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Abstract

Amino acids play vital roles in health, either in their native form or chemically modified. Some studies have linked certain
non-proteinogenic amino acids to neurodegenerative diseases, such as in the case of β-methylaminoalanine (BMAA).
Various environmental pollutants, including carcinogenic polycyclic aromatic compounds, are able to react forming
adducts with blood proteins. Amino acids may also be essential in chemical ecology as constituents of flower nectar,
potentially used by common feeders as butterflies to synthesize pheromones. Additionally, proteinaceous materials have
been detected in aerosols with an apparent potential to influence climate, possibly having a role in cloud formation.
The determination of amino acids presents many challenges, due to the fact that they are most often constituents of
complex sample matrices that contain a high level of chemical interferences. In this respect, mass spectrometry (MS) is a
selective and sensitive analytical tool that can be used to measure amino acids in biological samples.
In this work, several analytical methods based on MS were developed. (i) First, derivatization with a permanently charged
N-hydroxysuccinimide ester of N-butylnicotinic acid (C4-NA-NHS) was used to increase the sensitivity and selectivity
for amino acids. This strategy was applied to localize BMAA in both visceral and non-visceral parts of blue mussels. (ii)
Moreover, a method was developed to separate and determine L- and D- BMAA in cycad seeds by derivatization with
a chiral reagent, (+)-1-(9-fluorenyl) ethyl chloroformate (FLEC). Together with L-BMAA, appreciable amounts of DBMAA (50.13 ± 0.05 and 4.08 ± 0.04 µg BMAA/g Cycas micronesica, wet weight, respectively) were detected for the
first time after enzymatic digestion, suggesting D-BMAA may be bound to proteins or may be a conjugate and released
only after hydrolysis. (iii) Derivatization with C4-NA-NHS was applied as well for the determination of amino acids in
nectar of Bunias orientalis. The presence of tryptophan and phenylalanine, purportedly used to synthesize anti-aphrodisiac
pheromones by nectar feeders (adult male butterflies), could then be observed. (iv) Furthermore, the profiling of amino
acids in Arctic aerosols was carried out and was used to measure the contribution of free and polyamino acids in aerosol
formation. Levels detected were in the range of 0.02-2914 pmol/m3 sampled air. For the first time the measurement of
polyamino acids in the Arctic atmosphere was reported. Additionally, possible anthropogenic and marine sources were
suggested. The results support the hypothesis that proteinaceous materials act as cloud condensation nuclei over the Arctic.
(v) Finally, a method was developed employing selective chromatography/high-resolution MS to identify histidine and
lysine adducts in serum albumin of mice exposed to the carcinogen benzo(a)pyrene, as well as in human samples in vivo.
Adduct isomers from diol epoxide metabolites could be detected in serum albumin from human samples at attomole/mg
levels. This work shows the possibility of future exposure measurements from these compounds in different groups of
the population.
This thesis presents the development of improved analytical methodologies for detecting and identifying trace levels of
amino acids, to investigate their relevance in health, climate and the environment.
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Populärvetenskaplig sammanfattning
Proteiner och peptider är livsnödvändiga molekyler med en mångfald
biologiska funktioner och som medverkar i de flesta av cellernas processer.
Ett exempel är hemoglobin som transporterar syre till kroppens olika
vävnader. Proteiner och peptider är i huvudsak uppbyggda av en sekvens av
ihopbundna aminosyror med olika kemiska egenskaper och reaktivitet.
Aminosyrorna i proteiner/peptider kan kemiskt modifieras mer eller mindre
lätt genom reaktion med andra ämnen i omgivningen. Det sker helt naturligt
i cellen för att ge en bestämd struktur och funktion till ett protein, men
aminosyror kan också reagera och bilda så kallade addukter med
hälsoskadliga miljöföroreningar, som allergena och cancerframkallande
ämnen. Aminosyror finns även som fria ämnen i miljön och frigörs från
peptider och proteiner när dessa bryts ner genom inverkan av enzymer. Fria
aminosyror kan vara svåra att mäta och därför modifieras de också ofta
avsiktligen, derivatiseras, för att lättare detekteras i den kemiska analysen.
Avhandlingen beskriver utvecklingen av analytisk-kemiska mätmetoder
för aminosyror i olika miljöer, antingen i mycket små volymer av prov eller
låga koncentrationer. Därför har högkänsliga metoder baserade på
vätskekromatografi/masspektrometri tagits fram.
β-Metylaminoalanin (BMAA) är en aminosyra som inte förekommer
naturligt i proteiner. BMAA är intressant eftersom studier visar på en
koppling mellan neurologiska sjukdomar som ALS och Parkinsons och intag
av mat som innehåller BMAA. Tidigare har BMAA påvisats i bland annat
cyanobakterier. En ny derivatiseringsmetod användes i ett av projekten för
att kunna mäta så låga halter som möjligt och med hjälp av den nya
analysmetoden var det möjligt att lokalisera ämnet till vissa vävnader i
blåmusslor. Genom ytterligare en derivatiseringsmetod kunde så kallade
kirala former, två olika kemiska “spegelbilder” av BMAA, separeras och
mätas. De kirala formerna kan ha olika biologiska effekter och är därför
viktiga att kunna mäta separat.
Nektar från blommor innehåller fria aminosyror, som tillsammans med
kolhydrater bland annat fungerar som en näringskälla för pollinerande
fjärilar och bin. I det här arbetet har nektar profilerats på innehållet av olika
aminosyror i mycket liten provvolym, en miljondels liter. Studien visar att en
av aminosyrorna, fenylalanin, är ett förstadium till ett feromon,
metylsalicylat, som insekter bildar och använder för att styra olika
beteenden, till exempel parning.
I avhandlingen beskrivs även hur proteiner för första gången har
uppmätts i små molnbildande droppar i den arktiska atmosfären. Med hjälp
av profilering av de ingående aminosyrorna och kunskap om luftmassornas

rörelser har proteinerna kunnat härledas till i huvudsak organiskt material
från plankton, bakterier och annat biologiskt material som samlas på de
öppna vattenytorna i Arktis. Droppar innehållande proteiner, men även andra
biomolekyler och biologiskt material, kan tas upp i atmosfären från
vattenytan med vindens hjälp. I och med den pågående uppvärmningen, som
en följd av klimatförändringen, kan de isfria vattenytorna med biologisk
aktivitet förväntas bli fler i Arktis, och därigenom även de molnbildande
dropparna med biologiskt material i den arktiska atmosfären. I vilken
riktning det i sin tur påverkar klimatförändringen, dvs med avkylning eller
ytterligare uppvärmning, går ännu inte att svara på och behöver studeras
vidare.
Ett sätt att mäta dosen av ett cancerframkallande ämne i människa är att
mäta de aminosyraaddukter som bildas med blodproteinet serumalbumin
eller hemoglobin. I avhandlingen beskrivs hur så låga halter som attomol (ca
100 000 molekyler) per milligram serumalbumin av en addukt mellan
aminosyran histidin och en cancerframkallande metabolit av benso(a)pyren
kan påvisas med hjälp av högkänslig analysmetodik baserad på
högupplösande masspektrometri. Benso(a)pyren är en luftförorening som
bildas vid ofullständig förbränning, till exempel vid vedeldning och
grillning, och förekommer även i bland annat bilavgaser och cigarettrök.
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1. Introduction
1.1

Amino acids

Amino acids are essential building blocks used by all living creatures to
make proteins. They can also conjugate to lipids 1 and sugars 2. Ribosomes
catalyse the polymerization of amino acids to form proteins via condensation
of amino groups and carboxylic groups losing water in the process. Thus
peptides have directionality with an amino N- and a carboxy C-terminus of
the respective terminal amino acids.
Most proteinogenic amino acids have chiral carbons to which a carboxylic acid, an amino group, an alpha hydrogen and a characteristic side-chain
(R-group) are attached. Only one amino acid, glycine, is achiral having a
hydrogen instead of a side chain. The most common proteinogenic amino
acids are listed in Table 1. In humans, some amino acids classified as essential amino acids are not synthesized endogenously in the necessary amounts
and therefore must be supplied by the diet. There are thousands of other nonproteinogenic amino acids that play significant roles in ecological and physiological processes3, such as defence against other competitor species, protection against stress, and nitrogen storage.
At neutral pH, amino acids exist as zwitterions, with the amino group protonated and the carboxyl group deprotonated. Changes in the pH affect the
charge and thus the reactivity of amino acids, which is largely influenced by
the pKa of the different side chains functional groups. The isoelectric point
(pI) of an amino acid is the pH at which the net charge of the molecule is
zero. In this context, the specific reactivity is mainly dependent on the chemistry of the side chains. For instance, methionine and cysteine both have a
sulphur atom in their side-chain that can be oxidized to SOx or, in the case
of cysteine, form disulphide bonds with other cysteine sites within the same
or other proteins, a process that is known as cross-linking. Nucleophilic amino acids, such as histidine, lysine, cysteine, and serine, present side-chains
with nitrogen, sulphur or hydroxyl atoms having a free pair of electrons,
which can attack an electron-deficient carbonyl. Amino acids with hydrophobic side chains, i.e. presenting either aliphatic or aromatic groups, such
as leucine and phenylalanine, exhibit a lower reactivity. Basic and acidic
amino acids are charged at neutral pH and therefore have a high reactivity in
ionic interactions. Structures of the twenty most common amino acids are
shown in Figure 1.

