Free amino acids in atmospheric particulate matter of Venice, Italy
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Abstract

The concentrations of free amino acids were determined in atmospheric particulate matter from the city of Venice (Italy) in order to better understand their origin. The analysis of aerosol samples was carried out via high-performance liquid chromatography coupled to a triple quadrupole tandem mass spectrometric detector (HPLC/ESI-MS/MS). The internal standard method was used and the analytical procedure was validated by evaluating the trueness, the precision, the recovery, the detection and the quantification limits.
The particulate matter was collected using quartz fiber filters and extracted in methanol; after filtration the extract was directly analyzed. Forty samples were collected from April to October 2007 and the average concentrations of free amino acids in the aerosol were: alanine 3.2 ng/m3 (35.6 nM), aspartic acid 2.6 ng/m3 (31.1 nM), glycine 6.0 ng/m3 (30.1 nM), glutamic acid 4.8 ng/m3 (32.5 nM), isoleucine 0.3 ng/m3 (2.4 nM), leucine 0.3 ng/m3 (2.7 nM), methionine, cystine and 3-hydroxy-proline below the limit of detection, phenylalanine 0.5 ng/m3 (2,8 nM), proline 5.0 ng/m3 (43.3 nM), serine 1.6 ng/m3 (8.6 nM), threonine 0.3 ng/m3 (2.8 nM), tyrosine 0.3 ng/m3 (1.7 nM), valine 0.4 ng/m3 (3.8 nM), asparagine 4.2 ng/m3 (70.2 nM), glutamine 8.2 ng/m3 (38.0 nM), 4-hydroxy-proline 0.3 ng/m3 (2.5 nM), methionine sulfoxide 0.2 ng/m3 (1.1 nM), and methionine sulfone 0.01 ng/m3 (0.1 nM). The total average concentration of these free amino acids in aerosol samples of Venice Lagoon was 334 nM. The temporal evolution and multivariate analysis indicated the photochemical origin of 4-hydroxy-proline and methionine sulfoxide and for other compounds an origin further away from the site of sampling, presumably reflecting transport from terrestrial sources.
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1. Introduction

Although many studies have focused on understanding the atmospheric concentrations and chemistry of inorganic nitrogen  (Seinfeld and Pandis, 2006), little is known about organic nitrogen in the atmosphere (McGregor and Anastasio, 2001). The first studies of dissolved organic nitrogen were made in rain and snow in the 1950s (Fonselius, 1954; Wilson, 1959) but such studies have increased in number in recent years (Mopper and Zika, 1987; Gorzelska et al., 1992; Cornell et al., 1995; Cornell et al., 1998; Cornell et al., 1999), because these compounds are a very important source of nutrients for marine ecosystems and also influence atmospheric chemistry and air quality (Zhang and Anastasio, 2003; Wedyan and Preston, 2008). 

Organic nitrogen appears to be a significant component of dry and wet deposition and represents a considerable portion of atmospheric particulates (Cornell et al., 1995; Jassby et al., 1994; Knap et al., 1986; Russell et al., 1998; Scudlark et al., 1998; Anastasio and McGregor, 2000). High concentrations of nitrogen in atmospheric particles can also be an important source of fixed nitrogen in the environment (Peters et al., 1995; Sievering et al., 1996; Sorteberg et al., 1998), causing adverse impacts on terrestrial and aquatic ecosystems. In the terrestrial ecosystem, prolonged nitrogen deposition produces nitrogen saturation with soil acidification, mobilization of toxic metals and an increase in forest mortality (Sievering et al., 1996; Aber et al., 1989; Fenn et al., 1998; Foster et al., 1997; Zhang and Anastasio, 2002a), while, in the aquatic ecosystem, excessive nitrogen deposition causes acidification, eutrophication and decreased water quality (Fenn et al., 1998).

The organic nitrogen compounds in atmospheric particles have many effects on visibility, climate and human health (Cornell et al., 1999; Saxena and Hildemann, 1996; Weathers et al., 2000), and since they possess basic nitrogen functional groups, they might have an effect on the acid-neutralizing capacity of particles (Zhang and Anastasio, 2002a).

