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Angelica Bianco?, Guillaume Voyard'2, Laurent Deguillaume3*, Gilles Mailhot'2 &

Marcello Brigante®2

Improving our understanding of cloud chemistry depends on achieving better chemical characterization
(90% of the organic carbon [OC] fraction remains uncharacterized) and, consequently, assessing the
reactivity of this complex system. In this manuscript, we report for the first time the concentrations

of 16 amino acids (AAs) in 25 cloud water samples. The concentrations of individual AAs ranged from
afew nMup to ~2.0 uM, and the average contribution of AAs corresponded to 9.1% (4.4 to 21.6%) of
the dissolved OC (DOC) concentration. Considering their occurrence and concentrations, AAs were
expected to represent an important hydroxyl radical (HO®) sink in aqueous cloud samples. In this work,
we estimated that approximately 17% (from 7 to 36%) of the hydroxyl radical-scavenging ability of the
DOC could be attributed to the presence of AAs, whereas comparing the AAs suggested that an average
of 51% (from 22 to 80%) of their reactivity with HO® could account for the presence of tryptophan. These
results clearly demonstrate that the occurrence and reactivity of AAs must be considered to better
estimate the chemical composition and oxidant capacity of the cloud aqueous phase.

The organic carbon (OC) fraction of aerosol accounts for a large portion of air particulate matter and exhibits
many complex molecular structures’. This organic matter originates from a wide variety of natural and anthropo-
genic sources; additionally, it undergoes chemical transformations during its atmospheric lifetime? and strongly
influences the climate and health effects of atmospheric aerosols®. In the OC fraction of aerosols, water-soluble
OC (WSOC) is especially interesting because it contributes to particles” hygroscopic properties and participates
in aqueous cloud chemistry*. Some WSOC components are emitted into the air as primary particles (e.g., through
biomass burning), and others are produced by reactions in the gas and aqueous phases™®. One major concern is
related to the effects of WSOC on the surface tension of particles and their ability to be activated into cloud drop-
lets”. However, a large fraction of WSOC remains uncharacterized, and substantial work has focused on quantify-
ing short-chain mono and di-carboxylic acids (CAs) and carbonyl and dicarbonyl compunds®®.

Soluble organic matter comprises small volatile molecules associated with larger multifunctional structures
containing a substantial fraction of hetero-atoms (e.g., N, S, and O), such as HUmic Llke Substances (HULIS),
and polyols, such as sugars, phenols, and polyconjugated species'®!!. Multiple functionalities, including hydroxyl,
carboxyl and carbonyl groups, are present in these molecules. Field measurements have revealed that a large part
of this WSOC remains not characterized despite the application of a variety of analytical approaches.

Among these compounds, the presence of amino acids (AAs) belonging to proteinaceous matter was high-
lighted in rain, fog waters and aerosols'>!?. Their effect on the surface tension properties of aerosols and their role
as ice nuclei were studied, revealing that AAs could affect the atmospheric water cycle!*"'”. Proteinaceous matter
is injected into the atmosphere by the production of sea salt aerosol when air bubbles burst at the ocean surface.
Proteinaceous matter can also be emitted in the atmosphere by the activity of bacteria and phytoplankton or from
the injection of organic film into the air at the sea surface'®°. Over continental areas, proteinaceous matter is

tUniversité Clermont Auvergne, Université Blaise Pascal, Institut de Chimie de Clermont-Ferrand, BP 10448, F-63000
Clermont-Ferrand, France. 2CNRS, UMR 6296, ICCF, F-63171 Aubiere, France. 3Université Clermont Auvergne,
Université Blaise Pascal, OPGC, Laboratoire de Météorologie Physique, BP 10448, F-63000 Clermont-Ferrand,
France. “CNRS, UMR 6016, LaMP/OPGC, BP80026, F-63177 Aubiere, France. Correspondence and requests for
materials should be addressed to M.B. (email: marcello.brigante@univ-bpclermont.fr)

