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Abstract

Atmospheric fine particles (PM; ) collected during August 1997-July 1998 and wintertime fog waters collected
during 1997-1999 at Davis, California were analyzed for free and combined amino compounds. In both PM; 5
and fog waters, the average concentrations of combined amino compounds (CAC, e.g., proteins and peptides)
were generally 4-5 times higher than those of free amino compounds (FAC, i.e., amino acids and alkyl
amines). Concentrations of total amino compounds (TAC=FAC+ CAC) ranged from 1260 to 3650 pmolm > air in
PM,s, and from 1620 to 5880pmolm™ air in fog waters. Average values (+1¢) were 25004879 and
3400+ 1430 pmol m ™ air, respectively. Concentrations of amino compounds in PM, s varied seasonally, with a peak
during late winter and early spring. Ornithine was a major FAC component in both PM, 5 and fog waters (typically
accounting for ~20% of FAC), but these sample types otherwise had fairly different FAC distributions. FAC in PM; 5
were enriched in protein-type amino species such as glycine/threonine, serine and alanine, while fog water FAC had
significantly higher levels of non-protein species such as methylamine, y-aminobutyric acid and ethanolamine. The
compositions of CAC in PM, 5 and fogs were fairly similar and were mainly protein-type. Mass concentrations of TAC
in PM, s and fog waters were, on average, 302 and 399 ngm ™~ air, respectively. Amino compounds were an important
component of the organic carbon pool for both fog and particles, with TAC accounting for an average of 13% of the
dissolved organic carbon in fog waters and ~ 10% of the water-soluble organic carbon in PM; 5. At these levels amino
compounds likely play important roles in the chemistry of fog drops and fine particles, for example by influencing their
buffering capacity and basicity.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction (Anastasio and McGregor, 2000; Cornell et al., 2001;

Weathers et al., 2000; Zhang and Anastasio, 2001;

Recent studies have demonstrated that organic nitro-
gen typically represents 20-80% of the total nitrogen in
deposition, atmospheric drops, and airborne particles
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Zhang et al., 2002a,b). These results suggest that
organic nitrogen compounds might contribute to the
nutrient budgets of ecosystems and influence atmo-
spheric chemistry and air quality. Although detailed
information on the chemical forms of organic N is
required to understand its effects, currently very little is
known about the composition and chemistry of this
group of compounds in the atmosphere.

One class of organic N compounds that has been
measured extensively in the atmosphere is amino
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compounds. Significant amounts of amino acids and
alkyl amines have been found in the gas phase (Neste
et al., 1987), particles (Gorzelska and Galloway, 1990;
Gorzelska et al., 1994; Milne and Zika, 1993; Spitzy,
1990; Zhang et al., 2002a), precipitation (Gorzelska
et al.,, 1992; Mopper and Zika, 1987), dew waters
(Scheller, 2001) and fog drops (Saxena, 1983; Zhang and
Anastasio, 2001). Proteinaceous matter, including plant
debris, pollen, algae, and bacteria, has also been
frequently detected in the atmosphere (Ankilov et al.,
1999; Artaxo et al., 1988, 1990; Fuzzi et al., 1997; Sattler
et al., 2001; Tong and Lighthart, 2000), accounting for
as much as 55-95% of particulate mass over the
Amazon Basin (Artaxo et al., 1988, 1990) and approxi-
mately 3% of PM,s mass in Northern California
(Zhang et al., 2002a).

Interest in amino compounds in the atmosphere is
driven in part by the bioavailability of these compounds
in deposition and their potential roles in ecological
processes and plant nutrition. Free and combined amino
acids, for example, can be utilizable sources of N for
plants and microorganisms (e.g., Rice, 1999; Rosenstock
and Simon, 1993; Yu et al., 2002) and can stimulate the
growth of biomass (e.g., Barak et al., 1990). The
physical-chemical traits of amino compounds are
another reason that this group is an interesting subject
in atmospheric science. For example, some bacteria and
amino acids, such as L-leucine, are efficient ice nuclei
(Szyrmer and Zawadzki, 1997). Amino compounds
might also be involved in cloud formation, as suggested
by the consistent presence of proteinaceous matter in
cloud waters (Saxena, 1983), and their surface active
properties (Facchini et al., 1999b; Zhang and Anastasio,
2001). Thus, amino compounds could affect the atmo-
spheric water cycle, the atmospheric radiation balance,
and the scavenging of air pollutants. In addition, several
amino acids, such as methionine and tryptophan, are
rapidly transformed in water drops and particles during
exposure to ozone and sunlight (McGregor and
Anastasio, 2001). Such reactions likely influence atmo-
spheric chemistry and physics. For example, the oxida-
tion of methionine has been hypothesized to produce
ultra-fine particles in the remote summer Arctic (Leck
and Bigg, 1999), although this has not been examined in
detail.