1

Table 1. List of 20 common proteinogenic amino acids.

*Kozlowski LP (January 2017). "Proteome-pI: proteome isoelectric point database". Nucleic Acids Research. 45 (D1): D1112–D1116

2

Figure 1. Structures of the most common 20 proteinogenic amino acids.

1.2

Peptides and proteins

As previously stated, most proteinogenic amino acids are chiral molecules. Racemization of L-amino acids can occur with the aid of enzymes.
For instance, in mammals L-serine is converted to D-serine, which has important neuromodulating functions4. Generally, L-amino acids are used to
build up proteins although D-amino acids are used by a few organisms, such
as in peptidoglycans in the bacterial cell wall.
Proteins are generally formed in the cytoplasm by ribosomes in the presence of RNA. Generally, to be biologically active the polypeptide must form
secondary structures, typically an alpha-helix or a beta-sheet, which are stabilized by hydrogen bonding between certain amino acids along the peptide
chains. As the various peptide chains fold the protein acquires a complex
three dimensional structure with a specific topology and chemistry. The tertiary structure of a protein may contain one or different secondary structures,
held together by molecular interactions, such as covalent disulphide bridges,

3

hydrophobic, electrostatic and hydrogen bonds. The loss of that structure can
occur as a result of a change in pH or temperature, as well as in the presence
of salts, organic solvents or by the action of radiation, in a process known as
denaturation. Higher order non-covalent associations of proteins give rise to
quaternary structures characteristic of functional assemblies in the cell.
Proteins have many important functionalities, including transport and storage; structural support, signalling, catalysis and homeostasis. In an acidic or
basic milieu, or in the presence of enzymatic proteases, they are hydrolysed
thus releasing free amino acids.
1.3

Amino acid modifications

Post-translational modifications (PTMs) are essential natural processes
that generate diversity among proteins and confer on them modified chemistries, structures and functions. Some known PTMs are phosphorylation and
glycosylation which can promote protein folding and improve stability as
well as serve regulatory functions.
Chemical modifications of reactive amino acid sites in proteins can also
occur as a consequence of exposure to environmental pollutants. Oxidation
is one of the most common modifications that can occur in periods of oxidative stress via radical initiation, for example by oxygen radicals attacking
cysteine or methionine. Other types of common modifications, as a consequence of exposure to reactive electrophilic compounds, are those on nucleophilic amino acids. The susceptibility to be modified is, however, also dependent on the tertiary and quaternary structure of the protein, in other words
how well-exposed the amino acids are to the modifying agent(s). The formed
chemical modifications, so-called adducts, may differ in stability. For instance, it is known that adducts between cysteine and isothiocyanates may
degrade easily under physiological conditions 5.
1.4

Roles of amino acids in health and the environment

As it has been stated in previous sections, amino acids are integral components of living organisms with far-reaching implications for health and the
environment. There exist non-proteinogenic amino acids in nature that can
exhibit toxicity6 towards humans such as that focused on in this study: βmethylaminoalanine (BMAA). This molecule is found widely spread in the
environment, and is linked by many studies to neurotoxic effects7. The documented exposure route of BMAA is mainly through the diet although studies of its aerosolization have garnered some interest. Indeed, transport
through the atmosphere of pathological agents is common, for instance of
viruses and fungal spores. Furthermore, beyond health concerns, amino acids
in the atmosphere have been recently discovered to potentially play im4

portant roles in influencing climate given its apparent participation in cloud
formation. In addition, although amino acids are generally bound in polypeptides, also free amino acids could have biological functions. For instance
they are known to play key roles in chemical ecology. In this regard it is
worth mentioning their occurrence in nectar of flowering plant species, were
they serve as nutritive rewards to pollinators, thus ensuring repeated visitation from these animals8.
Natural roles of amino acids in organisms and the environment are also
complemented by the potential of endogenous amino acids (and proteins) to
react with electrophilic xenobiotics and natural electrophilic compounds (cf.
section 1.3). Such adducts formed with amino acids may also be used as
natural markers of exposure to electrophilic xenobiotics. One such example
is the measurement of adducts from genotoxic metabolites of polycyclic
aromatic hydrocarbons (PAHs) to specific amino acids in human serum albumin (SA) or haemoglobin (Hb). The following subsections introduce these
roles in more detail.
1.4.1

Non-proteinogenic amino acids: The case of BMAA

It is generally known that biological organisms including plants, bacteria, and fungus develop toxins as a defence against other species within the
same habitat. Antimicrobial, antifungicidal and antiherbivoral activities as
well as teratogenicity are observed effects of these toxins. Understanding the
biological role of these substances is thus crucial in developing effective
protection against them as well as new cures against a number of diseases.
Their structures and mechanisms of toxicity are varied and a few nonproteinogenic amino acids have been associated with various toxic effects
including neurotoxicity9. Furthermore, some of the roles of nonproteinogenic amino acids are well studied and have been extensively reviewed3. One such toxin is BMAA, which after fifty years of research has
grown into a research field in itself that has attracted attention from many
groups. International conferences have been organized on the topic and extensive reviews have been published7,10.
1.4.1.1 Natural sources of BMAA
What would later be known as BMAA was first isolated in 1967 from
roots of cycad plants in the island of Guam7 while researchers were trying to
find a toxin responsible for the high incidence of amyotrophic lateral sclerosis (ALS) in the region. After its discovery, controversy regarding the actual
amount of BMAA really present in the environment ensued. Discrepancies
in reported values were mainly due to the lack of reliable analytical methods.
Furthermore, through the years there has been controversy regarding the
relevant dose to cause neurotoxicity11 which was then thought to be rather
5

difficult to reach given the known routes of exposure. However, it has been
found that BMAA can be biomagnified across trophic levels, as suggested
by Cox and co-workers who discovered that cycad seeds were part of the
main diet of flying foxes (Pteropus mariannus) in the region12 which in turn
is a delicacy among the local population. Consequently, links to human pathology have been cited, with free and protein-bound BMAA having been
detected in the brains of ALS patients in Guam13. Furthermore, a mechanism
for the release of BMAA during digestion and metabolism has been suggested14.
Possible environmental sources of BMAA have been investigated. Cyanobacteria, which are ubiquitous in aquatic environments and can proliferate
significantly in the form of blooms, have been shown to be major producers
of this neurotoxin15. Additionally, diatoms and dinoflagellates have been
found to be other aquatic sources of BMAA16,17. Terrestrial sources of
BMAA include plants, possibly in symbiosis with cyanobacteria, and species
such as flying foxes and feral deer that may incorporate the toxin through
bio-magnification18. As a consequence, BMAA is known to be spread across
the globe and many studies have been carried out to establish its occurrence
in different ecosystems and commercial sources. These include cyanobacterial blooms, fish and shellfish in South Florida19; water, fish and aquatic
plants in Nebraska, USA20; fresh water cyanobacteria in South Africa21; and
British waterbodies22 and seafood from Swedish markets23 to name a few.
All these results have fuelled increasing interest and concern among researchers across a variety of disciplines. The metabolic pathway by which
these organisms are able to biosynthesize BMAA is still unknown. A review
has been written recently on the topic by Nunn and Codd24, where different
possibilities of biosynthesis are discussed in analogy to other species. According to this review, the biosynthesis of BMAA may occur by enzymatic
methylation of 2,3-diaminopropanoic acid. An alternative could be via nonribosomal peptide synthesis which is a common mechanism by which a large
number of prokaryotes are able to synthetize peptides. Furthermore, some of
these non-ribosomal peptides, such as penicillin G (Figure 2), are applied
clinically to treat an infection25 and it could therefore be reasonable to ask if
toxins produced by cyanobacteria, including BMAA, could have any pharmaceutical effect and be used to treat some of today’s diseases. Although
some antiherbivory activity has been reported3, the natural role of BMAA
and other neurotoxins produced by cyanobacteria remains unknown and
efforts should be carried out to clarify this aspect.