SCIENTIFICREPORTS | 6:37420| DOI: 10.1038/srep37420 1


mailto:marcello.brigante@univ-bpclermont.fr

www.nature.com/scientificreports/

16 7
[ ]
o 14 ] =
= [°=
2 ° ° =
5 21 L5 6
® ®
£ 1.0 1 =
g He 8
g 081 ° 8
3 o rs s
& 06 ° ® ° 5
o [ ] o
= r2 g
E 04 ° ) '} ° IS
o LI 9 o 5
2 02 e [ b -1%
® o é (] i% e
0.0 A ; Lo
=
@)

Figure 1. Distribution of each AA in the cloud samples. The bottom and top lines of the box correspond
to the 25t and 75 percentiles, respectively. The middle line represents the median. The ends of the whiskers
are the 10" and 90" percentiles, and the filled circle is an outlier. The y-right scale shows the total AA
concentration.

njected into the atmosphere as plant debris, pollen, and algae, and this biological fraction has been frequently
detected on aerosol particles?!. The first oxidation of the proteinaceous matter could occur on the aerosol parti-
cle, for example, involving methionine and tryptophan, which are rapidly oxidized when exposed to ozone and
sunlight®2.

One important difference between the free and combined forms of AAs must be noted when analysing envi-
ronmental samples (e.g., rain, fog, clouds, and aerosols)?>?*. The analysis of aerosol and fog samples revealed that
AAs were mostly present as dissolved combined AAs (DCAAs), such as proteins, peptides and HULIS?**42>, One
crucial question relates to how proteins and peptides are converted into free AAs (dissolved free AAs [DFAAs]).
Milne and Zika proposed different hypotheses about aerosol samples, excluding thermal hydrolysis but suggest-
ing that enzymatic hydrolysis could be not-negligible?*. This hypothesis was corroborated by recent works reveal-
ing the presence of living microorganisms and impact on the oxidant capacity and organic speciation in cloud
water?”?8, The direct photolysis of peptides and photosensitized reaction pathways could be responsible for their
fragmentation under actinic radiation?. Thus, in environmental samples, both forms of AAs could be detected,
but the concentration of DFAAs (uncombined forms) is expected to be lower because this is the preferred form
for the uptake of nitrogen compounds by microorganisms*. Recent works have shown that AAs dissolved in
cloud water could be transformed by solar radiation and reaction with oxidative species (i.e., hydroxyl radicals),
leading to the production of different functionalized and oxidized products and short-chain CAs***..

In this manuscript, we report the AA concentrations in 25 cloud water samples collected at puy de Déme
Mountain (France) during 11 cloud events. Chromatographic separation coupled with chemical complexation
and fluorescence detection was used to determine the concentration of DFAAs. To the best of our knowledge, this
study reports, for the first time, the concentrations of free AAs in cloud water. Comparing the reactivities of the
AAs with those of naturally occurring CAs and dissolved OC (DOC) suggested that the presence and reactivity of
AAs should be considered in the future to better assess the effect of cloud aqueous-phase chemistry on the organic
matter transformation mediated by the hydroxyl radical (HO*).

Results and Discussions

Quantification of AAs. The concentrations of 16 AAs were determined in 25 individual samples from 11
cloud events collected during two campaigns in March/April and November 2014 at the top of puy de Dome
mountain (1465 m a.s.1.) in France. The cloud droplet sampling was performed using a one-stage cloud droplet
impactor, as previously described®. The sampling times ranged from 120 to 180 min depending on the liquid
water content, which reflects the mass of water in a cloud in a specified amount of dry air and was in the range of
0.1-0.2gm™>. Single-AA concentrations ranged from 5nM (corresponding to the analytical detection limit) to
~2.0puM (Supplementary Table S1).