The overall goal of this present study was to
characterize free and combined amino com-
pounds (CAC) in PM,s and fog waters from
Northern California in order to better understand
their chemistry. We report here the major results
from this study, including the concentrations, seasonal
variations and distributions of free and CAC in
fog waters and PM, s (particles with aerodynamic
diameters <2.5pum) and the contribution of these
compounds to the organic carbon (OC) pool in PM, s
and fog waters.

2. Experimental methods
2.1. Sample collection and processing

PM, s samples were collected from August 1997 to
July 1998 at the NADP site in Davis, California. Water-
soluble components were extracted into Milli-Q water
by sonication at 0-4°C, followed by filtration (0.22 um
Teflon) and frozen (—20°C) storage in HDPE bottles.
Fog waters were collected at the same site during winters
of 1997-1999 and were filtered (0.45um Teflon) and
stored frozen (—20°C) immediately after collection.
Detailed information on sample collection and proces-
sing has been reported elsewhere (Zhang and Anastasio,
2001; Zhang et al., 2002a).

2.2. Sample analyses

2.2.1. Free amino compounds (FAC)

A total of 22 primary amino acids and alkyl amines
(Table 1) were analyzed by high performance liquid
chromatography (HPLC) using a method adapted from
Jones et al. (1981) and Gorzelska et al. (1992). Sigma
AA-S-18 amino acid standard solution and individual
amino compounds were used to make aqueous standard
solutions. O-phthaldialdehyde/mercaptoethanol (OPA)
derivatization reagent was made from 50 mg o-phthal-
dialdehyde, 50 ul mercaptoethanol, 1.25ml methanol
and 11.2ml of 04M sodium borate buffer (pH
9.540.1). All solutions were prepared in Milli-Q water
(=18.2MQcm).

Generally, a mix of 200pul aliquot of standard or
sample and 20l of 2% sodium dodecyl sulfate (to
increase sensitivity for Orn and Lys) were derivatized
with 30 ul of OPA, shaken for 1.0 min, neutralized with
10l of 10% acetic acid and injected into the HPLC
system. The HPLC consisted of a C-18 analytical
column (Keystone BetaBasic-18, 5Sum  bead,
3.0 x 250 mm) with accompanying guard column, two
Shimadzu pumps (LC-10AT), and a Shimadzu RF-
551 fluorescence detector (Zexcitation = 330nm and
;“elnission =420 nm).

Derivatized amino acids and alkyl amines were eluted
at a flow rate of 0.44ml/min using a gradient program
with two eluents: eluent A (20:80 by volume of methanol
and 0.05M sodium acetate buffer (pH 6.1+0.1)) and
eluent B (80:19:1 by volume of methanol, 0.04 M sodium
acetate buffer (pH 6.1+0.1) and tetrahydrofuran). The
gradient program was (% eluent B after specified time):
start 15% B; 2-min 45% B; 8-min 47% B; 12-min 55%
B; 16-min 55% B; 20-min 59% B; 24-min 80% B; 25-min
80% B; 35-min 100% B; and 39-min end. Because
glycine and threonine coeluted and had similar response
factors (Yu et al., 2002), they are reported as a total Gly/
Thr concentration here.
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Table 1

2249

Average concentrations (pmolm > air) of individual free and combined amino compounds in PM, 5 and fog waters

Compound Abbr.® Chemical MW

Acidity or Average concentrations + 1o (pmolm ™~ air)*

formula (gmol ") basicity®

Free amino compounds Combined amino compounds

PM,s(n=41) Fog(n=11) PMysn=9) Fogmn=7)