6

Figure 2. Structure of non-ribosomal peptide penicillin G. Penicillin G and other
structure related compounds have been used as effective antibiotics against bacterial
infections.

1.4.1.2 Neurotoxicity of BMAA
Experiments with animals treated with BMAA have been carried out
showing both negative26 and positive results27. de Munk et al.28 reported both
muscular and neurochemical alterations similar to those of ALS patients in BMAA
administered rats. Protein-bound BMAA has been detected in the brain of

neonatal rats after injection of the toxin29. In studies with primates, differences have been observed when experiments have been conducted in vervets
and macaques, with vervets showing visible degeneration including the presence of amyloid plaques30 while macaque results were generally negative31.
According to Spencer et al.32, the difference in toxicity may be explained by
different tendencies of the two species to accumulate pathological neuroproteins. This is discussed by Nunn7, who suggested that differences in the diet
may have played a crucial role and that BMAA misincorporation, i.e. instead
of L-serine, can increase as a consequence of a low-protein diet (such as the
one the vervets were subjected to).
The scientific discussion of whether BMAA is misincorporated into proteins is ongoing. Initially, studies suggested that the mechanism of BMAA
neurotoxicity was related to its effects on the N-methyl-d-aspartate (NMDA)
receptor at the neuronal membrane33–36, but recent discoveries propose an
alternative mechanism of toxicity. ALS and Parkinson’s disease have been
reported to occur as a consequence of protein misfolding and aggregation 37.
In this context, the capacity of BMAA to be transported through the brain
barrier via the cystine/glutamate antiporter (system xc-) instead of L-serine
has recently been supported by recent studies38,39. This may indicate that the
main toxic effect could be through misincorporation of BMAA substituting
L-serine40 during the protein synthesis with the possible consequence of
protein misfolding. Because ALS and Parkinson’s as well as Alzheimer’s
disease are chronic conditions, neurotoxicity thus might occur as a consequence of accumulation of misfolded proteins in the brain after BMAA misincorporation. However, conclusive evidence showing identification of pro7

teins with incorporated BMAA is still missing and therefore more investigations are needed to clarify this aspect.
1.4.1.3 Exposure to BMAA in humans
Post-mortem investigations on individuals affected by ALS and Alzheimer’s disease have detected BMAA in the brain, both free and proteinbound13,41. However, Downing and co-workers have recently published a
study using human scalp hair as an indicator of exposure to BMAA42 where
it is shown that human exposure to BMAA may not be as high as it was previously thought. The results showed that there was not a higher presence of
BMAA in individuals from populations in the vicinity of water environments
with cyanobacterial blooms, although a positive correlation was found between presence of the toxin and consumption of shellfish. Other studies have
reported that BMAA is transferred through breast feeding in mice43, which
was confirmed in vitro with experiments on human cells44. These studies
provide some indication that bio-accumulation is a key mechanism in
BMAA exposure. Furthermore, a study of Beri and co-workers45 shows that
enzymatic hydrolysis is required to release the toxin from its matrix. Exposure to BMAA in humans thus probably occurs as a result of intake of seafood (or other aquatic and terrestrial animals incorporating the neurotoxin
through the diet), while water areas containing cyanobacteria are a much less
likely source of exposure.
1.4.1.4 Measurements of BMAA in environmental and biological samples
Because of its widespread presence, accurate measurements of BMAA
levels in different matrices including water, fish, and shellfish are fundamental to be able to assess the real threat that this neurotoxin poses to human
health. Through the years, confident identification and quantification of
BMAA in complex matrices have remained a big challenge. It should be
mentioned that results have often been contradictory, including both negative and positive results (cf. section 1.4.1.2), and in most cases these were
likely due to analytical methodologies having both low recoveries and low
selectivity. An inter-lab comparison has been carried out recently with the
aim of consolidating the available strategies in a systematic way, as well as
proposing several analytical protocols to reliably measure BMAA46. The
study has reached interesting conclusions, such as a suggestion to measure
the soluble protein-bound BMAA fraction after hydrolysis of the samples or
extracts. Although low recoveries were in general obtained, it was indicated
that the use of deuterated internal standards offsets any uncertainty in the
quantification. These types of studies are certainly needed to ensure the reproducibility of results in the field. Reliable analytical methods with accurate, reproducible measurements have contributed to capturing the attention
8

of researchers and engaging them, thus as a consequence research on BMAA
is today an active field.
In the early years after BMAA discovery, the analytical methods included
staining with ninhydrin and subsequent colorimetric detection47,48. Therefore
specificity relied only on chromatographic separation, which commonly was
performed using thin-layer chromatography (TLC). Later, derivatization by
fluorenylmethyloxycarbonyl chloride (FMOC) followed by detection with
fluorescence was proposed by Kisby et al.49, which increased the sensitivity
of the analysis. At that time, the use of such non-specific detection techniques unfortunately lead to erroneous quantification in many of the studies
performed. In this context, the use of mass spectrometry (MS) helped in the
development of new strategies that could raise the confidence in BMAA
detection and quantification. Studies using gas chromatography (GC)/MS
21,50
and liquid chromatography (LC)/MS51–53 have been published and precolumn derivatization with different tags has been tested obtaining high sensitivity
and
selectivity,
particularly
with
6-aminoquinolyl-N54
hydroxysuccinimidyl carbamate (AQC) . However, the presence of BMAA
structural isomers was for many years overlooked in the analysis, which
could have led to an overestimation and false positives. In 2008 Rosén and
co-workers52 reported the presence of 2,4-diaminobutyric acid (DAB) in one
sample of cyanobacteria. Subsequently, Spacil et al.55 developed the necessary methodology to detect and separate BMAA and DAB. Jiang et al. 56
further refined the methodology using derivatization with AQC and ultrahigh-performance (UHP) LC separation to report quantification of BMAA
and the known structural isomers, including DAB, β-amino-N-methylalanine (BAMA) and N-(2-aminoethyl) glycine (AEG) (Figure 3), in biological samples. Nowadays, several identification points are generally considered as required to establish true positives, such as comparison of LC retention time with a reference compound, m/z of at least two MS fragments and
the ratio of their abundances51.
Aside from resolving structural isomers, the enantiomeric composition
of BMAA has been less studied and has apparently been rather overlooked
within the field. Initial publications showed that only L-BMAA was isolated
from cycad seeds47,57, thus historically the toxic effect was attributed entirely
to this enantiomer. However, in recent years Metcalf et al.53 have shown that
D-BMAA can also have some toxicity. Their study also indicates the presence of free D-BMAA in the brain, suggesting that some inversion mechanism of the L-BMAA to D-BMAA via a racemase may have occurred. Furthermore, it must be noted that extraction from the matrix in these studies
was performed without hydrolysis of the tissue, and therefore only free
BMAA was reported. The presence of certain percentage of protein bound or
matrix associated D- and L-enantiomers thus cannot be discounted.
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Figure 3. Structure of BMAA and its most common isomers AEG, DAB and
BAMA.