It has been demonstrated that organic nitrogen represents 20–80% of the total nitrogen in atmospheric deposition, drops and airborne particles (Anastasio and McGregor, 2000; Foster et al., 1997; Zhang and Anastasio, 2002a; Saxena and Hildemann, 1996; Weathers et al., 2000; Zhang and Anastasio, 2001; Zhang et al., 2002b). A wide variety of organic nitrogen compounds have been measured and others have been hypothesized to exist in the atmosphere (Milne and Zika, 1993), but amino acids are the most interesting class of organic nitrogen.

Amino acids are an important component of water-soluble organic carbon (WSOC); they can influence the atmospheric water cycle, the atmospheric radiation balance, the scavenging of air pollution (Zhang and Anastasio, 2003), particle hygroscopicity (Saxena and Hildemann, 1996) and atmospheric chemistry (McGregor and Anastasio, 2001; Milne and Zika, 1993) and some can be efficient ice nuclei or be involved in cloud formation (McGregor and Anastasio, 2001; Zhang and Anastasio, 2003; Facchini et al., 1999).

Amino acids undergo many transformations in atmospheric condensed phases but these are very poorly understood (McGregor and Anastasio, 2001); Mopper and Zika (1987) demonstrated that the oxidation of amino acids takes place in particles, and focused their studies on understanding the conversion of methionine to methionine sulfoxide. Milne and Zika (1993) studied the radical reaction in the atmosphere and demonstrated that amino acids are attacked by oxidants, such as hydroxyl radicals, to form products such as ammonia, amides, and keto acids. 

McGregor and Anastasio (2001) characterized the photochemical transformation of 21 amino compounds in fog waters in order to understand the chemistry of these compounds. 

Amino acids are modified in the atmosphere through a combination of direct photoreactions, such as the adsorption of light followed by reaction, and indirect photoreactions, such as the photoformation of reactive intermediates followed by reaction with the amino acids (McGregor and Anastasio, 2001).

The literature contains numerous methods for the analysis of amino acids due to their great importance in food extracts, biological fluids and fermentation products, and these methods have also been utilized for environmental samples (Zhang and Anastasio, 2003; Cornell et al., 2001; Matsumoto and Uematsu, 2005; Mace et al., 2003). The high polarity of these compounds, their low volatility and their lack of a strong chromophore group make their separation and detection very difficult. In order to solve these problems, pre- or post-column derivatization reactions were developed with the purpose of increasing analyte volatility (for GC analysis) (Mandalakis et al., 2010) or adding strong chromophore/fluorophore groups (for LC – UV/fluorescence analysis). 6-Aminoquinolyl-N-hydroxysuccnimidyl carbamate (Cohen et al., 1993), 9-fluorenylmethylchloroformate (Moye and Boning, 1979), o-phthalaldehyde (Dorresteijn et al., 1996) and phenylisothiocyanate (Cohen and Strydom, 1988) are the most used amino acid derivatization reagents. However various analytical problems remain, such as derivative instability, reagent interference, the long preparation time, the inability to derivatize the secondary amino groups, the increased void volume for the post-column derivatization method, the laborious derivatization that hinders automation, and problems with derivatization towards specific amino acids (Petritis et al., 2002).

In this work we utilized liquid chromatography-electrospray ionization tandem mass spectrometry (HPLC/(+)ESI-MS/MS) because, as reported by Petritis et al. (2002), electrospray-ionization tandem mass spectrometry is the best method for detection of amino acids since these compounds present ionizable, thermolabile, and polar features. 

The goal of this study was to quantify the free amino acids alanine (Ala), aspartic acid (Asp), asparagine (Asn), glutamic acid (Glu), glutamine (Gln), glycine (Gly), isoleucine (Ile), leucine (Leu), methionine (Met), methionine sulfone (MetSO2), methionine sulfoxide (MetSO), proline (Pro), cystine, 3-hydroxy-proline (3-Hyp), 4-hydroxy-proline (4-Hyp), phenylalanine (Phe), serine (Ser), threonine (Thr), tyrosine (Tyr), and valine (Val) in the atmospheric particulate matter of Venice in order to better understand their chemistry and their origin. To our knowledge, this is the first reported determination of free amino acid concentrations in the atmospheric aerosol in Venice. We report here the average concentrations and time trends for each compound and, through the statistical analysis, we obtain correlations between the presence of amino acids and their potential origin. 