Figure 1 illustrates the concentrations of each AA in the cloud samples, showing that the average concentra-
tions of ILE, PHE, SER and TRP exceeded 0.25uM (see Table 1 for the AA abbreviations and relative concentra-
tions). The median values of the single-AA concentrations were lower than 0.5uM, and concentrations of ILE and
TRP were the highest, with an average value of 0.3 and 0.4 pM respectively. The total AA concentration, defined as
the median value of the sum of the AA concentration in each sample, ranged from 1 to 4puM. The average concen-
trations of AA in cloud water samples were lower than those measured in fog water by Zhang et al.’® (2.6-99 uM,
mean =+ 10 =204+ 27puM) and in dew water samples in Germany by Scheller®? (0.5-110 uM, mean = 22.5 uM).
The concentrations found here were relatively similar to those reported in rainwater by Gorzelska et al.?
(=~ 0.4pM) and Mopper and Zika** (6.5 uM). Fog and dew water were expected to be more concentrated than
cloud water because they are influenced relatively strongly by local sources and lead to less dilution of particle
compared to the cloud droplets. The sampling procedure may also have contributed to this difference because
of the potential evaporation of the liquid sample. The high TRP concentration cannot be directly correlated
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Alanine ALA 89.0 188 +£133 6.8+4.8
Arginine ARG 174.2 89+95 6.4+6.8
Aspartate ASP 133.1 1394124 6.7+59
Glutamate GLU 147.1 42+49 25429
Glycine GLY 75.1 151+£117 3.6+2.8
Histidine HIS 155.2 33+28 24+20
Isoleucine ILE 131.2 548 £532 24.0+8.3
Leucine LEU 131.2 102+ 66 7.4+4.8
Lysine LYS 146.2 125+87 9.0+6.2
Methionine MET 149.2 100+ 56 6.0+3.4
Phenylalanine PHE 165.2 337+£152 3641164
Serine SER 105.1 2814238 10.1+8.6
Threonine THR 119.1 133+125 6.4+6.0
Tryptophan TRP 204.2 563 +332 743+43.8
Tyrosine TYR 181.2 45+69 49+74
Valine VAL 117.2 61+50 3.7+£3.0
Total 2938+167 211+19

Table 1. Average single-AA concentration (nM) and corresponding average carbon concentration
expressed in pg C L. Values are presented with the standard deviation determined by analysing 25 samples.

Aldehydes

1.0 %
Not characterised DOC

PHE

TRP

Figure 2. Pie plot showing the distributions of AAs, aldehydes and the most relevant short-chain CAs
(formate, acetate, oxalate, malonate and succinate) relative to the total DOC in cloud water samples. The
percentages were calculated based on the average concentrations of individual AAs, aldehydes, CAs and DOC
in mg C L™%. The second plot shows the distribution of a single AA relative to the total distribution.

to the hydrolysis of proteinaceous matter. However, TRP was recently demonstrated to be strongly correlated
with the formation of high-molecular-weight compounds with spectroscopic characteristics similar to those of
HULIS, which can also be considered as a potential TRP reservoir®®®. Muller et al.’® evaluated TRYptophan
LIke Substances (TRYLIS) in rain using fluorescence emission. These authors found that the TRP concentration
was higher in samples from marine origins, suggesting that the presence of TRYLIS promoted the development
of ice-precipitation at ‘warmer’ temperatures. Nevertheless, the detection of this compound in the fluorescence
matrix was not suitable for the discrimination of free and combined TRP.

The proportion of AAs to the DOC ranged from 4.4 to 21.6% of the total carbon (with an average value of
9.1%) in 25 samples, corresponding to an average estimated concentration of 211 £ 19g C L™! (see Table 1 for
the average AA concentrations). Deguillaume et al. suggested that the characterization of the organic matter in
cloud water remains incomplete because approximately 11% and 1% of the DOC is represented by short-chain
CAs (formate, acetate, oxalate, malonate and succinate) and aldehydes, respectively®. In Fig. 2 the average con-
tributions of CAs, aldehydes and AAs to the DOC are presented, and the second pie plot reports the proportion
of each AA.
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Figure 3. Ratio of the scavenging rate constants of HO® (expressed in s~!) with AAs and short-chain CAs
(Caasca) without (filled circles) and with (empty circles) formate (calculated using equation 1). The error
bars were determined by considering the uncertainties associated with AA quantification in each sample.