1.4.2

Aromatic amino acids in nectar as precursors to antiaphrodisiac pheromones

Amino acids together with carbohydrates present in nectar serves as nutritive rewards to pollinators, while alkaloids, phenols and proteins provide
protection from nectar robbers and from microbial infestation, respectively58.
Prevalence of amino acids in nectar seems to be dominated by alanine, arginine, glycine, isoleucine, proline, serine, threonine and valine whereas other
amino acids like tryptophan were previously thought to be rare. Proline has
been found to reach levels of up to 2mM in nectar of ornamental tobacco and
has the distinction of being the only amino acid that insects can taste59. Tryptophan and arginine in nectar have been noted to have a repellant effect;
whereas, high-phenylalanine nectars with sucrose as the principal sugar
seem to be most preferred by hoverflies (Syrphidae)60.
During mating males of some insect species transfer volatile compound(s) to females making them unattractive to other males. Compounds
having this type of bioactivity are named as anti-aphrodisiac pheromone61.
Andersson and co-workers62 identified the anti-aphrodisiac in green-veined
white, Pieris napi L. (Lepidoptera: Pieridae) butterfly as methyl salicylate.
In a later article they also demonstrated that methyl salicylate and indole are
anti-aphrodisiacs in the congeneric small white, Pieris rapae L., and benzyl
cyanide in large white, Pieris brassicae L. species63. Using 13C carbon labelled molecules authors demonstrated that methyl salicylate and benzyl
cyanide are produced from phenylalanine while tryptophan is used as a precursor for biosynthesis of indole62,63.
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There are not many examples in the literature regarding analyses of floral
nectars when it comes to profiling their amino acid content. Gardener64
screened thirty different species for the usual twenty protein amino acids as
well as α- and γ-aminobutyric acid, hydroxyproline, ornithine and taurine.
Pentanidou60 found that 62 out of 73 flowering plants contained tryptophan
in their nectars. Interestingly, in eight out of the eleven non-tryptophan containing nectars the presence of phenylalanine was observed. It is therefore
believed that tryptophan and phenylalanine are aromatic precursors of antiaphrodisiac pheromones in related biosynthetic pathways.
1.4.3

Amino acids in the formation of aerosols

Trace levels of biological material have recently been detected co-existing
with inorganic salts in aerosols and implicated in a role as a nucleating agent
specifically as cloud condensation nuclei (CCN). The origin of biological
material may for instance be marine plankton or bacteria at the surface of the
sea, or from anthropogenic activities such as wood combustion or agricultural fires. Proteins, together with polysaccharides, have been shown to be
transported to the atmosphere as part of droplets originating from bubble
bursting at the sea-air interface, known as the sea surface microlayer (SML).
Evidence can be found in Gershey (1983)65 that surface-active highmolecular weight compounds are favoured in the formation of aerosols.
Bubble-bursting experiments in situ have shown the presence of both polysaccharides and peptides originating from SML in sea spray injected to the
atmosphere66.
Amino acids contribute significantly to the composition of atmospheric
aerosols generated by human activities, as shown by many studies performed
in populated areas close to large cities67,68. Some amino acids, such as glycine, can for instance be used as markers for long-distance transport, while
others, such as leucine, are known to be much less stable and their occurrence therefore indicate more of a local source69. Thus, the study of the amino acid fingerprints can be useful for source apportionment studies. Due to
their much lower emissions of amino acids, natural sources are, on the other
hand, difficult to study in highly polluted areas. In this context, the Arctic as
a pristine environment free of human activities is a more suitable location for
such studies and has therefore gained an increasing interest among researchers within atmospheric chemistry and climate science69–73. Due to global
warming, the biological activities in the Arctic Ocean are expected to increase, which could lead to higher levels of airborne proteins and amino
acids in the Arctic atmosphere74. It is therefore of great importance to be able
to study these compounds and their ability to act as cloud condensation nuclei in order to better understand their effects on cloud formation and climate
change in the Arctic.
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Amino acids may be released from proteins in atmospheric aerosols either by acidic hydrolysis, depending on pH, or by enzymatic hydrolysis in
the presence of bacteria. Microorganisms from the sea SML are most likely
transmitted together with biomolecules to the atmosphere, thereby coexisting in close proximity in the generated aerosols. The presumption that
hydrolysis of proteins occur to a significant extent in the atmosphere is supported by studies showing a higher relative presence of free amino acids
(FAAs) in marine aerosols and rain than in the sea SML75.
Amino acids have been measured in aerosols as both FAAs or as hydrolysable proteins or polypeptides of different chain length (polyamino acids,
PAAs)66,68. FAAs have been more studied than PAAs because of the highly
diverse structure and origin of the latter, including bacteria, sea ice algae and
phytoplankton. Particularly there is a lack of knowledge regarding the levels
of PAAs in the Arctic aerosols.
1.4.4

Amino acids as markers of chemical exposure: protein
adducts

Amino acids not only have direct roles in affecting health and environment but can also be used as markers of environmental exposure to exogenous agents. It is well known that electrophilic compounds are able to bind
to nucleophilic sites in both DNA and blood proteins. Studies on DNA adducts have been performed over the years, including some studies on the
preferred binding sites of PAH metabolites, such as benzo(a)pyrene diol
epoxides (BPDE), as well as the stereoisomeric composition of the resulting
adducts76–78. In short, the analysis of adducts to DNA could give direct information on potential structural genotoxic damage and aid in understanding
the influence of specific adducts on mutagenicity. However, the measurement of adducts formed with blood proteins, SA and Hb, has often been
preferred for monitoring exposure to electrophiles in humans. The study of
blood protein adducts is usually preferred because proteins are more abundant in human blood (45 mg SA ml-1, 150 mg Hb mL-1 vs 28 μg DNA
ml-1)79,80 and, unlike DNA adducts, their adducts are generally not repaired
and therefore accumulate over longer periods80,81. Thus the measurement of
protein adducts is considered advantageous in the assessment of the exposure to environmental pollutants with electrophilic reactivity and that may
have carcinogenic activity.
1.4.4.1 Blood proteins: haemoglobin and serum albumin adducts
Hb is present at high levels in the red blood cells. It transports oxygen,
carbon dioxide and protons between the lungs and tissues. Its molecular
weight is about 64500 Da82. Predominantly, Hb exists as a tetramer (α 2 β 2;
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e.g. in adult humans), with each subunit containing a heme group with a Fe2+
ion. Hb has a life span of approximately 126 days in humans80. Because of
its abundance and the stability of the formed adducts it has been widely used
in exposure measurements of several xenobiotics and well-known carcinogens, as well as some endogenous substances, such as glucose in diabetic
patients80.
Initially the methods to measure human exposure to electrophilic compounds/metabolites as adducts to Hb or SA, have applied GC/MS for their
determination80,83,84. These methods are based on either cleavage of the protein into amino acids or on the detachment of the adduct, followed by derivatization before analysis. One method successfully applied to measure adducts to N-terminal valine in Hb by GC/MS is based on derivatization with
an Edman reagent (an isothiocyanate)85. After reaction with the reagent the
adducted valine is detached from Hb by cyclization as a derivative. This
methodology has been used to study exposure to many different electrophiles (mainly simple epoxides and α, β-unsaturated carbonyl compounds)80,
and it has been further developed for analysis by LC/MS, using fluorescein
isothiocyanate86,87. Adaption to LC/MS makes it possible to measure adducts that are thermolabile and too hydrophilic for GC/MS. The adapted
procedure, known as the FIRE method, has been used by Carlsson et al. 88,89
for screening of unknown Hb adducts in human blood samples, using a so
called adductomics approach.
In plasma, SA accounts for more than 50% of the protein content90 with a
half-life in humans of 19-25 days83. Molecular weight of unmodified human
SA is 66437 Da based on amino acid composition although several posttranslational modifications may be present, such as cysteinylation and glycosylation, possibly increasing the molecular weight up to 66600 Da90. SA is
formed by three homologous helix-based domains arranged in a heart-shape
conformation (Figure 4). Because of its ability to bind diverse substances, it
is known that SA has a function as transporter of fatty acids, metal ions,
hormones and drugs83. The use of SA as marker of exposure presents some
advantages over the use of Hb. Because SA is synthetized in the liver it easily reacts with many electrophiles that are formed from the metabolism of
exogenous toxicants. Although many studies have been performed to measure adducts to SA in vitro, the number of compounds studied in humans are
still relatively few. Aromatic amines as N-Acetyl-4-aminophenol91 and isocyanates as 2,4- and 2,6-toluene diisocyanate92 have been found to produce
adducts to cysteine and lysine, respectively, in vivo. Quinone adducts to cysteine in human SA from exposure to other aromatic compounds such as
naphtalene93 have also been identified. Rappaport and co-workers have focused on adducts formed with cysteine (Cys) in SA. For instance, in a study
using GC/MS, adducts formed in benzene exposed workers were investigated94.
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SA adducts have previously been studied by GC/MS, but the development of LC/MS with electrospray ionization (ESI) has had a big impact
within this field and nowadays is the method of choice for most of these
studies. Ion-trap MS instruments have been used to identify SA adducts from
drugs, and time of flight (TOF) instruments have also been used in the characterization of modified peptides from SA83. Generally, there are two main
approaches for the determination of SA adducts: a “top-down” strategy applying tandem mass spectrometry (MS/MS) of the whole modified protein
by instruments that provide a high mass accuracy and resolving power, such
as Orbitrap MS or Fourier-transform ion cyclotron resonance MS; and a
“bottom-up” approach using highly sensitive triple-quadrupole MS/MS of
the hydrolysed protein, where a priori known adducts are measured as
bound to the resulting amino acids or peptides. The large size of SA, together with the fact that modification levels are generally low (0.1 % or less in
vivo), makes bottom-up approaches preferable83. Rappaport and co-workers
have proposed the study of Cys34 adducts after digestion with trypsin in an
adductomics approach using LC/ESI-MS/MS95,96. Fixed-step increments in
multiple-reaction monitoring (MRM) are used in order to profile the total
adductome (the fingerprint of adducts in human SA from exposure to all
measurable chemicals) and not only a priori known adducts. Other studies
have preferred to measure adducts to other nucleophilic amino acids in the
protein, primarily lysine (Lys) and histidine (His). Among the latter, Lys 195
and His146 positions are preferably modified by bulky chemicals, such as
PAH metabolites97. The most accessible binding positions in SA are represented in Figure 4.
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Figure 4. Structure of human serum albumin with the most common target positions for the study of adducts: His146, Lys195 and Cys34. Positions are indicated based
on Sabbioni and Turesky83. Structure was obtained from Protein Data Bank
(1A06.pdb).