Avg. lo Avg. lo Avg. lo Avg. lo
Protein type
Alanine Ala C;H;NO, 89.0 N 24 18 32 30 170 85 269 146
Arginine Arg CeH4N4O, 1742 B 5.2 7.3 5.7 4.1 59 40 129 149
Asparagine Asn CHgN,O; 1341 N NAY  NA¢ 7.6 75 27 17 38 36
Aspartic acid Asp C4H,;NO, 133.1 A 10 7.8 22 21 107 64 199 140
Glutamic acid Glu  CsHyNO, 147.1 A 5.2 4.1 10 9.7 117 62 185 113
Glycine® Gly C,HsNO, 75.1 N 101 74 38 26 183 104 435 292
Histidine His*  CgHoN;O, 155.2 N 3.8 5.6 14 9.5 24 34 26 24
Iso-leucine Ile Ce¢H3NO, 131.2 N 6.0 5.0 17 19 59 32 84 78
Leucine Leu CeH;3NO, 131.2 N 9.0 8.9 33 35 72 36 181 152
Lysine Lys CeH14N,O, 146.2 B 5.6 6.6 22 14 81 35 95 66
Methionine Met  CsH;NO,S 149.2 N <0.1 <0.1 0.9 1.9 41 43 22 21
Phenylalanine Phe* CoH;;NO, 165.2 N 2.4 4.2 16 11 55 29 145 209
Threonine® Thr C4,HoNO;  119.1 N — — — — — — — —
Tryptophan Trp* C;1H;3N,O, 204.2 N <0.6 <0.6 11 22 44 26 44 37
Tyrosine Tyr*  CoH;NO; 181.2 N 6.5 4.7 14 11 56 31 117 87
Serine Ser C;H,NO;  105.1 N 56 50 64 61 562 365 429 431
Valine Val CsH;1NO, 117.2 N 7.6 5.8 21 16 66 33 107 93
Non-protein type
Ethanolamine 2AE  C,H;NO 61.0 B 6.0 7.4 27 29 62 55 110 99
y-aminobutyric acid GABA C4HoNO, 103.1 N 4.0 6.0 47 98 42 34 60 48
Methionine sulfoxide MetSO CsH;{NOsS 165.2 N <0.2 <0.2 2.4 1.6 4.1 4.5 27 52
Methylamine MA  CHsN 32.0 B 56 52 166 115 90 147 130 163
Ornithine Orn  CsH,N,O, 168.6 B 118 203 145 69 149 149 7.8 13

#Calculated using 0.5 times the method detection limit for any value below detection limit.

® Aromatic amino compounds are marked with an asterisk.

¢Classified based on the pH at which the net charge on a molecule is zero, i.e., pI (Lide, 1992). A: acidic (pI <5); B: basic (pI >9);

N: neutral (pI =5-9).
9Free Asn was not analyzed in PM; s.

®Because Gly and Thr co-eluted on the HPLC (Section 2.3) listed concentrations of Gly are the sum of Gly + Thr.

2.2.2. Combined amino compounds (CAC)

These compounds (e.g., proteins and peptides) were
first hydrolyzed (Tsugita et al., 1987) and then analyzed
with the HPLC technique described in Section 2.2.1. The
hydrolysis procedure consisted of: drying a mix of 100 pl
of sample and 10 pl of ascorbic acid (20 mg/ml in water)
in a test tube by lyophilization; placing the test tube in a
10ml ampoule (Kontes) containing 170ul of acid
hydrolysis mixture (7M HCI, 10% trifluoroacetic acid,
and 0.1% phenol); sealing the ampoule under mild
vacuum (<160 mm Hg of Ar); heating the ampoule in
an oil bath (158°C) for 30min; and extracting the
hydrolyzed product with 500pul of Milli-Q water.
Concentrations of CAC were calculated as the difference
in FAC measured after and before hydrolysis. Addi-
tional details on the hydrolysis method are reported in
Yu et al. (2002).

It should be noted that the terms used here (FAC,
CAC and TAC) encompass those used in two preceding
papers (Zhang and Anastasio, 2001; Zhang et al.,
2002a). For example, FAC here is used to refer both
to dissolved free amino nitrogen (DFAN) compounds in
fog waters as well as water-soluble free amino nitrogen
(WSFAN) compounds in PM> s.

2.3. Quality control

Each analysis was evaluated and monitored in terms
of the reproducibility of peak retention times, peak
heights and the linearity of the calibration curve. In
general at least one replicate injection was made after
every ten sample runs. The average relative percent
difference (RPD) in measurements of individual amino
compounds between replicate injections was 9.4%. The
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method detection limit (MDL; Greenberg et al., 1991)
for individual amino compounds ranged from 1.3 to
18.9nM (mean =5.3nM). During each analytical period
at least one procedural blank (Milli-Q water taken
through the entire analytical procedure) was analyzed.
Concentrations of individual amino compounds in
procedural blanks were always less than detection limits.
Extraction efficiencies of individual amino compounds,
determined from two successive extractions of the same
sample filter, ranged from 84% to 100% with an average
value of 92%. Since the values of amino compounds in
aerosols reported in this study were all derived from
measurements in the first extracts they might be some-
what underestimated.

