1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2016 December 01.

-, HHS Public Access
«

Published in final edited form as:
Free Radic Biol Med. 2015 December ; 89: 220-228. doi:10.1016/j.freeradbiomed.2015.08.003.

Tripping Up Trp: Modification of Protein Tryptophan Residues
by Reactive Oxygen Species, Modes of Detection, and Biological
Consequences

Marilyn Ehrenshaft®”, Leesa J. Deterding®, and Ronald P. Mason@

ammunity, Inflammation and Disease Laboratory, National Institute of Environmental Health
Sciences, NIH, Research Triangle Park, NC 27709, USA

bEpigenetics and Stem Cell Biology Laboratory, National Institute of Environmental Health
Sciences, NIH, Research Triangle Park, NC 27709, USA

Abstract

Proteins comprise a majority of the dry weight of a cell, rendering them a major target for
oxidative modification. Oxidation of proteins can result in significant alterations in protein
molecular mass such as breakage of the polypeptide backbone, and/or polymerization of
monomers into dimers, multimers and sometimes into insoluble aggregates. Protein oxidation can
also result in structural changes to amino acid residue side chains, conversions which have only a
modest effect on protein size but can have widespread consequences for protein function. There
are a wide range of rate constants for amino acid reactivity, with cysteine, methionine, tyrosine,
phenylalanine and tryptophan having the highest rate constants with commonly encountered
biological oxidants. Free tryptophan and tryptophan protein residues react at a diffusion limited
rate with hydroxyl radical, and also have high rate constants for reactions with singlet oxygen and
ozone. Although oxidation of proteins in general and tryptophan residues specifically can have
effects detrimental to the health of cells and organisms, some modifications are neutral while
others contribute to the function of the protein in question or may act as a signal that damaged
proteins need to be replaced. This review provides a brief overview of the chemical mechanisms
by which tryptophan residues become oxidized, presents both the strengths and weaknesses of
some of the techniques used to detect these oxidative interactions and discusses selected examples
of the biological consequences of tryptophan oxidation in proteins from animals, plants and
microbes.

1. Introduction

Half or more of the total dry mass of a cell comprises proteins, making them a major target
for oxidative modification and damage [1, 2]. Protein oxidation can result in fragmentation
due to cleavage of the polypeptide backbone, aggregation by cross-linking of amino acid
residues, and modification of the molecular structure of amino acid residues [1, 2].
Depending on the specific protein and/or the specific site(s) of oxidation, these oxidative
changes have variable effects on protein function, stability, and the capacity for non-
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functional proteins to be cleared from the cell. There is a strong bias in non-scientific reports
and publications towards equating oxidation with detrimental health effects, and some of the
same tendency to conflate oxidation with negative consequences is also prominent in the
scientific literature. In actuality, however, the biological outcomes of protein oxidation and
their amino acids components vary from necessary for normal physiological function, to
neutral in effect, to highly deleterious. It is also possible that within a single protein,
oxidative alteration of multiple amino acid residues can have dissimilar functional results for
the protein.

Tryptophan (Trp) is one of the amino acids most susceptible to oxidation, reacting with
hydroxyl radicals at a diffusion limited rate [2] and with both singlet oxygen (105) and
ozone at significant rates under physiological conditions [1, 3]. Tryptophan, unlike other
amino acids, reacts with 10, via both a physical and chemical route, with rate constants of
ca. 2-7 x 10’ ML sec™L and 3 x 107 M~1 sec™1, respectively [1]. Reaction of Trp with
ozone has been reported to occur at 7 x 106 M~1 sec™1 [4]. Most documented instances of
Trp oxidation result in the production of Trp derivatives. Recent research with human SOD1
(hSOD1), however, has determined that Trp radicals can dimerize to form new
intermolecular bonds between hSOD1 monomers [5].

A number of reviews covering protein oxidation [1, 2, 6, 7] examine the range of amino acid
residue modifications resulting from interactions with oxygen-centered radicals and singlet
oxygen. Other recent reviews cover Trp residue modifications engendered by reactive
nitrogen species [8-10]. The classical review by Saito et al. [11] describes the chemistry that
occurs during photooxidation of free Trp. The aim, however, of this review, is not to focus
on the chemistry of free Trp and Trp residue oxidation. We intend, instead, to provide
examples describing the biological consequences of Trp residue oxidation in order to
illustrate the divergent effects, both documented and hypothesized, on the function of
specific proteins that undergo Trp residue oxidation by reactive oxygen species. To that end
we briefly examine how reactive oxygen species react with Trp to form specific products
and also discuss the strengths and weaknesses of the various methods and technologies that
are used to study proteins containing oxidized Trp residues. Lastly, we discuss Trp oxidation
in the context of how residue oxidation affects the protein as a whole and its function in
normal physiology (Table 1).