2. Material and methods

2.1 Reagents and materials

HPLC/MS-grade methanol (MeOH) and acetonitrile (ACN) were obtained from Romil LDT. (Cambridge, U.K.). Ultrapure water (18.2 MΩ cm, 0.01 TOC) was produced using a Purelab Ultra System (Elga, High Wycombe, U.K.). Hydrochloric acid 37% ACS was purchased from Carlo Erba. Ammonium acetate (≥99%) was supplied by Fluka (Sigma Aldrich, Buchs, Switzerland).

The multi amino acid standard solution (containing L-alanine, L-arginine, L-aspartic acid, L-cystine, L-glutamic acid, glycine, L-histidine, L-isoleucine, L-leucine, L-lysine, L-methionine, L-phenylalanine, L-proline, L-serine, L-threonine, L-tyrosine, and L-valine) was obtained from Fluka (Buchs, Germany); L-asparagine, L-glutamine, L-leucine, D/L-methionine sulfoxide (MetSO), L-methionine sulfone (MetSO2), trans-3-hydroxy-L-proline and trans-4-hydroxy-L-proline were obtained from Sigma Aldrich. Isotopically-labeled 13C amino acids (L-[13C3] alanine, L-[13C4] aspartic acid, L-[13C5] glutamic acid, and L-[13C6] arginine; purity of 98%) were obtained from Sigma Aldrich and the rest ([13C1] leucine, L-[13C1] phenylalanine, L-[13C1] proline, and 144 L-[13C1] valine; purity ≥98%) were obtained from Cambridge Isotope Laboratories Inc. (Andover, MA).
Samples were handled using Eppendorf pipettes and tips and amber glass vials purchased from Agilent Technologies (Wilmington, DE). Samples were filtered using syringe PTFE fiber filters (25 mm id, 45 µm, National Scientific Company, Rockwood, Tennessee, USA).
2.2 Sample collection and processing

Samples (n= 40) were collected in Venice on the Sacca San Biagio Island (Fig. 1) near Venice harbor from April to October 2007. 

This area was characterized by a seasonally pattern with high temperatures in summer (July– August 20–25 °C) and low temperatures in winter (December– January 0–5 °C), as registered from station EZI-n.23 – industrial area by Ente della Zona Industriale di Marghera (EZI). Precipitation events have a great variability major in spring and autumn so this area is characterized by a high humidity. 

Stortini et al. (2009) reported the wind rose of the same sampling site and it is demonstrated that the prevailing winds were from NNE and from SE from sea breezers in the summer with wind speeds between 2 and 4 m s-1.

For amino acid determination, the airborne aerosol was collected on a pre-combusted (4 h at 400 °C in a muffle furnace) quartz fiber filter (QFF) (SKC Inc., Eighty Four, To-13 model) using a TE 5000 High Volume Air Sampler (Tisch Environmental Inc., OH). Blank samples were collected by loading, carrying and installing the filter holder in the instrument with the air pump closed. Samples and field blanks were stored at –20 °C in aluminum foil envelopes until analysis. 

Filters were removed from the aluminum envelope in a laminar flow hood, broken up into small pieces and placed in a 50 mL conical flask (previously cleaned with ultra-pure water by sonication at room temperature) using steel tweezers. One hundred μL of standard solution of labeled amino acids (concentration range: 0.5–27 ng µL-1) were added to the filter before ultrasonically extracting them in two steps, with 15 mL and 7.5 mL of MeOH. The extracts were combined, and filtrated through a 0.45 μm PTFE filter in order to remove particulate and filter traces before instrumental analysis.

2.3 Instrumentation

The amino acids were quantified by liquid chromatography/electrospray ionization tandem mass spectrometry (HPLC/(+)ESI-MS/MS) using a previously developed method (Zangrando et al., 2010). Briefly an HPLC system (Agilent 1100 series, Agilent, Waldbronn, Germany; with a binary pump, vacuum degasser, autosampler, and ZIC-HILIC column 2.1 x 150 mm, 100 Å, SeQuant, Umea, Sweden, coupled to a guard column ZIC-HILIC Guard 5 μm, 20x2.1 mm, SeQuant AB, Umea, Sweden) was coupled to an API 4000 triple quadrupole mass spectrometer (Applied Biosystem/MDS SCIEX, Concord, Ontario, Canada) with an IonSpray source that operated in positive mode by multiple reaction monitoring (MRM).