In order to check for possible contamination, we
collected, processed and analyzed corresponding sample
blanks: i.e., Milli-Q water that was sprayed into the fog
sampler or clean Zefluor filters that were taken through
the sampling process. Average concentrations of in-
dividual FAC in sample blanks were typically <2% and
7%, respectively, of the average fog and PM, 5 values,
while those of CAC were typically <3% and 15%,
respectively, of the average fog and PM, s values. Limits
of quantification (LOQ) in samples were defined as three
times the average sample blank value (Zhang and
Anastasio, 2001) or 2.5 times the MDL (Greenberg
et al., 1991), whichever was higher. Values for the MDL
and LOQ are listed in Supplementary Tables 1 and 2.

Cytochrome ¢ was hydrolyzed and analyzed to test the
hydrolysis efficiency for combined amino acids. The
recovery of amino N from the protein was 92% of
theoretical value; the average relative difference between
theoretical and measured amounts of individual com-
pounds was 9.0%. The average concentration of total
amino acids in Milli-Q water taken through the
hydrolysis procedure was <0.1% of the mean value in
the fog samples.

3. Results and discussions
3.1. Concentrations and speciation of amino compounds

3.1.1. Free amino compounds in PM, s

Levels of FAC in PM,s ranged from 63 to
1720pmolm™~* air, with a mean value (+1o) of
4274358 pmolm™> air (Table 2). Similar amounts of
FAC have been reported for particles collected over the
North Atlantic Ocean (below detection limit to
1610pmolm™ air; Gorzelska and Galloway, 1990)
and over Canada (4-6700 pmol m~2 air; calculated from
data of Gorzelska et al., 1994). Ornithine typically was
the most abundant FAC in PM, 5 sample with a mean
(+10) concentration of 1184203 pmolm’3 air (Table
1). On average, Orn accounted for 23 +14% of the FAC
pool in PM, 5 (Fig. 1a). Glycine (Gly) and/or threonine

(Thr) were the other most abundant FAC species in
PM, s, with an average combined concentration of
101+ 74 pmolm ™ air and an average contribution of
26+8% to the FAC pool (Table 1, Fig. 1a). Serine (Ser),
methylamine (MA), and alanine (Ala) also contributed
significantly, accounting for an average of 13+7%,
13+6% and 6+2%, respectively, of the FAC pool in
PM, 5 (Fig. 1a). This is similar to a past measurement of
FAC in marine air where Gly, Thr, Ser, and Ala were
the dominant FAC species, together accounting for
more than 50% of the total FAC pool (Mopper and
Zika, 1987). In contrast, Orn was only a minor
component in this marine air sample, accounting for
~4% of the FAC.

We have also examined the relative amounts of
protein-type (i.e., species used in protein biosynthesis)
and non-protein-type (e.g., amines and Orn) amino
compounds (Table 1). In PM, s, protein-type FAC were
typically nearly twice as abundant as non-protein-type
compounds (Table 2).

3.1.2. FAC in fog waters

The mean concentration of FAC in fog waters was
roughly 70% greater than that in PM,s (Table 2).
Atmospheric concentrations of FAC in fog waters
ranged from 239 to 1540pmolm™> air (mean
+10="7144375pmolm* air). Aqueous concentrations
of FAC in our Davis fog waters (2.6-99 uM; mean+ lo
=20+27uM) were similar to those measured in dew
samples from Germany, where concentrations ranged
from 0.5 to 110 uM (average =22.5 uM; calculated from
data of Scheller, 2001). In comparison, previously
reported FAC values in rainwaters are much lower.
For example, the average concentration of total FAC in
continental rain samples was ~0.4 pM (calculated from
Gorzelska et al., 1992) and was 6.5 M in marine rains
(Mopper and Zika, 1987).

As in PM, 5, Orn was also the main FAC component
in fog waters, accounting for an average of 22 +6.6% of
the FAC pool (Fig. 1b). However, the distribution of the
other FAC was fairly different in fog waters compared
to PM; 5. Fog waters contained 3-4 times more MA and
2AE than PM, s (Table 1) and had considerably larger
amounts of GABA, which accounted for 7% of the fog
FAC but only ~1% of the PM, 5 FAC (Fig. la and b).
In addition, Met, MetSO, and Trp were never detected
in PM, s but were frequently observed in fog waters.
Average fog water concentrations of free Met and
MetSO were approximately 1—2pmolm™ air, while
that of Trp was 11 pmolm > air (Table 1). In general,
the fog FAC pool had a larger contribution from non-
protein species (an average 55+9.2% of the total FAC
pool) compared to PM, 5 (39+15%; Table 2).