2. Tryptophan oxidation; mechanisms and products

Tryptophan and Trp residues interact with radicals, ozone and 105, and these oxidations can
result in the formation of a mix of various intermediates and end-products both with and
without intact indole rings (Fig. 1). The tryptophan radical can react with superoxide or
molecular oxygen to form tryptophan hydroperoxide, which can then rearrange into N-
formylkynurenine (NFK) and kynurenine [1, 12]. Direct reactions between Trp and 10, or
ozone can also lead to the formation of the indole-cleaved products NFK and kynurenine

[1].

Plowman et al. [13] synthesized a small Trp-containing peptide (LLWLR) with the goal of
identifying molecular markers that could be used to distinguish 10,-mediated Trp residue
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oxidation products from those of the hydroxyl radical. Fenton chemistry was used to
generate the hydroxyl radical, while 10, was generated by visible light irradiation in the
presence of the photosensitizer rose bengal. MS/MS (mass spectrometry) analysis
comparing reaction products to those of untreated controls detected that
hydroxyformylkynurenine and hydroxytryptophan were formed in the 10,- and hydroxyl-
radical-exposed peptides, respectively.

Amino acids that react at a biologically relevant rate with 10, are methionine, cysteine,
tyrosine, histidine and Trp, and these have reaction rate constants of approximately 1-7 x
10" M~1 sec™1 [1]. To more clearly comprehend how Trp reacts with 10, as an amino acid
residue within a protein, Jensen et al. [14] measured rate constants for the reaction of Trp
with 10, using 5 proteins, each with a single Trp residue. 10, was generated using visible
light and an aqueous photosensitizer that did not bind to any of the proteins. The reaction
rate constants of the proteins with solvent-exposed or partially exposed Trp residues did not
vary much from that of free Trp. The constants for the two proteins with buried Trp
residues, however, were not only much lower than that of free Trp but more than an order of
magnitude different from each other. This suggests that while solvent exposure of Trp
residues plays a major role in susceptibility to 10, oxidation, the local environment also
contributes extensively.

Both NFK and kynurenine have been characterized as common degradation products of the
reaction of Trp and Trp residue interaction with 10, [1]. The pathway through which NFK is
produced is believed to be through either the formation of a dioxetane across the C2-C3
double bond or through a hydroperoxide at C3, which decomposes by cleavage of the C2-C3
bond to yield NFK. Alternatively, a multi-step process of ring closure followed by
subsequent decomposition can also yield NFK [1, 6, 15]. Because tryptophan
hydroperoxides are relatively unstable under physiological conditions [15], interactions
between 10, and Trp lead to a mixture of end-products including hydrotryptophans,
kynurenines, and NFK, with the relative amounts of each varying from protein to protein [2,
15, 16]. Ronsein et al. [17] characterized the photooxidation chemistry of free Trp using
labeled hydroperoxides, HPLC/mass spectrometry and NMR. This work showed that the
initial products of the reaction between 10, and Trp are a mixture of transand cis
hydroperoxides and that the two oxygen molecules of NFK derive from these
hydroperoxides.

Because of the difficulties inherent in analyzing oxidation products of large heterogeneous
molecules such as proteins, work done on amino acid chemical interactions tends to rely on
information gleaned from reactions of free amino acids that is then applied to the
corresponding amino acid residues within proteins. Furthermore, studies of Trp oxidation
can be complicated by the presence of dual targets for hydroxyl radical attack. Both
experimental [18] and computational data [19] demonstrate that the mixture of products that
can potentially result from hydroxyl radical attack on Trp can be explained by interactions
with both the aromatic and pyrrole rings. The hydroxy! radical attacks not only the aromatic
center of the aromatic ring, but also the 2 and 3 positions of the pyrrole ring, and while
attack upon the aromatic ring produces hydroxyl derivatives, attack upon the pyrrole tends
to promote formation of oxindolyalamines, NFK and kynurenine [18, 19].
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3. Detection methods

An optimal, completely informative study of biological tryptophan oxidation would include
identification of the oxidant or modifying species, elucidation of the step by step mechanism
by which the modification occurs, yield analysis of the end-products, and an understanding
of the physical consequences to the structure of the protein and how transformation of Trp
residues impacts protein biological function. While there are a number of techniques used to
study Trp interactions with reactive oxygen species, there is no single technique that can be
used to illuminate the entire story. Additionally, all techniques have inherent strengths and
weaknesses, and all experimental questions can pose idiosyncratic challenges, and, if we are
fortunate, provide unique points of view as well.