In this work, the internal standard and isotope dilution methods were used for the quantification of amino acids; the results were corrected by evaluating individual response factors.
Phe and Thr were quantified with 13C3 Phe; Leu, Ile and Met with 13C1 Leu; Val and Tyr with 13C1 Val; Pro, 3-Hyp and 4-Hyp with 13C1 Pro; Ala and Gly with 13C3 Ala; Glu, Gln and Ser with 13C5 Glu; and Asp, Asn and cystine with 13C4 Asp.

The method for analysis of MetSO and MetSO2 used the same stationary phase and the same mobile phase (eluent A: 5mM ammonium acetate aqueous buffer-pH 4.00; eluent B: ACN with 100 μL of formic acid) as previous amino acid quantification methods but different chromatographic conditions (the chromatographic elution gradient was: 0–7 min 25% A; 7–12 min 80% A; 12–14 min 25% A; 14–24 min equilibration with 25% A). The ion source was operated in alternate polarity because the signal intensity of MetSO2 was maximum in negative mode while that of MetSO was maximum in positive mode. The MRM transitions 179.90/78.70 m/z and 179.90/63.90 m/z were monitored for MetSO2 while 165.90/148.60 m/z, 165.90/73.90 m/z and 165.90/55.80 m/z were monitored for MetSO. 

13C3 Ala (MRM transition 93.00/46.20 m/z) was used as the internal standard for the quantification of MetSO2 and MetSO.

2.4 Statistical methods

Factor Analysis (FA) and Hierarchical Cluster Analysis (HCA) were performed using STATGRAPHICS Centurion XVI (Statpoint Technologies, Warrenton, USA). A value of ½ detection limit (LOD) was used in the calculations for concentrations below the LOD. The factors were considered only if their Eigenvalues were greater than 1 and the method of Varimax was used for rotation. HCA was performed using Ward’s Method (Squared Euclidean Distance). 

3. Results and discussion

3.1 Quality control

The analytical procedure was validated through estimation of trueness, precision, procedural blank, detection limit, quantification limit and extraction yield. 

Because of the lack of certified reference material of aerosol or dust, trueness (ISO, 1996; Thompson et al., 2002), precision and recovery were estimated by analyzing five spiked cleaned QFF with 100 μL of amino acid and labeled 13C amino acid standard solution (concentration ranging between 0.4 ng µL-1 for MetSO2 and 48 ng µL-1 for Cystine), which were extracted as described in section 2.2. 

The difference between the mean values and the “true” values ranged from -12% (Asn) to 6% (Leu); repeatability, estimated as the relative standard deviation of the five tests, was always lower than 7% while the recovery of the analytical procedure for the investigated amino acids ranged between 70 and 90%; these values are similar to those reported by Zhang et al. (2002b; 2003) in the analysis of free amino acids in atmospheric fine particles (PM2.5) and fog waters.

The detection limit (LOD) and the quantification limit (LOQ) of the analytical procedure, quantified as three and ten times the standard deviation of the average value of the field blank (n= 5) respectively are reported in Table 1. Instrumental detection and quantification limits were determined (Table 1) by evaluating the signal/noise ratio of three and ten times respectively (Bliesner, 2006) of a known absolute amount of the target compound.

Comparison of the procedural quantification limits obtained in this work (8–1004 nmol L-1) with previously published data showed similar detection limits to those obtained by Wedyan and Preston (2008) (500–5000 nmol L-1), higher limits than those obtained by Matsumoto and Uematsu (2005) (5 nmol L-1) and lower limits than those obtained by Mandalakis et al. (2010) (< 60 ng).

The instrumental detection limits obtained in this work were similar to those reported in the literature. Conventz et al. (2007) found a LOD of 0.05 pg µL-1 for Pro and Tyr, while Kato et al. (2009) reported a LOD of 0.69 pg µL-1 and a LOQ of 1.15 pg µL-1 for Pro while Mandalakis et al. (2010) reported similar LOD (0.3 to 46 pg) and LOQ (1.2 to 156 pg) for the different amino acids obtained by GC-MS. 
3.2 Amino acids in atmospheric particulate matter from Venice

The particulate-phase concentration of total free amino acids found in this study ranged from below the detection limit to 1308 pmol m-3 with an average concentration of 334 pmol m-3 (Table 2).

