was significantly larger for Phl p 2 than for BSA in the same conditions.

3.3. Allergenic response
In order to investigate the effect of Phl p 2 nitration on IgE binding,

Slot Blot analysis using sera from patients mono-sensitized to grass pol-
len were employed. Results are reported in Fig. 3B.

As a general trend we observed that IgE reactivity of allergen Phl p 2
was enhanced with respect to controls in those cases in which the pro-
tein was nitrated. In fact, the increase of Phl p 2 allergenicity was rough-
ly parallel to the degree of protein nitration discussed in the previous
section. In particular, for the protein treated with the 1:1000 nitrate so-
lution and exposed to UV-A light the allergenicity progressively in-
creased by switching to more acidic pH, with a trend nearly identical
to the increase in protein nitration. The same holds true by considering
the enhancement of Phl p 2 allergenicity after the treatment of the pro-
tein with the 1:1000 nitrate solution in the dark. This is in agreement
with literature data reporting an increase in allergenicity also for other
nitrated pollen allergen, such as Bet v 1.0101 (Gruijthuijsen et al., 2006).

An exception to this trend was given by the protein treated with the
1:1 nitrate solution under exposure to the UV-A light. In this case, re-
sults show that, as expected, allergenicity significantly increased by
lowering the pH up to the value of 3. However, the trend was reversed
in more acidic conditions, where allergenicity of Phl p 2 dropped to
values similar to those of the controls (see Fig. 3B), probably due to
the Phl p 2 significant degradation at these pHs, as shown by the electro-
phoresis of the samples (Fig. 3C). An increase of Phl p 2 allergenicity was
also observed with the 1:1 nitrate solution in the dark, at pH between
5.6 and 3 despite the absence of any visible nitration signal.

In summary, Phl p 2 treated with acidic nitrate under UV-A irradia-
tion (90 W m™2) was nitrated in both dilute and concentrated solutions
at all pH values (range 5.6-0.5), and nitration increased proportionally
with pH decrease, as discussed in Section 3.2. Allergenicity of Phl p 2 in-
creased in parallel with nitration in dilute 1:1000 solutions for all pH
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values, and in concentrated solution 1:1 at pH 5.6, pH 5 and pH 2.2. At
pHs 2.2 and 0.5, under UV-A irradiation, the allergen was significantly
nitrated in the most concentrated 1:1 solution. However, the allergenic-
ity decreased probably due to the Phl p 2 significant degradation.

4. Discussion

Protein nitration laboratory experiments have already been carried
out by using as nitrating agents gaseous -NO, and - NO, + O3 mixtures,
and other (standard laboratory) nitrating reagents such as peroxonitrite
(ONOO™) and tetranitromethane (Reinmuth-Selzle et al., 2014). How-
ever, to our knowledge no experiments have been conducted by using
the nitrate ion as nitrating agent, which, on the other hand, is one of
the major components of PM. It can be assumed that nitrate ion contain-
ing particles come in contact with pollen proteins in the atmosphere
during aerosol aging processes (e.g. NH4;NO3; condensation on pollen
grains/fragments and coagulation processes between particles), gener-
ating internally mixed particles that are commonly observed in urban
air (Pdschl, 2005). As discussed in the previous sections, the liquid
water phase of atmospheric particles close to the deliquescence point
can feature very ‘extreme’ conditions, in terms of high nitrate concen-
tration and low pH, at which the tyrosine residues in proteins may be
nitrated, both in dark and/or under exposure to light, by processes sim-
ilar to those already observed for activated aromatic compounds such as
phenols and cresols. Indeed, the results presented in this work show
that proteins such as BSA and Phl p 2 are easily nitrated by acidic nitrate
aqueous solutions.

Nitration of activated aromatic molecules such as phenols and cre-
sols has been widely investigated, and we can refer to these studies to
get a better understanding of the nitration mechanisms of the tyrosine
amino acid in proteins. Nitration of such aromatic compounds can
occur in aqueous solutions in the dark and under irradiation following
two distinct processes: the well-known aromatic electrophilic substitu-
tion mechanism (AES), and a photochemical induced radical mecha-
nism, respectively.

The electrophilic substitution reaction is known to occur on activat-
ed aromatic rings in the presence of nitrate ions and very acidic condi-
tions, such that the nitronium ion (NO3") can be formed:

NO3; ™ —§—2H+—>NOZJr +H,0 (1)

NOJ can then react with the activated aromatic compound through
a bimolecular mechanism yielding to final ortho (or para) nitrated com-
pounds:

OH OH

OH

| o NG,
g — + H
)

In the literature, many studies are present that describe the mecha-
nism of phenol nitration via AES because of the relevance of this reaction
for organic synthesis and industrial applications (March, 1988). This re-
action has been only rarely considered for the nitration of aromatic
compounds under environmental conditions since it is assumed that
such extreme acidic conditions are not achieved. However, in the liquid
water phase of atmospheric particles, conditions characterized by very
low pHs and high nitrate concentrations can be attained.