Reactivity with HO®: Competition among AAs, CAs and DOC. The reactivity of AAs with hydroxyl
radicals can be calculated and compared with those of most relevant short-chain CAs (formate, acetate, oxalate,
malonate and succinate) always measured in the cloud aqueous phase®*”*. This competition (Cy 5, 5c) can be
evaluated by considering the ratios between the scavenging rate constants of HO® by AA (kfe 4 4,) and CA
(ktror ca, ) using Equation (1):

1o 44
Canac = 77—
Ho® ,CA; (1)

where kf;oe 4 4,and kio.c 4,re determined as the product of the second-order rate constant of HO® with single
AAsand CAs (kHO A4 OT kHO .ca)and their concentrations, respectively. Based on the average CA concentration
in the aqueous cloud phase reported by Deguillaume ef al.® (Supplementary Table S2) and the AA concentrations
determined in each sample, C, ,,,c can be calculated by considering the contribution (or not) of formate to the
CAs and a pH of 5.0 (see Supplementary Tables S3 and S4 for the pKa values and HO® reactivities of each species
and the DOC concentrations in each cloud sample, respectively). As shown in Fig. 3, for the comparison without
formate, the AA contribution was between ~7 and 26 times larger than that of the CAs. Interestingly, for all sam-
ples, the scavenging abilities (corresponding to the pseudo-first order decay constant between considered species
and hydroxyl radical) of the AAs were at least one order of magnitude higher than those of the short-chain CAs. In
terms of the proportion of formate among the short-chain CAs, the C, 4,5 value ranged from 0.12 to 0.42. These
findings seem reasonable given the high reactivity of formate with HO* (kﬁoo) ormate = 3.2 % 10°M 157
Nevertheless, at lower pH values, the contribution of formate was expected to be relatively small; indeed, at pH 4.0,
approximately 37% of formate exists as its acidic form (i.e., formic acid, pKa = 3.76), which is less reactive towards
HO* (kHO JSformic acid — =13 X 108M ! 71)

Figure 4 shows the contributions of all AAs, TRP and DOC to the scavenging rate constant of the hydroxyl
radical in terms of their average concentrations. Up to 51% of the total reactivity of HO®, which is expressed as
kI,-IO',AAi’ was attributable to TRP (k;,o.,TRPi~ 6.76+3.98 x 10°s7!) among all AAs (kﬁo.,AAi ~1.2840.51 x 10*s71).

Interestingly the concentration of TRP was expected to be lower than those of other AAs because of its high reac-
tivity with HO® (kfjpe 1p = 1.3 x 10'°M's™"), suggesting the presence of a possible source of TRP in cloud
water?. Moreover, as recently reported, the oxidation of TRP in cloud waters led to the formation of formate and
acetate in 20% yields, with other nitrogen derivatives also likely produced (up to 60% of the uncharacterized
carbon)®. These findings demonstrated that TRP oxidation could be responsible for a large fraction of the HO®
scavenged in natural samples.

Moreover, the relative contributions of AAs to the DOC’s reactivity with HO® can be estimated using Equation (2):

kI/-IO',DOC = kI{IIO',DOC [DOC] 2)

where k,{,’o., poc and [DOC] are the second-order rate constant between HO* and DOC estimated by Arakaki
et al.® to be 3.8 x 108L (mol C)~! s7!) and the concentration of DOC, which varied from 1.0mgC L~ to 8.6 mg
C L', with an average of 2.91 mgC L' (Supplementary Table $4). In our samples, kf;o+ o Was in the range
0.32-2.72 x 10°s™ . This value is similar to those previously determined by Arakaki and Faust, who reported a
HO?* scavenging rate range of 0.95-4.2 x 10°s™! in 7 cloud water samples collected from Whiteface Mountain*’

From the quantification of hydroxyl radicals reactivity toward AAs in each cloud sample (kfoe 4 A) determlned
considering the second order rate constant between AA and HO* (k’ « 44) expressed in L (mol C)!s~land AA
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Figure 4. HO® scavenging rates (k') of AAs, TRP and DOC. These values were determined based on the
average values of Zikgo' a4 [AA]L kgo' rzp [TRP]and kII{IO' poc [DOC] using the concentrations and second-
. ; . .

order rate constants reported in Tables S1 and S3. The kyjy+ poc value was taken from Arakaki et al.%.

concentration ([AA]) in molC L™! (see TableS3) we can argue that 7% to 36% of the total hydroxyl radicals scav-
enged by DOC were attributable to the presence of AAs (see Supplementary Table S5 for the calculations per-
formed for each cloud sample).