Past measurements have shown that FAC distribu-
tions in precipitation vary significantly among different
locations. For example, the FAC pool in rain samples
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Table 2
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Concentrations, and percent contributions to the total pool, for amino compounds in PM, s and fog waters

Concentration (pmolm > air)

% of FAC or CAC pool

Non-protein type Protein type Total Non-protein type Protein type
Free amino compounds (FAC)
PM, s (n=41)
Minimum 15 49 63 14 22
Maximum 1360 807 1720 78 86
Median 131 163 283 34 66
Average 184 243 427 39 61
lo 235 180 358 15 15
Fog waters (n=11)
Minimum 123 116 239 41 25
Maximum 750 794 1540 75 59
Median 348 329 691 52 48
Average 387 327 714 55 45
lo 197 201 375 9.2 9.2
Combined amino compounds (CAC)
PM, 5 (n=9)
Minimum 77 943 1020 7.0 60
Maximum 820 2730 3210 40 93
Median 270 1480 1870 14 86
Average 347 1700 2050 16 84
lo 267 609 726 11 11
Fog waters (n=7)
Minimum 75 1220 1370 3.1 78
Maximum 870 4930 5110 22 97
Median 184 2140 2500 11 89
Average 335 2510 2840 12 88
lo 294 1190 1250 8.2 8.2

(a) Free amino compounds in PM,
(427+358 pmol m™ -air)
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2.1% 6.1% 2.1%
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(b) Free amino compounds in fog waters
(714%375 pmol m™3 -air)
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Fig. 1. Average contributions of individual compounds to the free amino compound (FAC) pool in (a) PM, 5 (41 samples) and (b) fog
waters (11 samples). The category “other” for PM, 5 includes Lys (1.1%), Arg (1.4%), His (0.8%), Ile (1.8%), Val (2.0%), Glu (1.6%),
Tyr (1.7%), and Phe (0.6%). ““Other” for the fog waters includes Lys (3.2%), Arg (0.9%), His (2.3%), Ile (2.2%), Val (2.5%), Glu
(1.7%), Tyr (2.5%), Phe (2.1%), Asn (1.0%), MetSO (0.3%), Trp (1.9%), and Met (0.1%). Values in parentheses represent the average

percent contribution to the corresponding FAC pool.
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collected over the Atlantic Ocean was dominated by
Gly, Ser, Ala and acidic amino acids (Mopper and Zika,
1987), while in rain samples collected over rural
Virginia, the major FAC species were Arg, Asn, Gln,
MA, Ser and Ala (Gorzelska et al., 1992). Arg, proline
and GIn/Glu, however, were the predominant FAC
species in dew samples collected from rural Germany
(Scheller, 2001). Orn was only measured in the marine
rain samples (Mopper and Zika, 1987) and was only a
minor component (1.0-9.4%) of the FAC pool. How-
ever, it might have been present at significant levels in
the rural rain and dew because of the occurrence of high
concentrations of Arg in these samples (Gorzelska et al.,
1992; Scheller, 2001) and the fact that Orn is a
metabolite of arginine in the urea cycle (Armstrong,
1989).

3.1.3. Combined amino compounds in PM 5
Concentrations of CAC were approximately 5 times
greater than those of free species in PM,s, with
an average concentration of 20504730 pmolm ™ air
(Table 2). In contrast to the free species, the CAC pool
in PM, s was more evenly distributed among a larger
number of individual compounds (Fig. 2a). Although
never detected as free species in PM, 5, Met, MetSO, and
Trp were present at low concentrations in combined
forms in PM, s (Table 1). This is not surprising since
Met and Trp are often present at low levels in proteins
(Block, 1956). The presence of trace amounts of MetSO
might be due to oxidation of combined Met during
the hydrolysis procedure. The fact that protein-type
species on average accounted for 84+11% (i.e.,
1700+ 609 pmolm ™ air) of the CAC pool in PM, s
(Table 2) suggests that most of the CAC were present in

(&) Combined Amino Compounds in PM,, .

(2025+773 pmol m™ -air)

omer  GABA
ok 21%

S

o

N
\i ?,0[0
Na
8.4%

proteinaceous species although other combined forms,
such as amino acid-humic complexes (Tarr et al., 2001;
Thorn et al., 1996), might also have been significant.