The results presented in this work show that protein nitration in-
deed occurs in the dark under the most acidic conditions considered
(pH = 3.3 for BSA, and pH < 2.2 for Phl p 2, in 1:1000 solutions,
30 min). This finding agrees with the results reported by Vione et al.
(2001) concerning the nitration of phenol by acidic nitrate aqueous so-
lutions in the dark. The amount of nitrophenols formed at pH = 1 by the

NO,* +

AES mechanism (in the dark) was reported to be about the 30% of the
total nitrophenols generated under irradiation (vide infra). Nitrophenols
generated by the AES mechanism were not observed for pH higher
than 1.

Notably, we found an inverse relationship between the nitrate con-
centration and the degree of protein nitration in the dark, as the signal
corresponding to protein nitration was less intense when the concen-
tration increased from 1:1000 to 1:100 for the BSA (see Fig. 1), and
completely disappeared by further increasing the nitrate concentration
to 1:1 (for both BSA and Phl p 2, see Fig. 1 and Fig. 3). In this context, it is
worth noting that, in the solution 1:1, the ammonium nitrate is ex-
tremely concentrated (>13 mol kg~ ') (Table 1), and the amount of
water in the liquid phase is very low (0.5-0.6 mol fraction; Table S1).
In these very peculiar conditions, protein hydration might be limited,
whereas it has been observed that protein hydration is necessary for
the nitration reaction to occur (Shiraiwa et al., 2012b).

Exposure to UV-A light has a dramatic effect on the degree of protein
nitration, as illustrated in Fig. 1 and Fig. 3. The photonitration of activat-
ed aromatic compounds in aqueous solution should occur through a
radical mechanism initiated, upon irradiation at A > 280 nm, by the pho-
tolysis of nitrate through the following two processes (Mack and Bolton,
1999; Vione et al., 2003):

NO;~ + hv—NO, ™ + O(*P) (3)
NO;~ + hv + Hy,0— - NO, + -OH 4+ OH™ 4)

The photogenerated -NO, is the main nitrating agent in the case of
phenolic compounds in aqueous solution (De Laurentis et al., 2013),
through a mechanism that should proceed by the H-abstraction of the
phenolic oxygen by -NO, to give HNO, and the phenoxy radical in the
first step, followed by the addition of another NO, to finally yield the ni-
trophenol (Bedini et al., 2012).

In this work we have shown that the degree of protein nitration
under UV-A irradiation, both for the BSA and Phl p 2 proteins, signifi-
cantly increased by (i) lowering the pH, (ii) increasing the concentra-
tion of nitrate and, (iii) raising the irradiance of the lamp. The effect of
the pH observed in protein nitration is similar to that reported in previ-
ous works for the nitration of phenol upon nitrate photolysis. The en-
hanced effect of the pH on the formation of nitrophenols was
explained by considering two mechanisms; (i) the protonation of
NO3 generated by reaction (3) to form HNO, (Vione et al.,, 2001),
which then directly reacts with phenol, and (ii) the H"-assisted hetero-
lytic cleavage of the N—N bond of N,O,4 promoted at low pH (Machado
and Boule, 1995)

2. NO;-N,04 (5)
0,N-NO,--H*—NO,* + NO,~ (6)

producing the nitronium ion (NO3") as electrophilic nitrating agent. The
nitration by the AES mechanism in the more acidic conditions could also
significantly contribute to the protein nitration, as observed by Vione et
al. (2001) for the nitration of phenol. In addition, protein denaturation
and degradation observed at low pH should make accessible to nitration
tyrosine residues, which are in the interior of the folded proteins, fur-
ther accounting for the increase of the degree of protein nitration in
such acidic environment.

In some of the experimental conditions investigated in this study
proteins can degrade or aggregate, possibly altering their allergenicity
due to other modifications than nitration. The results obtained from
the SDS Page analysis show that in the dark both BSA and Phl p 2
remained intact within the range of pHs and nitrate concentrations in-
vestigated, with the exception of Phl p 2 when treated with the 1:1 ni-
trate solution, for which a partial degradation was observed for
pH < 5. On the other hand, in the experiments carried out under
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irradiation a significant protein degradation was detected, which was
gradually enhanced by lowering the pH and increasing the nitrate con-
centration. In particular, for the most concentrated 1:1 nitrate solution,
considerable BSA and Phl p 2 degradation was already observed at
pH = 5, and it was almost complete at pH = 0.5 (see Fig. 3 and Fig.
S1). It is interesting to note that significant degradation of the proteins
only occurs due to the combined effects of acidic pH, light irradiation
and high nitrate concentration. This effect can be explained by consider-
ing the formation of ROS such as the hydroxyl radical as by-products in
nitrate photolysis, which are well known to produce oxidative damage
and fragmentation of proteins (Xu and Chance, 2007). In this respect,
the nitrate ion appears to be a very important ingredient of the recipe,
with a role that may deserve more attention in studies of the
photodegradation of proteins under environmental conditions.