1.4.4.2 Polycyclic aromatic hydrocarbons
A particularly important group of environmental toxins is that of PAHs,
of which several are mutagens and possibly carcinogens to humans98. PAHs
are present in the environment as a result of incomplete combustion of organic matter and exposure sources include vehicle exhaust and food
grilling99,100. Following exposure to PAHs they can be metabolized to electrophilic diol epoxides, which may cause mutations because of their ability
to bind with DNA101. Furthermore, these metabolites can also react with
blood proteins via nucleophilic sites of amino acids. The diol epoxides of
benzo[a]pyrene, BPDEs, are relatively well-studied as benzo[a]pyrene is the
only PAH classified as human carcinogen98 and is often used as an indicator
substance of PAHs99.
Several studies have been performed on protein adducts formed with
BPDEs, providing important information on the binding sites in the protein.
In this respect, it is known that BPDE adducts are formed with carboxylate
side chains102 and with the above-mentioned Lys and His residues in human
SA79. Different mass spectrometric methods have been used to measure
BPDE adducts as tetraols hydrolysed from the protein103. However, for studies of in vivo doses (“area under the concentration-time curve”) of metabolites to be used in risk assessment procedures, the measurement of stable
adducts is preferred80,104. In this context, methods are required that measure
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BPDE adducts bound to His and Lys. So far, there are no sufficiently sensitive and selective methods that measure these BPDE adducts in SA despite
an approach using LC/ESI-MS/MS recently published105.
1.5

Analytical methodologies to detect amino acids
with relevance to health and the environment. A
general overview.

Various
techniques
including
paper
chromatography106,
107
electrophoresis , GC coupled to flame ionization detection108, HPLC with
fluorescence detection109, as well as GC/MS110 and LC/MS111, have been
used for amino acid determination. In the last years, it has become common
to use tandem MS with selective data acquisition techniques such as multiple-reaction monitoring (MRM) which enables more confident identification
and detection at lower levels. In this respect, several studies have been done
using tandem MS after derivatization of the amino acids112,113. Some of the
most used MS techniques and instrumentation in the context of amino acids
and protein analysis are described in the next section.
Because of the occasionally low concentrations of amino acids in samples, often of highly complex compositions, their determination is often
challenging. Also, it must be noted that other amino acids than the targeted
can be present in many different environments, which should be considered
in the development of analytical methodology. This is the case of AEG,
BAMA, and DAB (cf. section 1.4.1.4, Figure 3), which are structural isomers of BMAA recently discovered52,55,56 and which could in earlier studies
possibly have been wrongly identified as BMAA, causing an overestimation
of the levels of this neurotoxin. Other isobaric interferences (amino acids or
not) can be present in the samples and must be clearly distinguished from the
molecules of interest.
When utilising reversed-phase HPLC/MS with ESI for quantification of
amino acids, possible and commonly occurring matrix effects on the signal
must be taken into account. This is particularly true for strongly hydrophilic
amino acids that elute close to the void volume on typical reversed-phase
HPLC columns as C18, and therefore can incorporate co-eluting salts. Derivatization reagents have been thus used in the analysis of amino acids over
the last years. The addition of hydrophobic moieties increases the retention
in reversed-phase chromatography and also usually helps in the ESI. This
effect in ESI is most likely due to that more hydrophobic compounds are
gathered on the surface of the droplets, thus being more susceptible for ionization and ion desorption. However, some disadvantages are also associated
with the use of derivatization such as the need to evaluate the yield and remove the remaining reagent in order to avoid interferences in the analysis
and not contaminate the analytical instrumentation.
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In recent years, the use of tags that incorporate a permanent positive
charge has allowed for an improved efficiency in the MS detection. Inagaki
and co-workers114 showed an improved sensitivity, reaching LODs of subfemtomole levels, after derivatization with a positively charged reagent, (5N-succinimidoxy-5-oxopentyl)triphenylphosphonium bromide (SPTPP), for
amines and amino acids in LC/ESI-MS/MS. Another permanently positive
charged tag that has been used is p-N,N,N-trimethylammoniumanilyl N′hydroxysuccinimidyl carbamate iodide (TAHs), which also shows detection
at
sub-femtomole
levels115.
Other
reagents,
such
as
tris(trimethoxyphenyl)phosphonium (TMPP)116, have the advantage of possible quantification by isotope-ratio analysis. Furthermore, the use of permanently charged pyrylium salts to enhance the signal in MALDI imaging of
biomolecules, including the non-proteinogenic amino acid BMAA, has been
recently investigated117, pointing to the convenience of their application for
amino acid detection in complex matrices.
1.6

Mass spectrometry in the analysis of amino acids
and proteins

Triple-quadrupole MS/MS is often used in quantitative LC/MS analysis
of complex samples containing trace levels of the target analytes. Despite the
low resolving power of this type of MS instrumentation, a high selectivity
can be gained by acquiring the MS/MS data in MRM mode. MRM involves
one or a few ion transitions, from precursor to product ions, for each data
point in the MS chromatogram. The triple-quadrupole MS exhibits a high
duty cycle and therefore a high sensitivity in MRM mode compared with
other types of MS analysers. The level of noise (interferences) is often close
to zero in this mode, and when appropriate ion transitions of sufficient intensity are recorded this usually yields very high S/N ratios and a high repeatability of the analysis.
To achieve an accurate identification of peptides and proteins and their
modifications by a “top-down” approach, high-resolving instrumentation,
such as ToF-MS or Orbitrap-MS is common today. With careful calibration
and high resolving power (typically 50 000 m/Δm with ToF-MS) an accurate
mass determination can be obtained. The amino acid sequence is routinely
obtained by analysis with quadrupole (Q)ToF-MS/MS in product ion scanning mode.
While the ToF-MS simply utilizes the flight time of the target ions in a
field-free analyser to measure their m/z (however, the detector needs to be
very fast to resolve the ions), the function of the Orbitrap-MS is more complex. This analyser consists of an outer barrel-like and a coaxial inner spindle-like electrode, respectively. In between the electrodes, the ions move
17

with harmonic oscillations and frequencies that are dependent on m/z. The
smaller the ions the higher the frequency and resolution, Δm. All frequencies
are recorded simultaneously by an image current and after Fourier transform
mass spectra are obtained. The resolving power (with Δm measured at full
width-half maximum, FWHM) at m/z 200 is typically 200 000 with today´s
Orbitrap instrumentation. Nowadays, the Orbitrap analyser is also fast
enough to be compatible with UHPLC separations.
The most common technique for MS/MS in all types of instrumentation
is collision-induced dissociation (CID). It utilizes acceleration of the ions (by
applying voltage, “collision energy”) in a radio-frequency (RF)-only device
(such as hexa- or octapole) between the first and second analyser, and an
inert collision gas such as argon or nitrogen. The heavier the gas the more
energetic the collisions and extensive the fragmentation at a certain RF voltage applied. It is a well-known technique yielding fragmentation caused by
vibrational excitation of the precursor ions. In peptides, the fragments are
formed predominantly by cleavage of the peptide bonds, yielding complementary series of mostly b- and y-ions. A drawback with CID is the comparably slow fragmentation process, especially for larger ions. In order for CID
to be compatible with fast analysers, proteins and peptides are therefore usually enzymatically digested into smaller peptides (typically of m/z <3000)
prior to the MS analysis.
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2. Aims of the thesis
To develop sensitive and selective mass spectrometry-based methodologies able to measure amino acids, with the purpose of answering questions
regarding their relevance in health and the environment. The specific objectives this thesis aimed to achieve were:


To increase the sensitivity and selectivity in the measurement of
BMAA by using a derivatization reagent, N-butylnicotinic acid
N-hydroxysuccinimide ester (C4-NA-NHS), with a quaternary
amine providing a permanent positive charge; and its application
to map the distribution of BMAA in blue mussels (Paper I).