3.1.4. CAC in fog waters

As seen for PM,s, concentrations of CAC in
fog drops were ~ 4 times greater than those of
FAC with an average atmospheric concentration of
2840+ 1250 pmolm™— air (Table 2). Corresponding
aqueous concentrations of CAC in individual fog water
samples ranged from 14 to 237uM and had a mean
value (£ 1o) of 78 +75 uM (Supplementary Table 2). Ser
and Gly/Thr were the most abundant combined amino
species (each contributing ~ 15% to the fog CAC pool),
followed by Ala, Glu, Asp, and Leu (Fig. 2b). Orn and
MA were minor components in the fog CAC pool,
in contrast to their dominance in the fog FAC pool
(Table 1, Figs. 1b and 2b). The distribution of CAC in
fog waters was generally similar to that in PM, s (Fig. 2).
In addition, as for the case of PM; 5, most of the CAC in
fog waters were protein type (average + 1o =288 +8.2%;
Table 2).

3.2. Seasonal trends of amino compounds

Concentrations of FAC in PM, 5 varied by a factor of
~30 during the year, with higher values occurring
during the period from late fall to early spring (Fig. 3,
Table 2). Ornithine in PM,s showed the strongest
seasonal variation, with an average wintertime concen-
tration ~4 times higher than that in summer (Supple-
mentary Table 1). In contrast, concentrations of Gly/
Thr were more consistent throughout the year, varying
by a factor of approximately 2. The other amino species

(b) Combined Amino Compounds in Fog
(27651102 pmol m™ -air)

Other

Fig. 2. Average contributions of individual compounds to the combined amino compound (CAC) pool in (a) PM, s (9 samples) and
(b) fog waters (7 samples). “Other” for PM, s includes Phe (2.6%), Asn (1.2%), His (0.2%), MetSO (0.3%), Tyr (2.7%), Trp (2.2%),
Met (1.9%), Val (3.3%), and Ile (3.0%). “Other” for the fog waters includes Phe (5.6%), Asn (1.5%), His (1.0%), MetSO (0.8%), Tyr
(3.9%), Trp (2.0%), Met (0.8%), Val (3.5%), and Ile (3.0%). Values in parentheses represent the average percent contribution to the

corresponding CAC pool.
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Fig. 3. Seasonal trends in concentrations of free and total (free + combined) amino compounds in PM, 5 and fog waters collected

from Davis, California.

were also relatively consistent throughout the year.
Concentrations of total amino compounds (TAC) had a
seasonal trend similar to FAC, but less pronounced,
with a peak between January and March (Fig. 3).
Concentrations of FAC in fog waters were similar to
those in PM; s during the same period but those of CAC
were somewhat larger in fogs. In addition, the average
concentrations of FAC and CAC in fog waters varied by
a factor of 2-3 between the 1997 and 1999 collection
seasons (Fig. 3).

The distribution of FAC in PM,s was fairly
consistent seasonally although the relative importance
of individual species varied slightly throughout the year.
Orn and Gly/Thr were always the most abundant FAC,
with greater average contributions from Orn in winter
and spring and more Gly/Thr in summer and fall. The
average distribution of CAC in PM, s also exhibited
little change between different seasons. Similarly, FAC
and CAC distributions in winter fog waters from
different years showed only small differences.

3.3. Mass concentrations and apparent molecular weights
and formulae of amino compounds

The average mass concentrations of both free and
CAC were significantly higher (~30%, Fig. 4) in fog
waters than in PM,s. The total masses of amino
compounds in fog and PM,s were 399+162 and
302+ 108 ngm ™ air, respectively (Fig. 4). Interestingly,
these numbers are very close to the concentration of
proteins (mean + 1o =390+210ngm " air) measured in
bulk aerosol particles from Southwestern Siberia (Anki-
lov et al., 1999). CAC accounted for a major portion of
the mass of amino compounds in both fog waters and
PM, 5 (84+4% and 83+ 14% of the total, respectively;

Supplementary Tables 1 and 2). As discussed previously,
TAC typically accounted for ~3% of the measured
PM, 5 mass (Zhang et al., 2002a).

We have calculated the concentration-weighted ap-
parent molecular weight (AMW) for bulk amino
compounds in each fog and PM,s sample using
2MW; x C))/2(C;), where MW, and C; are the mole-
cular weight and concentration of amino compound i,
respectively. The average AMWs of FAC and CAC were
107412 and 121+4.9 g/mol, respectively, in PM, 5 and
were 113+10 and 120+ 11 g/mol, respectively, in fog
waters. Note that the AMW of the CAC refers to the
hydrolyzed (free) forms, not the combined molecules
that were originally present in samples. When treated as
a whole, the AMW of TAC (i.e., the sum of free and
combined) were very similar in PM, s and fog waters,
with values of 121+4.5 and 118+9.1 g/mol, respec-
tively. In addition, the apparent chemical formulae for
bulk TAC were very similar in both types of
samples: Cy2+02Hg9404N1340.1024402 in PMy 5 and
C4-5i0-6H8-9i0-8N1-3i0-202-3i0-l in ng waters, where the
subscripts represent the average number + 1o of the
corresponding atom.