Finally, AAs constituted a large fraction of the OC in cloud waters and play an important role in the scaveng-
ing of generated hydroxyl radicals. The origins of these AAs remain unknown, and their concentrations could not
be explained by considering only particle dissolution during cloud droplet formation. This observation suggests
the presence of in-situ sources (i.e., macromolecule oxidation or microorganism metabolism) that should be
investigated in the future. However, our findings implied that the oxidant capacity of this medium (mainly related
to HO® reactivity) was strongly influenced by the presence of AAs, which can both act as sink but also modify the
hydroxyl radical photogeneration processes via iron (Fe**/Fe*™) complexation in cloud water. In fact, the com-
plexation of ferrous and ferric ions with amino acids in water has been reported. Stability constants of Fe-amino
acids complexes result in some case (i.e., for Glycine, Tryptophan, Valine) to be higher that the value reported for
Fe-carboxylate complexes*!~*>. We demonstrated that the presence of AAs in cloud waters must be accounted for
to facilitate predicting the cloud water oxidizing capacity using multiphase chemistry models.

Experimental Materials and methods. AA analysis. Cloud water samples were filtered immediately
after collection using a 0.45-pm polytetrafluoroethylene (PTFE) filter to eliminate any microorganisms or parti-
cles. The solutions were stored at 255K in the dark before analysis. The derivatization adopted was based on a pre-
vious method described by Ishida et al.* and adapted to the cloud water analysis of primary AAs. Essentially, the
-NH, groups of primary A As react with o-phthalaldehyde (OPA) to form a fluorescent derivative in the presence
of a thiol group (here, mercaptopropionic acid [MPA]), which acts as a reaction catalyst. Secondary AAs were
previously reported to be unreactive with OPA. After reacting with OPA, the cloud water samples were analysed
by high-performance liquid chromatography (HPLC; Shimadzu Nexera equipped with an autosampler/pretreat-
ment unit (SIL-30AC). For this purpose, 30 pL of MPA (7.7 mM in 0.1 M borate buffer), 15pL of OPA (15.0mM in
0.1 M borate buffer) and 5L of sample were mixed in a vial, and after 35 min, which is the length of time required
for complete complexation, 20 pL of the solution was injected. Chemicals were purchased from Sigma-Aldrich
and all solutions were prepared using MilliQ water (>18.2 MQ cm). The derivatized compounds were separated
with an HPLC column (Shimadzu Shim-pack XR-ODS; 3.0 X 100 mm, @ 2.2 pm porous particles) and eluted at
a flow rate of 0.7 mL min~! using a gradient program with two eluents: eluent A (10 mM phosphate buffer, pH
6.8) and eluent B (acetonitrile, methanol and water 45:45:10 v/v/v). The gradient elution was as follows: initially,
10% of (B); a linear gradient to 75% (B) within 15 min; a faster increase of (B) to 100% in 1 min (corresponding
to 16 min of elution); and constant (B) for an additional 5min. A fluorescence detector (RF-20A XS) was used to
detect AA-OPA derivatives at an excitation wavelength (\.,)/emission wavelength (\.,,) 350/450 nm (Fig. 5 shows
the HPLC chromatograms of samples 2 and 9).

The standard solution was prepared by diluting the AA-S-18 AA standard solution (Sigma Aldrich) in 0.1-M
HCI (Supplementary Figure S1). Cloud water samples were analysed without further pre-treatment.

Each analysis was evaluated and monitored in terms of the reproducibility of the peak retention times and
peak heights and the linearity of the calibration curve. The method’s limit of detection (LOD) was estimated to
be on the order of 5nM with the injection of 20 L of sample. Blank experiments (MilliQ water subjected to the
entire derivatization process) were performed and confirmed that the AA concentration in water was always
lower than the LOD.