To develop an analytical methodology able to distinguish L- and
D-BMAA enantiomers through derivatization with a chiral reagent, (+)-1-(9-fluorenyl)ethyl chloroformate (FLEC); and its application to acquire important information regarding the enantiomeric composition of BMAA in cycad seeds (Paper II).



To develop a sensitive and selective method to measure amino
acids using derivatization with C4-NA-NHS; and its application
to: 1) profile amino acids in nectar without sample pre-treatment
(Paper III), 2) determine the presence of poly amino acids together with free amino acids in arctic aerosols, which may have
a fundamental role in cloud formation, as well as establishing
their possible sources (Paper IV).



To improve the identification and detection of stable adducts
from stereoisomers of BPDEs in SA by employing an enhanced
chromatographic separation in combination with HRMS; its application to the analysis of mice and human plasma samples
(Paper V).
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3. Results and discussion
The red thread in this thesis is the development of improved methodologies for measuring amino acids in different matrices to address different
questions across environmental and life sciences. Briefly these include the
use of a quaternary ammonium tag to enhance detection of BMAA and its
isomers (Paper I). This was extended to profile all amino acids allowing for
analyses of very small amounts of natural samples (Papers III and IV). In
addition, chromatographic separation of stereoisomers was achieved, including derivatization with a chiral reagent, FLEC, which was used to resolve
BMAA enantiomers (Paper II); and chromatographic separation in a pentafluorophenyl (F5) column of stereoisomers of BPDE-bound amino acids
(Paper V). These results are discussed below.
3.1

Paper I

In Paper I, a method was developed to reliably and accurately report
levels of BMAA in blue mussels. BMAA was derivatized with an ester of Nbutylnicotinic acid (C4-NA-NHS)118 and the results were compared with
those obtained after conventional AQC derivatization. The study of MS/MS
applied to C4-NA-NHS BMAA derivatives was carried out, using three diagnostic fragments at m/z 249.1, 192.9, and 137.3, with the first two arising
from fragmentation within the BMAA moiety (Figure 5). When compared
with the fragmentation pattern of the AQC derivatized BMAA, more specific
fragments were produced thus helping to achieve a more reliable detection
and identification. This should be considered in future measurements of
BMAA in other samples.
The localization of BMAA in blue mussels was investigated. After enzymatic digestion, BMAA was detected in both the visceral (gut) and nonvisceral (flesh) compartments of the blue mussel, which indicates that
cleanse of the toxin before human consumption may not be possible through
depuration. Identification was possible due to the presence of at least two
specific fragments of C4-NA-BMAA, while the same was not possible using
derivatization with AQC because the only specific fragment at m/z 258.0
was not detected.
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Figure 5. Product ion scan showing the fragmentation of BMAA derivatized with
C4-NA-NHS. The fragment at m/z 106.2 involves both the cleavage of the amide
bond and the loss of the alkyl chain (adapted from Figure 3a. in Paper I).

3.2

Paper II

In Paper II, a method was developed to separate and determine L- and
D-enantiomers of BMAA in cycad seeds. Derivatization of the enantiomers
with (+)-1-(9-fluorenyl)ethyl chloroformate (FLEC) reagent was studied,
allowing for separation in a common C18 UHPLC column through formation
of diastereomers. Because enantiomers share common physical properties,
they cannot be separated through common achiral chromatography. When
derivatized with a molecule with a certain stereochemistry, the resulting
diastereomers have different chemical and physical properties thus experiencing different chemical interactions (such as dispersive forces) with the
stationary phase (Figure 6).

Figure 6. FLEC derivatization turns enantiomers of BMAA into diastereomers
which can be separated in a C18 column.
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In this work, appreciable amounts of D-BMAA in cycad seeds were detected after enzymatic digestion. Because the use of strongly acidic conditions in the sample hydrolysis was avoided, racemization was prevented,
which would otherwise have led to an erroneous measurement of the enantiomeric ratio. The results strongly suggest that D-BMAA may be bound to
proteins or occur as some form of conjugate in the cycad seeds, and is thus
only released after enzymatic hydrolysis. It could indeed be a finding of
significant importance in understanding the role of each enantiomer in the
neurotoxicity of BMAA, given only the D-enantiomer was detected in the
free protein fraction in the brain of both mice and vervets53. More studies
employing enzymatic hydrolysis before LC/MS are thus needed and should
be carried out in the future to understand the location and toxicological impact of each enantiomer. The enantiomeric composition of cyanobacterial
blooms and food, as well as the mechanism of possible enzymatic inversion
in vivo both need to be studied in detail to assess the real impact on health.
Moreover, it has been hypothesized that BMAA, as other amino acids present in the sea-air interface72, may be able to be aerosolized and transported
into the atmosphere119. Considering the neurotoxic effects of BMAA, inhalation of atmospheric aerosols containing this compound could have an impact
on health. It must, however, be noted in this context the before-mentioned
(cf. section 1.4.1.2) study by Downing and co-workers showing no significant correlation between BMAA content in hair and proximity to cyanobacterial blooms42. In any case, apart from the health effects derived from
BMAA and some other toxic amino acids, amino acids in aerosols could
play an environmental role and contribute to natural processes affecting the
climate. This is further discussed in section 3.4 and Paper IV.
3.3

Paper III

Derivatization with C4-NA-NHS, which already proved to be a superior
strategy with BMAA (cf. section 3.1), was used to obtain the amino acid
constitution of the nectar of two host-plant species of Pieris butterflies,
warty cabbage (Bunias orientalis L.) and garlic mustard (Alliaria petiolata).
The general mechanism of derivatization of amino acids with C4-NANHS, including a nucleophilic attack of the amino group to the carbonyl
group of the tag, is shown in Figure 7. In addition, derivatization with C4NA-NHS was shown to improve the separation of otherwise very early eluting amino acids in reversed-phase HPLC. Furthermore, to my knowledge, it
was the first time the MS fragmentation pathways for these twenty derivatized proteinogenic amino acids were studied. Detailed information is provided in next section (cf. section 3.4) and Paper IV, where a quantitative method was evaluated for measurement of trace levels of amino acids in Arctic
aerosols.
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Figure 7. Mechanism of derivatization of amino acids with C4-NA-NHS: an acylation reaction with the attack of a nucleophilic amino group to the carbonyl group
at the C4-NA-NHS to which an electronegative N-hydroxisuccinimide leaving group
is attached. The reaction occurs immediately in borate buffer (100 mM, pH 9.0) at
room temperature.

Nectar production per flower in both B. orientalis and A. petiolata is relatively low120, however, it is a common pattern that nectar-feeding butterflies
visit various flowering plants and often feed at flowers with minute volumes
of nectar121. Taking this into consideration, we developed a sensitive analytical method in which no sample pre-treatment beyond derivatization was
necessary, enabling us to detect amino acids from less than 1 μL of nectar.
After derivatization and reconstitution in a suitable solvent, the sample was
directly injected on column and analysed by MS/MS in MRM mode. Nineteen proteinogenic amino acids (all except cysteine) were detected in both
species. To my knowledge there is no previous investigation on the amino
acid composition in the nectar of the studied species. The expected levels of
individual free amino acids in nectar of various species, according to the
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above mentioned study of Gardener et al.64 (cf. section 1.4.2) are in the level
of a few pmol uL-1 of nectar. Thus the detection of 19 amino acids using less
than 1 μL of sample is one of the highlights of this work.
One of the aims of Paper III was to show that anti-aphrodisiac pheromone, methyl salicylate, could be produced by adult males of P. napi species
after feeding on floral nectar. The detection of phenylalanine in the analysed
samples supports its use in the production of the anti-aphrodisiac by P. napi
males. In addition, data showing the presence of tryptophan in the floral
nectars may be essential for coming experiments dealing with biosynthesis
of an anti-aphrodisiac component, indole, by adult males of P. rapae. Results showing the amino acid composition of A. petiolata were omitted in the
final manuscript but may be used for future publications. Figure 8 shows
amino acid composition of the nectar of A. petiolata as well as a product ion
scan of tryptophan showing its fragmentation pattern.