3.4. Acidlbase chemistry of amino compounds

At the typical pH values of atmospheric cloud and fog
drops the carboxylic acid group(s) on a given amino acid
is deprotonated and bears a negative charge while the
amino group(s) is protonated and carries a positive
charge. The pH at which the net charge on a molecule is
zero, i.e., the isoelectric point (pl), can be used to classify
amino compounds as acidic (pl<5), basic (pI>9) or
neutral (pI =5-9; Table 1). Of the 22 FAC identified in
this study, 5 were basic (Orn, Lys, MA, 2AE, and Arg),
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15 were neutral, and only two (aspartic acid and
glutamic acid) were acidic (Table 1). While PM; ;s
contained relatively more neutral free amino species,
fog waters contained more basic ones (Fig.5). The
difference was largely due to the fact that alkyl amines
(MA and 2AE) accounted for a greater fraction of FAC
in fog waters (26%) than they did in PM,s (15%;
Fig. 1), which likely resulted from greater amounts of
partitioning of these gas phase species into fog drops.

The total (free +combined) amino pool in both fog
and PM, s samples were dominated by neutral com-
pounds and contained significantly more basic species
than acidic ones. This observation indicates that amino
compounds are, overall, a source of basicity to atmo-
spheric condensed phases. However, it should be noted
that ammonia is by far the dominant base in Central
Valley air: NH, concentrations are typically 10-40
times higher than the amino compound concentrations
described here (Zhang and Anastasio, 2001; Zhang et al.,
2002a). In areas where NH3/NH, concentrations are
lower, the basicity contribution from amino compounds
could be more significant. In addition, amino com-
pounds with side chains that have pK, values around 4—
7, such as Asp, GABA, Glu and His, might contribute to
the buffering capacity of atmospheric condensed phases
at pH values lower than where NH, (pK,=9.25; Lide,
1992) will be important. The average concentration of
these four amino compounds (free + combined) in
Davis fog waters was approximately 13 uM, which could
account for ~10% of the unexplained acid buffering
capacity reported previously for fog waters from
California’s Central Valley (mean+1lo=119+74uM,
range =27-246 uM; Collett et al., 1999a).

3.5. Contribution of amino compounds to the OC pool

Mean concentrations of carbon in FAC and CAC in
fog waters were 10-392 and 56-1440 uM C, respectively,

corresponding to 0.8-7.8% and 5.4-20%, respect-
ively, of the dissolved organic carbon (DOC) in
the fog drops (Table 3). Together, free and combined
amino compounds (TAC) accounted for 6.2-23%
(average+10=13+6.5%) of the DOC in fog waters
(Table 3). This contribution from amino compounds is
significant, especially given the fact that the most
abundant identified individual organic species (including
formaldehyde, formate, and acetate) together generally
account for ~ 20% or less of the DOC in atmospheric
water drops (Collett et al., 1999b; Facchini et al., 1999a).
The average (+10) carbon content of TAC in PM; s
was 126+42ng Cm~? air. Although not measured in
our PM, s samples, based on measurements of or-
ganic carbon OC in Davis PM;g during winter
(8.5+4.4pgm > air; M. Kleeman, unpublished data),
and assuming a water-soluble (WSOC)/OC ratio of 0.20
(Saxena and Hildemann, 1996), the average WSOC
concentration in wintertime Davis PM, 5 was estimated
to be ~1.7pg Cm~ air. Given that the average amino
C content in our winter samples was 175ng Cm ™ air,
amino compounds appear to account for approximately
10% of WSOC in PM, 5 at Davis during winter.

4. Implications and summary

Previous studies have demonstrated that amino
acids, proteins and protein—tannin complexes are
sources of available nitrogen to a wide range of
plants (Yu et al., 2002) and aquatic microorganisms
(Rice, 1999; Rosenstock and Simon, 1993). Our
measurements of considerable amounts of free
and combined amino compounds in atmospheric fine
particles and fog drops clearly indicate that significant
amounts of these compounds are delivered to eco-
systems through atmospheric deposition. Given the
importance of nitrogen in deposition, atmospheric
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Table 3

Contribution of free and combined amino compounds to the dissolved organic carbon pool in fog waters

Concentration (uM C)

% of DOC pool

DOC'n=9) FAC(m=9 CAC(n=7 TACm=7 FACm=9 CAC(h=7) TAC@m=7)
Min 425 10 56 66 0.8 5.4 6.2
Max 9250 392 1440 1750 7.8 20 23
Median 2490 44 268 310 2.4 13 15
Average 3150 77 392 465 2.7 11 13
Std Dev 2670 107 475 580 2.0 5.6 6.5

#Calculated from values reported in Zhang and Anastasio (2001).

amino compounds might therefore significantly influ-
ence ecological issues such as plant nutrition, ecosystem
functions, and aquatic productivity.