The ultimate goal of this study is to get a deeper insight into the al-
lergenicity of pollen proteins such as Phl p 2, after treatment with ni-
trate solutions simulating conditions expected in the atmospheric
aerosol liquid water phase. As discussed above, modification of the pro-
tein can be due to protein nitration and/or protein degradation. The Slot
Blot analysis reported in Fig. 4B allows evaluating, irrespective of the
type of modification, the allergenicity of Phl p 2, through the binding
of the treated protein with the corresponding IgE contained in sera
from patients mono-sensitized to grass pollen. Interestingly, the ob-
served trends are parallel to those discussed for the protein nitration,
at least in those conditions for which Phl p 2 is not significantly degrad-
ed. Namely, in the dark the allergenicity was slightly enhanced with re-
spect to controls after the treatment of the protein with the 1:1000
nitrate solution at low pH, whereas under irradiation the allergenicity
was considerably enhanced with respect to controls by lowering the
pH and by increasing the nitrate concentration. These results suggest
that the ‘intact’ nitrated protein enhances its allergenic potential and
is expected to increase the allergic response. The peculiar trend ob-
served for the 1:1 nitrate solution under irradiation, showing a maxi-
mum in the allergic response at pH = 3 and a significant reduction at
the lower pHs, can be explained by considering the complete degrada-
tion of the protein in these conditions, that evidently affects the recog-
nition by the IgE. It is worth noting that the aim of our laboratory
study was to investigate the specific nitration reaction of protein with
nitrate ion in acidic water solutions simulating the conditions of air-
borne liquid particles, but, due to the complex chemical composition
of atmospheric PM, it is expected that various other compounds/pollut-
ants would also be relevant in inducing protein post-translational mod-
ifications in atmospheric particles, eventually enhancing allergenicity
(D'Amato et al., 2007).

5. Conclusion

Pollen aeroallergens are widespread, and they can remain for a long
time in air, mainly associated with fine atmospheric PM. A lot of study is
still needed to get a better understanding of the protein reactivity in the
atmosphere, even though several studies have appeared reporting that
protein nitration in polluted air is one of the most important posttrans-
lational modifications of allergenic proteins that would explain the en-
hancement of allergic diseases.

In this study, we suggest the potential role of the nitrate ion, which is
particularly abundant in polluted air, as responsible for protein nitration
occurring in the bulk liquid water phase of atmospheric particles, under
acidic conditions. We found that protein nitration can occur in acidic ni-
trate solutions in the dark only at very low pH (pH < 3 for BSA; pH < 2.2
for Phl p 2) in diluted nitrate solutions. Protein nitration was much more
relevant under UV-A irradiation, where it was observed for both diluted
and concentrated (close to saturation) nitrate solutions, in the pH range
5.6-0.5, due to a photonitration mechanism greatly strengthened by
low pH.

Nitration promoted by these conditions enhances protein allergenic-
ity modifying its immunological properties. However, very acidic pH