Zhang and Anastasio (2003) measured 427 pmol m-3 as the average concentration of total free amino acids in aerosol samples near the Californian coast. These data reflect the influence of terrestrial sources and are similar to those obtained in this study. Much lower concentrations, reflecting different sources, were obtained by Matsumoto and Uematsu (2005) (10.7 pmol m-3) and Wedyan and Preston (2008) (3–100 pmol m-3) in the Western Pacific Ocean and in the Atlantic Ocean respectively. 

With regards the single amino acid concentrations we observed that 3-Hyp and cystine were always below the limit of detection while the highest values were observed for Pro (10–349 pmol m-3) and the lowest for Met (n.d.–2 pmol m-3). Very low concentrations were also observed for Met oxidation products (n.d.–3 pmol m-3 MetSO; n.d.–0.3 pmol m-3 MetSO2).

The average percentage distribution of individual amino acids in the sample is shown in Fig. 2. Gly is the dominant compound (accounting for about 23% of the total free amino acids) followed by Gln, Pro, Ala, Asn, Glu, Asp and Ser. The figure demonstrates that the amino acids can be divided into two groups according to their abundance; the less abundant amino acids with a percentage of less than 6% and the more abundant amino acids with a percentage above 6%.

3.3 Temporal trends of amino acid concentration

The temporal concentration profiles of single free amino acids subdivided according to their average concentration in the aerosol samples into less and more abundant over the sampling period are shown in Figures 3 and 4. In general the temporal profiles showed higher concentrations of amino acids in the spring, probably due to the increased release of pollen and spores (Vianello et al., 2008) and the increased hydrolysis of combined amino acid compounds in the presence of liquid water derived from seasonal rains (Mopper and Zika, 1995; Gorzelska et al., 1992).

The less abundant amino acids (Phe, Val, Thr, Tyr, Ile, Leu, and Ser), which generally had a concentration of lower than 30 pmol m-3, showed a similar seasonal trend with pronounced peaks during the April–May period and a maximum on 24 July, with correlation coefficients higher than 0.8 and a log-normal distribution.

The more abundant amino acids (with concentrations generally above 30 pmol m-3) (Gln, Asn, Gly, Glu, Ala, and Asp) were more complex, with many pronounced peaks during the study period.

With regards Pro, 4-Hyp, Gln and Asn, the temporal trends showed some interesting features. 

The temporal profiles of Pro and 4-Hyp demonstrated similar trends, (figure 5) a correlation coefficient of 0.8 and consequently the probable photochemical origin of 4-Hyp from Pro, as also reported previously (Stadtman and Levine, 2003).

McGregor and Anastasio (2001) demonstrated that, in the atmosphere, methionine has a half-life of less than 2.5 hours since it is destroyed by ozone. The photodestruction of methionine is accompanied by the formation of methionine sulfoxide, with a half-life of between 21–80 h, which is destroyed by hydroxyl radicals, generating methionine sulfone (McGregor and Anastasio, 2001). It has been reported that since amino acids have a wide range of reactivity and are found exclusively in condensed phases they might be useful markers for the atmospheric transport of drops and particles. For example, the Met/MetSO ratio could be a useful indicator of atmospheric particulate matter age over relatively short periods of time coupled to measurement of MetSO2, which is probably a major product of MetSO oxidation.

We observed that the intermediate oxidation product of Met (MetSO) was the most abundant (the median value of Met/MetSO, and the MetSO/MetSO2 ratios were 0.7 and 46 respectively), so we can in general suppose that the analyzed amino acids were from a more distant source. In fact, considering the back trajectory of each sampling days (figure 6), we can observe that the aerosol collected flows principally from the mainland. 

Factor Analysis was performed on an autoscaled data matrix applying the varimax rotation in order to enhance the interpretation of the results. The varimax rotation is a typical rotation strategie that is the most commonly used in order to obtain a clear pattern of loading, factors that are somehow clearly marked by high loadings for some variables and low loadings for others. The four considered factors explained 85% of the cumulative variance.

Table 3 shows the loadings (values in bold are greater than 0.7) used to find the correlation between variables and factors. These correlations may be indicative of the possible emission sources. Very low values have been obtained from the meteorological condition, indicating a no significant relevance of these parameters.

According to the first factor, Phe, Thr, Leu, Ile, Met, Tyr, Val and Ser could have had the same origin, which was close to the mainland and presumably reflected transport from terrestrial sources (plant, debris, bacteria, spores, pollen etc…). We hypothesize that these compounds are principally produced by bacteria, since there is strong linkage with compounds derived from the same precursor in the bacterial biosynthesis of amino acids (Nelson and Cox, 2006).