Figure 8. LC/MS/MS MRM chromatograms reveal the occurrence of phenylalanine
and tryptophan in the nectar of Alliaria petiolata (upper). Product ion scan showing
the fragmentation of tryptophan derivatized with C4-NA-NHS (below).

3.4

Paper IV

Paper IV reports for the first time the occurrence of proteinaceous aerosols in the Arctic atmosphere. It was expected that the amount of amino acids in the Arctic would be very low, at the pmol m-3 level based on previous
studies performed in polar regions69,122, and at the same time the sample volumes available were limited. For that reason, and since the structures of peptides and proteins in the samples were expected to be highly diverse, it was
decided to hydrolyse the samples in order to obtain and quantify amino ac25

ids, both as individual and total, the latter referring to the sum of free amino
acids and polyamino acids.
Derivatization with C4-NA-NHS was applied to study and quantify amino acids in Arctic aerosols. The recovery of amino acids from the hydrolysis
was assessed by using human SA as model protein, which showed that the
main part of the protein was hydrolysed into free amino acids (cf. Electronic
Supplementary Material in Paper IV). However, this is an estimation and
not exact since the identities and properties of the proteins and peptides in
the real samples were unknown.
Labelled internal standards were used to compensate for possible losses during the sample treatment. One of the main achievements was that the C18UHPLC separation was accomplished within only 11 minutes. In addition,
LODs achieved were similar to previous studies, but a high specificity was
derived from the MS fragmentation, improving both the detectability and the
identification of individual amino acids. The MS fragmentation pattern is
shown in Figure 9. The availability of both tag-specific and amino acidspecific fragments is highly advantageous for a confident determination of
the very low levels occurring in highly complex Arctic aerosol samples. In
brief, an accurate, specific and fast analytical methodology was then developed, sufficiently sensitive for fingerprinting of the amino acids in sizeresolved fractions. It was possible to detect amino acids at levels of pmol
m-3, which should be useful for further studies of amino acids, proteins and
peptides, and their roles in atmospheric chemistry and cloud formation.
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Figure 9. Example of fragmentation of amino acids derivatized with C 4-NA-NHS.
Glycine, showing the pattern observed for most amino acids, with loss of acid molecule (191 m/z) and break of the amide bond with the tag, together with loss of the
alkyl chain (106 m/z). Lysine (with two tag molecules) shows a different bond
break, loss of the alkyl chain in one of the tags (207 m/z).

Results in Paper IV suggest that profiling of amino acids, together with
calculated 5- to 10-day backward trajectories of the air masses reaching the
sample station, can be a useful tool in assessing the source of biogenic material in aerosols. For instance, fine particles below an equivalent aerodynamic
diameter (EAD) of 2µm, that had spent most of the time in the free troposphere before collection, were shown to contain mostly less reactive amino
acids, such as glycine. This is indicative of anthropogenic sources, for example residential heating. On the other hand, coarse particles
(2µm<EAD<10µm), which have shorter lifetimes due to deposition and had
spent most of the time below 500 m above sea level (boundary level), were
shown to contain significant levels of the more reactive amino acids leucine,
isoleucine and threonine. The latter result points towards a local marine
origin in closer proximity to the Arctic sampling station. Altogether, the
occurrence of proteinaceous aerosols in Arctic clouds may be of significant
importance for the radiative balance. How that affects the climate in a long
perspective needs to be investigated in the future.
3.5

Paper V

To broaden the applicability of protein adduct measurements the methodologies for the analysis of biological samples need to be further improved
with regard to sensitivity and selectivity. Particularly adducts from reactive
metabolites of PAHs have been shown to be a challenge in MS analyses103.
In this regard, it has been shown that adducts to human SA from in vitro
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alkylation with BPDEs are produced mainly with His (70% of the total adducts), while for Hb only 10% are His adducts, and thus the measurement of
BPDE-bound His in SA is preferred for studies of in vivo doses of BPDE123.
In this thesis the method for determination of adducts to SA from BPDE
was further developed. The use of HRMS in our work yielded highly accurate m/z values and both more confident identification and lower LODs as a
consequence of strong m/z filtering. In addition, the use of MS/MS to generate specific diagnostic ions also contributes to a confident identification of
the studied adducts (cf. section 1.6). A F5 analytical column was used in the
final method after comparison with a C18 column for the retention of isomeric BPDE adducts to His (measured as BPDE-His-Pro) and Lys in SA (Paper
V). F5 columns have previously been used to separate isomers of aromatic
compounds124,125. It was thought that F5 could significantly improve the retention of the analytes due to the synergistic effect from several retention
mechanisms: 1) dispersive forces 2) aromatic π-π interaction with PAHs
influenced by the fluorine substituents on the phenyl ring; 3) electrostatic
forces, due to the fluorine substituents; 4) steric interaction, via shape-fitting
into the stationary phase; and 5) hydrogen bonding with the electronegative
fluorine substituents. Because of the characteristics of the BPDE adducts,
space selectivity may have the largest impact in resolving the different isomers, although all mechanisms will be present to some degree.
LODs obtained in Paper V were at the level of attomole mg-1 SA level
(15 to 30 attomoles injected on column) for His adducts from (+)-antiBPDE, (-)-anti-BPDE and (+/-)-syn-BPDE isomers. For (+/-)-anti-BPDE
isomers, these levels are nearly two orders of magnitude lower compared to
previous publications where measurements were done using triple quadrupole MS/MS104. This significant decrease in LOD is most likely due to an
improved selectivity, achieved by the combination of SPE (C18) clean-up
with the selectivity of the F5 column, and the use of Orbitrap HRMS, which
led to chromatograms with very low level of interferences. The F5 column
allowed for complete separation of all the studied isomers of BPDE bound to
both Lys and His, with the exception of (+)syn- and (-)-syn His-adducts. It
should be noted that (+)-anti-BPDE is the enantiomer with higher carcinogenic activity126 and therefore the main interest of the analysis was to distinguish this isomer from the rest. Paper V also shows the detection and identification of adducts in benzo[a]pyrene-exposed mice, as well as in one of the
twelve investigated human samples. While adducts from (+/-)-syn and (+/-)anti isomers were detected in all mice samples, only (+)-anti-BPDE and (-)anti-BPDE adducts were detected in the human sample.
In this context, it can be of interest to indicate the structures of all possible stereoisomers of BPDE-His adducts in SA. Briefly, benzo[a]pyrene is
transformed by cytochrome P450 and epoxide hydrolase into (+)-anti-BPDE
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and (−)-anti-BPDE, as well as the corresponding syn-BPDE isomers126,127.
These reactive epoxides can covalently bind to the Nτ amino group of histidine, as previously characterized128, leading to trans- and cis- epoxide ring
opening. In sum, eight possible stereoisomers may occur as a consequence of
this covalent binding between C10 of BPDE and Nτ of His as shown in Figure 10.

Figure 10. Structures of BPDE-His-Pro stereoisomers, from covalent
binding between C10 of BPDE and Nτ of His by ring opening of the epoxides.
The total level of His adducts in the human sample was around 1 in 108
molecules of SA. If exposure to common everyday sources, such as benzo[a]pyrene in polluted air and diet, is going to be studied, LODs most likely
need to be further improved. One possibility to investigate, in order to reach
lower LODs, is a more selective SPE clean-up and enrichment. Another
option is to increase the sensitivity in ESI by applying lower flow rates, such
as when using a nanospray interface
.
The effect on the ESI signal intensities from derivatization of BPDE adducts with the permanently positive charged C4-NA-NHS tag was investigated (not included in Paper V). One interesting observation was the presence
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of doubly charged adducts, unlike when tagging His alone without BPDE
bound (cf. Papers III and IV). The overall signal intensities were, however,
not improved by the derivatization, probably because of the already hydrophobic characteristics of the BPDE adduct. Also, it was found that the derivatization was not fully completed, probably slowed down due to steric hindrance from the bulky BPDE moiety. This might be solved by optimization
of the derivatization conditions, but this was not further tested. It was therefore chosen to proceed with the analyses without derivatization. Figure 11
shows chromatograms indicating the presence of a double charged species of
C4-NA-NHS-derivatized BPDE-His-Pro.