In this work, only the DFAA concentration was quantified. The samples were subjected to acidic hydrolysis
according to the method described by Fountoulakis et al.*° (1.5 mL of sample combined with 6 M HCl in an
ampoule and then heated at 100 °C for 60 min). However, both the combined and free AAs were hydrolysed,
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Figure 5. Example HPLC chromatograms obtained from samples 2 and 9.

and the concentration was below the LOD. No significant differences in the AA concentration were found using
filtered vs. unfiltered samples or before and after freezing.

Calibration curves (single amino acid area vs. injected concentration) were performed using a cloud water

matrix in order to consider the interferences on the signal in amino acids quantification (Figure S2).

References

1.
2. Kanakidou, M. ef al. Organic aerosol and global climate modelling: A review. Atmos. Chem. Phys. 5, 1053-1123 (2005).

3.

4. Saxena, P, Hildemann, L. M., McMurry, P. H. & Seinfeld, J. H. Organics alter hygroscopic behavior of atmospheric particles. J.

(-]

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
. Kuznetsova, M., Lee, C. & Aller, J. Characterization of the proteinaceous matter in marine aerosols. Mar. Chem. 96, 359-377 (2005).
21.
22.
23.
24.
25.
26.

27.

28.
29.

Fuzzi, S. et al. Particulate matter, air quality and climate: lessons learned and future needs. Atmos. Chem. Phys. 15, 8217-8299 (2015).
Péschl, U. Atmospheric aerosols: Composition, transformation, climate and health effects. Angew. Chem. 44, 7520-7540 (2005).

Geophys. Res., Atmos. 100, 18755-18770 (1995).

. Miyazaki, Y. et al. Time-resolved measurements of water-soluble organic carbon in Tokyo. J. Geophys. Res. Atmos. 111 (2006).
. Kondo, Y. et al. Oxygenated and water-soluble organic aerosols in Tokyo. J. Geophys. Res., Atmos. 112 (2007).
. Shulman, M. L., Jacobson, M. C., Carlson, R. J., Synovec, R. E. & Young, T. E. Dissolution behavior and surface tension effects of

organic compounds in nucleating cloud droplets. Geophys. Res. Lett. 23, 277-280 (1996).

. Deguillaume, L. et al. Classification of clouds sampled at the puy de Dome (France) based on 10 yr of monitoring of their

physicochemical properties. Atmos. Chem. Phys. 14, 1485-1506 (2014).

. Herckes, P, Valsaraj, K. T. & Collett, J. L. Jr. A review of observations of organic matter in fogs and clouds: Origin, processing and

fate. Atmos. Res. 132-133, 434-449 (2013).

Kiss, G., Varga, B., Galambos, I. & Ganszky, I. C. Characterization of water-soluble organic matter isolated from atmospheric fine
aerosol. J. Geophys. Res., Atmos. 107 (2002).

Sullivan, A. P. et al. A method for on-line measurement of water-soluble organic carbon in ambient aerosol particles: Results from
an urban site. Geophys. Res. Lett. 31 (2004).

Matsumoto, K. & Uematsu, M. Free amino acids in marine aerosols over the western North Pacific Ocean. Atmos. Environ. 39,
2163-2170 (2005).

Zhang, Q. & Anastasio, C. Free and combined amino compounds in atmospheric fine particles (PM2.5) and fog waters from
Northern California. Atmos. Environ. 37, 2247-2258 (2003).

Facchini, M. C., Mircea, M., Fuzzi, S. & Charlson, R. J. Cloud albedo enhancement by surface-active organic solutes in growing
droplets. Nature 401, 257-259 (1999).

O’Sullivan, D. et al. The relevance of nanoscale biological fragments for ice nucleation in clouds. Sci. Rep. 5, 8082 (2015).

Saxena, V. K. Evidence of the biogenic nuclei involvement in Antarctic coastal clouds. J. Phys. Chem. 87, 41304134 (1983).
Szyrmer, W. & ZawadzKki, I. Biogenic and anthropogenic sources of ice-forming nuclei: A review. Bull. Am. Meteorol. Soc. 78,
209-228 (1997).