Amino compounds might also significantly impact the
physical, chemical and biological properties of atmo-
spheric particles and water drops. For example, Saxena
and Hildemann (1996) suggested amino acids as a
potentially important class of hygroscopic compounds
based on thermodynamic considerations (e.g., high
water solubility and low vapor pressure). Our findings
that amino compounds are common constituents of
atmospheric condensed phases, and that they are a
significant component of the hydrophilic organic carbon
pool, provide additional evidence that these compounds
likely play important roles in the process of particle
activation and uptake of water.

Amino acids might also have an impact on the
chemistry of transition metals such as iron and copper in
atmospheric drops and particles. A number of amino
acids form strong complexes with these metals (Martell
and Smith, 1974), suggesting that FAC (and perhaps

CACQC) could influence the ability of Fe and Cu to
participate in reactions such as the formation and
destruction of oxidants. For example, a number of
amino acid complexes of Cu absorb sunlight much more
strongly than the uncomplexed components and under-
go direct photoreactions to form products such as *O3
and HOOH (Hayase and Zepp, 1991).

Several amino acids, such as tryptophan and tyrosine,
can directly absorb sunlight (1> 290nm) and sensitize
the oxidation of other compounds, including amino
acids (Creed, 1984; Walrant and Santus, 1974). They
also react rapidly with ozone to form products such as
ammonium, organic acids, nitro or nitroso compounds
and hydroxylamines (Berger et al., 1999; McGregor and
Anastasio, 2001; Milne and Zika, 1993; Suzuki et al.,
1985). Reactions such as these will change the composi-
tion of condensed phase organic compounds in the
atmosphere and influence the properties of atmospheric
particles and water drops.

FAC can be either directly emitted from plants and
animals or be released from CAC through enzymatic
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and photocatalytic hydrolysis (Gorzelska et al., 1992;
Milne and Zika, 1993). The later mechanism is
supported by a recent study from Tarr et al. (2001),
who demonstrated the release of free amino acids from
dissolved fulvic acids and colloidal matter in natural
waters during sunlight illumination. Given that atmo-
spheric aging and the extent of protein hydrolysis are
likely positively correlated, the ratio of the concentra-
tions of free and combined protein-type amino com-
pounds might provide a measure for the “age” of
particles. The ratios of protein-type FAC/CAC in our
PM, s samples and fog waters were typically in the same
range (0.13-0.16), suggesting that residence times for
amino compounds are similar in Davis PM, s and fog
drops. Mopper and Zika (1987) made a similar
argument, i.e., that atmospheric aging might increase
the FAC/CAC ratio, based on their observation that this
ratio was ~5-10 times higher in marine rain samples
compared to terrestrial rain samples. They suggested
that this was a result of long-distance transport of
terrestrial particles to the ocean (Mopper and Zika,
1987).

It is very interesting that there were relatively
high concentrations of Orn in our samples since this
is not an essential amino acid for protein synthesis.
The commonly known biological sources of ornithine
are hydrolysis of peptides with Orn residues and
metabolism of Arg during the urea cycle (Armstrong,
1989). However, these two pathways do not appear to
be the major sources of Orn in our samples since
concentrations of free and combined Arg, as well
as combined Orn, were all quite low. According to a
recent study, Orn is also produced by bacteria associated
with poultry (Geornaras et al., 1995), which might
explain our results given the agricultural nature of our
sampling area. If this is the case, Orn might be a useful
tracer of emissions from some livestock operations
(Armstrong, 1989; Geornaras et al., 1995; Mopper and
Zika, 1987).

Overall, our results clearly indicate that there are
significant concentrations of airborne amino compounds
in Northern California. It is especially interesting that
these compounds represented a significant portion of the
hydrophilic organic carbon (OC) pool. As discussed
above, amino compounds likely play noteworthy roles in
the region, possibly affecting atmosphere—biosphere
nutrient cycling, atmospheric chemistry and air quality.
Given the apparent ubiquity of atmospheric amino
compounds over continental and marine areas (Milne
and Zika, 1993), these effects are likely widespread.
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