Figure 11. Extracted-ion current chromatograms of BPDE-His-Pro derivatized with C4-NA-NHS. The presence of an ion at m/z 358.66 (lower), corresponding to the [M++H]2+ ion, indicates that M+ ion (upper) is not the only
form present at the ESI source.
Another experiment on C4-NA-NHS-tagged BPDE adducts (not included
in Paper V) was a test of different solid-phase extraction (SPE) methods.
One finding that should be further explored was the high efficiency of a
mixed-mode stationary phase with both hydrophobic and weak cationexchanging (WCX) components. Most likely, the permanent positive charge
supplied by the tag in addition to the hydrophobic BPDE moiety strengthens
the chromatographic interaction with the stationary phase (Figure 12).
Compared to C18 SPE, the results obtained with this mixed-mode WCX provided a chromatogram of the tagged adducts with a significantly lower noise
(Figure 13).
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Figure 12. Combination of interactions between the SPE stationary phase (mixedmode WXC) and Lys-BPDE derivatized with C4-NA-NHS: dispersive forces between benzene structures of the solid phase and the BPDE moiety, and ionic interaction between carboxylate groups and the quaternary amine of the tag.

Figure 13. Extracted-ion current chromatograms from MS analysis of BPDE-Lys
derivatized with C4-NA-NHS, after SPE clean-up on C18 (upper) and mixed-mode
WCX (below).
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4. Summary and conclusions
This thesis encompasses the study of amino acids in different forms and
various environments. The main goal of this thesis was to achieve high selectivity and low limits of detection in the measurements of amino acids in
studied environmental and biological samples. For that reason, chromatographic separation and MS were used in this thesis to achieve as accurate
determination of these small biomolecules as possible, with regards to unequivocal identification and detection at very low levels. A broader view,
such as is presented in this thesis, regarding the analytical development for a
specific compound class (such as amino acids in this work) is not common
practice nowadays. Most scientists rather tend to focus their interest on applied research within a certain field. However, many applications would
benefit from improved analytical methods to overcome common limitations,
such as when the concentrations of the target analytes are close to the detection limit and the available sample volumes/amounts at the same time are
small. Obtaining larger volumes of sampling material maybe impossible or
at least laborious, such as when expeditions to the Arctic or other remote
regions are needed, or there is a limitation of samples accessible from animal
experiments.
The methodologies described here include sample pre-treatment, HPLC
separations as well as MS detection. Besides low detection limits, another
important goal was to obtain as fast analytical methods as possible, that
could be of interest in the measurement of amino acids in large sample series. In this context, short chromatographic runs and fast clean-up strategies
are preferred. A schematic view of the analytical workflow performed in this
thesis is shown in Figure 14.
A large part of the thesis describes the use of derivatization in order to
achieve improved chromatographic separation and ESI sensitivity, especially
for the most polar amino acids. A chiral reagent, FLEC, was successfully
used for enantiomeric resolution of BMAA by chromatographic reversedphase LC separation of the formed diastereomers, thereby resolving a hitherto overlooked problem. The C4-NA-NHS tag was used for identification of
both BMAA and the proteinogenic amino acids described in Paper I and III,
respectively, as well as for the quantification of proteinogenic amino acids
occurring in pmol m-3 levels in Arctic aerosols described in Paper IV. This
tag was previously developed by Yang et al.118 and we extended its use for
confident identification of analytes based on unique MS/MS fragments. This
has allowed the detection of BMAA which otherwise would have been undetected by conventional methods and provide information on how BMAA is
distributed in organisms ingesting the toxin (in our case in blue mussels).
Use of this tag was also an advantage in handling of a limited and difficult to
obtain nectar sample, extracted from flowers under a microscope, without
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need for pre-treatment. In order to obtain as high accuracy as possible in the
quantification of the Arctic aerosols, deuterated amino acids were used as
internal standards (Paper IV). The fragmentation pathways of C4-NA-NHStagged amino acid derivatives in MS/MS were studied for the first time. For
almost all derivatives loss of the carboxylic acid function was shown to be
favoured, which is not the case for BMAA, in which the cleavage of the Cβ Nγ bond is preferred. This is expected as a C-N bond is generally weaker
than a C-C bond.
The observed positive effect on the ESI signal when derivatizing with
C4-NA-NHS, is, apart from the improved separation and less of matrix effects, most likely due to the achieved permanent charge of the analytes suppressing other compounds competing for the source current. A higher MS
sensitivity was achieved (i.e. a higher ratio of ion current/injected amount)
for C4-NA-NHS-tagged BMAA compared with derivatization with AQC
(Paper I). A general drawback with the derivatization, on the other hand, is
the excess of reagent that can interfere with the analysis (cf. section 1.5),
especially crucial at low concentrations of the analytes. To avoid co-elution
and matrix effect on the ESI signals from the reagent an efficient LC separation is important.
Regarding the ESI-MS sensitivity for C4-NA-NHS-tagged amino acids,
lower relative response factors were observed for the derivatives of the basic
amino acids histidine and arginine. A possible explanation for this interesting phenomenon is that these analytes may carry two charges, thus decreasing their surface activity and impeding ion desorption from the electrospray
droplets. However, when histidine is attached to a large hydrophobic molecule, such as BPDE, the behaviour is different, making it possible to detect
tagged BPDE-His-Pro with two charges (unpublished result, cf. section 3.5
Paper V).
Derivatization of amino acids for analytical purposes, as described above,
is chemically not so different from natural chemical reactions that in turn
make amino acids natural markers of exposure to xenobiotics or exogenous
electrophiles. We developed a strategy to detect trace levels of BPDE-His
adducts (detected as BPDE-His-Pro) and BPDE-Lys in SA with isomeric
resolution. This allowed for detection in mice and human blood samples
which if further developed has large potential for the assessment of in vivo
doses and metabolism of target PAHs and characterization of PAH exposure-profiles relevant to health.
The challenges addressed during the development of this thesis can be
summarized as follows: 1) the evaluation and optimization of effective, but
not too harsh, methods for protein hydrolysis, preventing losses of amino
acids and preventing racemization while at the same time releasing them
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from the matrix (Paper II); 2) the limited sample amounts; 3) obtaining fast
and at the same time efficient chromatographic separations; 4) the determination of amino acids in Arctic aerosols at pmol m-3 levels, which required
careful considerations regarding possible contaminations in the lab requiring
work under ultra-clean conditions (Paper IV); 5) the very low levels of adducts to SA (attomol mg-1 SA) also requiring efficient clean-up procedures
and careful considerations regarding contamination and artefacts arising
from sample workup (Paper V).
In conclusion, improved analytical methodologies for the determination
of amino acids have been established to help answer some important questions regarding chemical ecology, climate research, environmental science,
and toxicology.
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Figure 14. Schematic view of the analytical workflow in this work. NPAA = non-protein amino acid; FAA = free amino acids; TAA =
total amino acids; BPDE-AA = BPDE adducts to His-Pro and Lys; estimated levels of BMAA in blue mussel are based on LOD; Levels
of FAA in nectar are taken from Gardener et al.64; levels of BPDE adducts refer to (+)-anti-His-Pro detected in mice and human SA.

5. Future work
There are many challenges in the measurements of amino acids in complex matrices. Some further developments are suggested below:


The enantiomeric composition of BMAA should be further explored in a
wider range of samples, including cyanobacteria, as well as commercial
food from different regions.



The quantification of the extremely low levels of amino acids in the
Arctic aerosols could possibly benefit from the use of HRMS/MS and is
worthwhile to test, even though the triple-quadrupole MS used exhibited
a very high sensitivity in MS/MS (MRM) mode.



For a more accurate quantification of BPDE adducts in SA labelled internal standards (deuterated or 13C analogues) should be used, even
though they are costly.



It would be highly interesting to apply the developed analytical method
for BPDE adducts to investigate any differences in the levels between
humans, primarily with and without occupational exposure to PAHs.
Such studies could be valuable for risk assessment.



Optimization of the yield, stability of formed derivatives and the presence of other charged species in the C4-NA-NHS derivatisation procedure should be further explored. Also, the selective SPE mixed-mode
weak ion exchanger could be employed to further reduce the chemical
interferences in the complex samples.



The effect of using nanospray on the MS sensitivity for BPDE adducts
should be investigated. The lower flow rate in nanospray leads to smaller
droplets in the ESI process and should lead to more efficient ionisation
and in desorption.
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