Bigg, E. K. & Leck, C. C. D. The composition of fragments of bubbles bursting at the ocean surface. J. Geophys. Res., Atmos. 113
(2008).

Blanchard, D. C. Sea-to-air transport of surface active material. Science 146, 396-397 (1964).

Zhang, Q., Anastasio, C. & Jimenez-Cruz, M. Water-soluble organic nitrogen in atmospheric fine particles (PM2.5) from northern
California. J. Geophys. Res., Atmos. 107, AAC 3-1-AAC 3-9 (2002).

Sharma, V. K. & Graham, N. J. D. Oxidation of amino acids, peptides and proteins by ozone: A review. Ozone: Sci. Eng. 32, 81-90
(2010).

Zhao, Y., Hallar, A. G. & Mazzoleni, L. R. Atmospheric organic matter in clouds: Exact masses and molecular formula identification
using ultrahigh-resolution FT-ICR mass spectrometry. Atmos. Chem. Phys. 13, 12343-12362 (2013).

Lin, P, Rincon, A. G., Kalberer, M. & Yu, J. Z. Elemental composition of HULIS in the pearl river delta region, china: Results inferred
from positive and negative electrospray high resolution mass spectrometric data. Environ. Sci. Technol. 46, 7454-7462 (2012).
Hawkins, L. N. et al. Maillard chemistry in clouds and aqueous aerosol as a source of atmospheric humic-like substances. Environ.
Sci. Technol. 50, 7443-7452 (2016).

Milne, P. J. & Zika, R. G. Amino acid nitrogen in atmospheric aerosols: Occurrence, sources and photochemical modification. J.
Atmos. Chem. 16, 361-398 (1993).

Vaitilingom, M. et al. Potential impact of microbial activity on the oxidant capacity and organic carbon budget in clouds. Proc. Natl.
Acad. Sci. 110, 559-564 (2013).

Vaitilingom, M. et al. Contribution of microbial activity to carbon chemistry in clouds Appl. Environ. Microbiol. 76, 23-29 (2010).
McLaren, A. D., Gentile, P, Kirk, D. C. & Levin, N. A. Photochemistry of proteins. XVII. Inactivation of enzymes with ultraviolet
light and photolysis of the peptide bond. J. Polym. Sci. 10, 333-344 (1953).

SCIENTIFIC REPORTS | 6:37420 | DOI: 10.1038/srep37420 6



www.nature.com/scientificreports/

30. Bianco, A., Passananti, M., Deguillaume, L., Mailhot, G. & Brigante, M. Tryptophan and tryptophan-like substances in cloud water:
Occurrence and photochemical fate. Atmos. Environ. 137, 53-61 (2016).

31. McGregor, K. G. & Anastasio, C. Chemistry of fog waters in California’s central valley: 2. Photochemical transformations of amino
acids and alkyl amines. Atmos. Environ. 35, 1091-1104 (2001).

32. Scheller, E. Amino acids in dew - origin and seasonal variation. Atmos. Environ. 35,2179-2192 (2001).

33. Gorzelska, K., Galloway, J. N., Watterson, K. & Keene, W. C. Water-soluble primary amine compounds in rural continental
precipitation. Atmos. Environ. 26, 1005-1018 (1992).

34. Mopper, K. & Zika, R. G. Free amino acids in marine rains: evidence for oxidation and potential role in nitrogen cycling. Nature 325,
246-249 (1987).

35. Bianco, A. et al. Photochemical generation of photoactive compounds with fulvic-like and humic-like fluorescence in aqueous
solution. Chemosphere 111, 529-536 (2014).

36. Muller, C. L., Kidd, C., Fairchild, I. J. & Baker, A. Investigation into clouds and precipitation over an urban area using micro rain
radars, satellite remote sensing and fluorescence spectrophotometry. Atmos. Res. 96, 241-255 (2010).

37. Hegg, D. A., Gao, S. & Jonsson, H. Measurements of selected dicarboxylic acids in marine cloud water. Atmos. Res. 62, 1-10 (2002).