The second factor linked the amides Gln, Asn and the carboxylic acid Asp assuming a possible photochemical transformation as suggested by Milne and Zika (1993). The authors have reported that photochemical production of NH3, CO2, simpler carboxylic acids, amides and amines from the oxidative attack of OH on peptides appears to be a process that may be reasonably expected in tropospheric aerosol particles. 

The third factor linking Pro and 4-Hyp represents atmospheric oxidation by hydroxyl radicals between the precursor and the photochemical product. The MetSO contribution is representative in this factor, confirming the photochemical origin of this compound. 

The last factor, which grouped Ala and Gly, represents a distant source. This was confirmed by: the lack of correlation with amino acids of the first factor; the remarkable contribution of MetSO2, the final and most stable oxidized product of Met; and the presence of Gly, which shows very low reactivity and might also be a useful tracer of organic nitrogen emission from distant biogenic sources (McGregor and Anastasio, 2001).

All of the above were confirmed by the Cluster Analysis (Ward’s method, Squared Euclidean Distances). We constructed a tree diagram (figure 7), which divided the amino acids into four clusters, as shown by the Factor Analysis; the Cluster Analysis also indicated the possible photochemical origin of Glu, because this compound was linked with Asn, Asp and Gln, while in the Factor Analysis, there was no clear contribution from Glu. 
4. Conclusions

Liquid chromatography-electrospray ionization tandem mass spectrometry allowed the determination of amino acids sampled on QFF in the atmospheric aerosol of Venice. 
The trueness, the repeatability, and the detection and quantification limits, both procedural and instrumental, and the recoveries of the proposed analytical methodology were evaluated and compared to the literature, showing similar values for almost all parameters.

The average concentrations of amino acids were very similar to those found on the Californian coast by Zhang and Anastasio (2003) while they were higher than values reported for marine aerosols in the western North Pacific Ocean (Matsumoto and Uematsu, 2005). The single amino acid Gly was the dominant compound (accounting for about 23% of the total free amino acids), followed by Gln, Pro, Ala, Asn, Glu, Asp and Ser. 

The temporal profiles of single amino acid concentrations showed the highest values in the spring, probably due to the increased release of pollen and spores and the increased hydrolysis of combined amino acid compounds in the presence of liquid water. 

Statistical analysis found many correlations between the amino acids, allowing us: to confirm the photochemical origin of MetSO and MetSO2; to link the presence of 4-Hyp to the oxidation of Pro; to hypothesize that Gln and Asn are produced by atmospheric reactions; to hypothesize that the main sources of Phe, Thr, Leu, Ile, Met, Tyr, Val and Ser presumably reflect transport from a nearby terrestrial area; to hypothesize that amino acids such as Ala and Gly come from distant sources.
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Table 1. Instrumental and procedural detection limit (LOD) and quantification limit (LOQ) for each amino acids.. Injection volume 5 µL.

Table 2. Average (median), maximum and minimum concentrations of single and total free amino acid.
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Table 1. Instrumental and procedural detection limit (LOD) and quantification limit (LOQ) for each amino acids. Injection volume 5 µL.

	
	procedural
	instrumental

	Compounds
	LOD (pg)
	LOQ (pg)
	LOD (pg)
	LOQ (pg)

	Ala
	110
	366
	0.10
	0.35

	Asn
	101
	336
	1.75
	6.00

	Asp
	163
	545
	1.65
	5.60

	Cystine
	34
	114
	23.15
	74.50

	Gln
	146
	487
	0.45
	1.75

	Glu
	115
	384
	1.40
	4.50

	Gly
	377
	1256
	3.35
	10.05

	3-Hyp
	5
	15
	0.45
	1.50

	4-Hyp
	5
	18
	0.45
	1.45

	Leu
	94
	313
	0.30
	0.95

	Ile
	62
	207
	0.30
	0.95

	Met
	12
	39
	0.15
	0.60

	MetSO
	0,3
	1
	0.15
	0.50

	MetSO2
	0,7
	2,5
	0.05
	0.10

	Phe
	117
	389
	0.15
	0.55

	Pro
	168
	559
	0.10
	0.40

	Ser
	416
	1388
	0.15
	0.65

	Tyr
	138
	459
	0.25
	0.80

	Thr
	78
	259
	0.05
	0.25

	Val
	98
	328
	0.05
	0.25


Table 2. Average (median), maximum and minimum concentrations of single and total free amino acid.