and UV-A irradiation seems to cause protein degradation, which, on
the contrary, leads to a decrease in the allergenic response. Further
studies will be needed to fully understand both protein nitration and
protein degradation in air, and how they can combine in altering the al-
lergic response to the allergenic protein present in the atmospheric
environment.
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INPUT DATA OUTPUT DATA
Atmospheric atm ion conc ion conc in the liquid water phase
conditions hgm® g m MW . mol kg™t mole :cotli\e/iz;agff? a(r:t]ici:iety mol L™ gL*
(@mol™)  H0  fraction i coeff y sol sol
NO5 (atm) 0.80 0.013!NOs-(aq) 62  1.34E+01 1.47E-01 2.68E-01  1.63E-01 6.98E+00 4.33E+02
S0, (atm) 3.58 0.075{S0.~(aq) 96  3.01E+00 3.30E-02 4.36E-02  2.65E-02 1.57E+00 1.51E+02
NH, " (atm) 1.58 0.088INH,"(aq) 18  1.94E+01 2.13E-01 3.12E-01  1.90E-01 1.01E+01 1.82E+02
NR 1.000 HSO,(aq) 97 2.22E-04 2.44E-06 4.52E-01  2.75E-01 1.16E-04 1.13E-02
NH; (aq) 17 2.32E-04 2.54E-06 1.65E+00 1.00E+00 1.21E-04 2.06E-03
neif(’gﬁ:?gon OH" (aq) 17 2.57E-11 2.81E-13 4.77E+01 2.90E+01 1.34E-11 2.28E-10
H,0 (aq) 18  5.55E+01 6.08E-01 1.11E+00 6.76E-01 2.90E+01 5.22E+02
H* (aq) 1 9.60E-06 1.05E-07 1.43E+00 8.68E-01 5.02E-06 5.02E-06
pH 5.36
DRH (@ 25° C) 68%
density liquid phase (g cm'a) 1.29
NO5 (atm) 0.80 0.013!NOs-(aq) 62  1.31E+01 1.43E-01 2.65E-01  1.62E-01 6.84E+00 4.24E+02
S0, (atm) 3.58 0.075{S0, (aq) 96  3.05E+00 3.35E-02 4.14E-02  2.52E-02 1.60E+00 1.53E+02
NH," (atm) 1.57 0.087!NH,"(aq) 18  1.93E+01 2.12E-01  3.18E-01  1.94E-01 1.01E+01 1.82E+02
NR 0.998 HSO,(aq) 97 1.64E-01 1.80E-03 4.52E-01  2.76E-01 8.57E-02 8.32E+00
Very low NHs (aq) 17 3.08E-07 3.38E-09 1.64E+00 1.00E+00 1.61E-07 2.74E-06
ammonium OH" (aq) 17 3.45E-14 3.79E-16 4.62E+01 2.82E+01 1.81E-14 3.07E-13
deficit (0.2%) H,0 (aq) 18  5.55E+01 6.09E-01 1.11E+00 6.76E-01 2.90E+01 5.23E+02
H* (aq) 1 7.32E-03 8.03E-05 1.43E+00 8.72E-01 3.83E-03 3.83E-03
pH 2.48
DRH (@ 25° C) 67%
density liquid phase (g cm'3) 1.29
NO5 (atm) 0.80 0.013{NOs-(aq) 62 1.39E+01 1.29E-01 1.66E-01 8.55E-02 5.73E+00 3.55E+02
S0, (atm) 3.58 0.075IS0,7(aq) 96 3.78E+00 3.51E-02 1.18E-02 6.10E-03 1.56E+00 1.50E+02
NH, " (atm) 1.42 0.079{NH,"(aq) 18 2.77E+01 2.57E-01 4.81E-01 2.48E-01 1.14E+01 2.05E+02
NR 0.900 HS0, (aq) 97 6.58E+00 6.10E-02 5.47E-01 2.81E-01 2.71E+00 2.63E+02
10% NH; (aq) 17 4.12E-09 3.82E-11 1.94E+00 1.00E+00 1.70E-09 2.88E-08
ammonium OH" (aq) 17 3.55E-17 3.29E-19  3.30E+02 1.70E+02 1.46E-17 2.49E-16
deficit H,0 (aq) 18 5.55E+01 5.15E-01 1.11E+00 5.74E-01 2.29E+01 4.12E+02
H* (aq) 1 3.68E-01 3.42E-03  4.61E+00 2.37E+00 1.52E-01 1.52E-01
pH 0.44
DRH (@ 25° C) 57%
density liquid phase (g cm'S) 1.39

Table S1. lon concentrations in the liquid water phase of atmospheric PM and
acidity (pH) at Deliguescence Relative Humidity (DRH), when aerosol water
content is minimum, simulated by E-AIM model. As input data we referred to the
atmospheric concentrations of major anions NO; and SO, (mg m™; average
summer values for PM2.5 samples in Milan, North Italy) and three different
NH, neutralization conditions (NR= neutralization ratio): complete neutralization
(NR=1.000); very low ammonium deficit, 0.2% (NR=0.998); 10% ammonium
deficit (NR=0.900).



H,O acidified with H,SO, NH,NO, 1:1000 NH,NO, 1:100 NH,NO, 1:1

© PH pH pH pH pH pH pH pH pH pH pH pH pH pH pH pH pH pH pH pH
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Fig. S1. Qualitative BSA analysis by SDS-PAGE and silver nitrate staining after
protein treatment under power increasing UV-A irradiation (4, 16, 30, 90 W m™2) for
30 minutes, with acidified water and different NH;NO3; concentrations (1:1, 1:100,
1:1000; see Table 1 for the specification of concentrations) at decreasing pH (5.6 to
0.5). M: protein ladder.
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