38. Loflund, M. et al. Formic, acetic, oxalic, malonic and succinic acid concentrations and their contribution to organic carbon in cloud
water. Atmos. Environ. 36, 1553-1558 (2002).

39. Arakaki, T. et al. A general scavenging rate constant for reaction of hydroxyl radical with organic carbon in atmospheric waters.
Environ. Sci. Technol. 47, 8196-8203 (2013).

40. Arakaki, T. & Faust, B. C. Sources, sinks, and mechanisms of hydroxyl radical (OH) photoproduction and consumption in authentic
acidic continental cloud waters from Whiteface Mountain, New York: The role of the Fe(r) (r =1I, III) photochemical cycle. J.
Geophys. Res. 103, 3487-3504 (1998).

41. Fazary, A. E. & Ramadan, A. M. Stability constants and complex formation equilibria between iron, calcium, and zinc metal ions
with vitamin B9 and glycine. Complex Metals 1, 139-148 (2014).

42. Stability constants (log K1) of various metal chelates, date of access: 25/09/2016). http://www.coldcure.com/html/stability_
constants.html (2006).

43. Berthon, G. The stability constants of metal complexes of amino acids with polar side chains. Pure Appl. Chem. 67, 1117-1240
(1995).

44. Ishida, Y, Fujita, T. & Asai, K. New detection and separation method for amino acids by high-performance liquid chromatography.
J. Chromatogr. A 204, 143-148 (1981).

45. Fountoulakis, M. & Lahm, H.-W. Hydrolysis and amino acid composition analysis of proteins. J. Chromatogr. A 826, 109-134
(1998).

Acknowledgements

Authors acknowledge financial support from the Regional Council of Auvergne and from the “Fédération de
Recherches en Environnement” through the project CHIMNU and CPER “Environnement” founded by the “Ré
gion Auvergne,” the French government, FEDER from the European community, and the ANR BIOCAP (ANR-
13-BS06-0004).

Author Contributions

A.B. collected cloud water, contributed to the scientific discussion, provided the experimental work, main figures
and chemical identification with technical assistance of G.V. for HPLC method development. L.D. supervised
the cloud aqueous collection and participated to the discussion. G.M. and M.B. supervised the work, wrote the
manuscript text and main figures. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Bianco, A. et al. Improving the characterization of dissolved organic carbon in cloud
water: Amino acids and their impact on the oxidant capacity. Sci. Rep. 6, 37420; doi: 10.1038/srep37420 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
M o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:37420 | DOI: 10.1038/srep37420 7


http://www.coldcure.com/html/stability_constants.html
http://www.coldcure.com/html/stability_constants.html
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Improving the characterization of dissolved organic carbon in cloud water: Amino acids and their impact on the oxidant capa ...
	Results and Discussions

	Quantification of AAs. 
	Reactivity with HO: Competition among AAs, CAs and DOC. 
	Experimental Materials and methods. 
	AA analysis. 


	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Distribution of each AA in the cloud samples.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Pie plot showing the distributions of AAs, aldehydes and the most relevant short-chain CAs (formate, acetate, oxalate, malonate and succinate) relative to the total DOC in cloud water samples.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Ratio of the scavenging rate constants of HO (expressed in s−1) with AAs and short-chain CAs (CAA/CA) without (filled circles) and with (empty circles) formate (calculated using equation 1).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ HO scavenging rates (k′) of AAs, TRP and DOC.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Example HPLC chromatograms obtained from samples 2 and 9.
	﻿Table 1﻿﻿. ﻿  Average single-AA concentration (nM) and corresponding average carbon concentration expressed in μg C L−1.



 
    
       
          application/pdf
          
             
                Improving the characterization of dissolved organic carbon in cloud water: Amino acids and their impact on the oxidant capacity
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37420
            
         
          
             
                Angelica Bianco
                Guillaume Voyard
                Laurent Deguillaume
                Gilles Mailhot
                Marcello Brigante
            
         
          doi:10.1038/srep37420
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep37420
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep37420
            
         
      
       
          
          
          
             
                doi:10.1038/srep37420
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37420
            
         
          
          
      
       
       
          True
      
   