	
	Avg (pmol/m3)
	Max (pmol/m3)
	Min (pmol/m3)

	Ala
	36 (31)
	80
	9

	Asp
	20 (15)
	60
	1

	Glu
	33 (31)
	93
	7

	Asn
	32 (19)
	115
	2

	Gly
	80 (66)
	302
	15

	Gln
	56 (49)
	136
	14

	4-Hyp
	2 (1)
	18
	n.d.

	Ile
	2 (2)
	10
	n.d.

	Leu
	3 (2)
	14
	n.d.

	Met
	0.1 (0.01)
	2
	n.d.

	MetSO2
	0.07 (0.05)
	0.3
	n.d.

	MetSO
	1 (0.8)
	3
	n.d.

	Phe
	3 (2)
	17
	n.d.

	Pro
	43 (24)
	349
	10

	Ser
	15 (13)
	62
	n.d.

	Tyr
	2 (1)
	12
	n.d.

	Thr
	3 (2)
	17
	n.d.

	Val
	4 (2) 
	17
	1

	total
	334
	1308
	nd


Table 3 Factor loadings matrix after varimax rotation. 

	variable
	Factor 1
	Factor 2
	Factor 3
	Factor 4

	MetSO2
	0,313929
	0,400512
	-0,214888
	0,485840

	MetSO
	0,469286
	-0,184244
	0,533910
	0,271556

	Gln
	0,132776
	0,878051
	-0,117854
	0,012349

	Glu
	0,347001
	0,377512
	0,455762
	0,348255

	Asn
	0,153832
	0,796388
	0,362607
	-0,071409

	Asp
	0,168217
	0,762150
	0,152932
	0,321121

	Phe
	0,974465
	0,144839
	0,030060
	0,086997

	Thr
	0,970544
	0,155420
	0,029803
	0,080438

	Leu
	0,948891
	0,262486
	0,096977
	0,037844

	Ile
	0,905214
	0,322215
	0,197221
	0,000142

	Met
	0,867465
	-0,160147
	-0,082378
	-0,149063

	Tyr
	0,979085
	0,009044
	0,050330
	0,135464

	Val
	0,884264
	0,212379
	0,228354
	0,212943

	Pro
	0,222741
	0,266215
	0,892962
	0,026665

	4Hyp
	0,076116
	0,273141
	0,823082
	-0,000042

	Ala
	0,281952
	0,451128
	-0,014715
	0,709406

	Ser
	0,877055
	0,290681
	-0,068300
	0,165612

	Gly
	0,047198
	-0,009772
	0,158388
	0,835137

	Temperature
	0,184014
	-0,198825
	-0,027566
	0,394633

	Direction wind
	0,142137
	0,236066
	-0,227319
	0,094137

	Speed wind
	0,157123
	-0,129088
	-0,049361
	-0,639293

	Humidity
	-0,067466
	0,207417
	-0,441220
	0,375938

	Pressure
	-0,330626
	-0,269941
	0,544681
	0,182723

	Expl.Var
	7,712126
	3,273037
	2,870309
	2,617681


Figure captions

Figure 1: Map showing the locations of the sampling stations.
Figure 2 The average percent concentration of Pro, Ala, Glu, Gln, Ser, Asn, Asp, Gly and the other amino acids analysed in this study.

The category “other” includes Phe (0.8%), Thr (0.8%), Leu (0.8%), Ile (0.7%), Met (0.02%), Tyr (0.5%), Val (1.2%), 4-Hyp (0.8%), MetSO2 (0.02%) and MetSO (0.3%).

Figure 3. Seasonal variations of the concentrations of MetSO, MetSO2, Phe, Thr, Leu, Ile, Tyr, Val and Ser.

Figure 4. Seasonal variations of the concentrations of Ala, Glu, Asp, Gln, Asn, and Gly

Figure 5.  Seasonal variation of the concentrations of Pro (bars) and 4-Hyp (line).

Figure 6. The Back Trajectory Analysis of each sampling days with a duration of 24 hours, obtained with NOAA HYSPLIT MODEL. In this analysis GDAS Meteorological Data were used. 

Figure 7. A dendrogram obtained from the Cluster Analysis
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