Direct, real-time detection of the Trp radical requires electron spin resonance (ESR) and/or
ESR spin trapping. Direct ESR is the gold standard for detection of free radicals, and is most
useful for studies of relatively stable radicals. Connor et al. [20], for example, published the
first report of an L-tryptophan radical cation detected using fast-flow ESR and acidic Ce**
as the oxidizing agent. Detection of tryptophan radical in proteins, however, is complicated
by the ability of other amino acid residues to form radicals, and the possibility that radical
transfer could occur between residues within a single molecule [21, 22] or between residues
of two individual molecules [2]. In addition, the ESR spectrum of the tryptophan radical is
very similar to that of the tyrosyl radical in proteins, and care must be taken to distinguish
between them, which can be done by careful analyses of the dihedral angles for the
methylene hydrogens attached to the carbon bound to the aromatic ring [20]. The dihedral
angles can be determined from the magnitude of the hyperfine coupling constants of the
methylene hydrogens. The hyperfine coupling constant is maximal when the methylene
hydrogen is as far from the plane of the tryptophan ring as possible, and, conversely,
approaches zero when the methylene hydrogen becomes coplanar to the tryptophan ring. If
the Trp radical containing protein has a known crystal structure, the dihedral angles of the
methylene hydrogens can identify which Trp residue was oxidized to a free radical. This
approach was first used to assign the location of the tyrosyl radical in horse myoglobin [23].
To our knowledge, however, this approach has not been used to determine the location of
Trp protein radicals, perhaps because the assignment of specific Trp radicals becomes
increasingly difficult as the number of residues increases, unless the dihedral angles of the
tryptophan radical are unique.

Other work using direct ESR detected a radical of unknown origin from the reaction of horse
myoglobin with hydrogen peroxide [24]. This radical, which oxidized GSH, styrene, and
arachidonic acid, was identified as a peroxyl radical from its g tensor and the 17O hyperfine
coupling constants obtained by reacting molecular oxygen isotopically labelled with 170.
Additional work [25] using recombinant sperm whale myoglobin 13C-labeled at the C-3
indole ring, enabled the localization of the peroxyl radical to a specific tryptophan. Site-
directed mutagenesis of Trp14 prevented peroxyl radical formation in the recombinant
protein, whereas mutagenesis of Trp7 did not, implicating Trp14 as the site for peroxyl
radical formation. Also, oxidation of tryptophan by myoglobin and hydrogen peroxide
resulted in spin trap-inhibitable oxygen consumption, consistent with the formation of a
tryptophan-derived peroxyl radical [26].
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Spin trapping extends the sensitivity of ESR radical detection by using a double bond-
containing molecule, the spin trap, which reacts with a reactive radical to produce a longer
lived radical. A study of sperm whale metmyoglobin used spin trapping to identify a Trp
radical resulting from hydrogen peroxide-mediated self-peroxidation [27]. In addition, this
same work was also able to delineate the different hydrogen peroxide concentrations that
favor either the Trp or the tyrosine radical in the self-peroxidation reaction. Low hydrogen
peroxide to protein ratios favors Trp radical formation while higher ratios are more
conducive to tyrosine radical formation. The Trp radical has been reported to be trapped by
DMPO via ESR [28] and more recently using MS/MS analysis [29].

While direct ESR and ESR spin trapping have proven highly useful in detecting and
identifying radicals in small molecules and in some purified proteins, these techniques have
only very limited applicability for detection of free radicals in cells. Additional limitations
are that not all biological oxidations of Trp are radical-mediated and that ESR requires
milligram quantities of protein, making radical studies of scarce proteins prohibitively
expensive. Finally, while ESR allows specific identification of radicals it provides no
information about end-products.

In lieu of detection and/or identification of the chemical event that oxidizes Trp residues in
proteins, many studies focus on the decrease in Trp concentration, the increase in product or
both. Tryptophan has the highest fluorescent quantum yield amongst all the amino acids,
both as a free amino acid and as a residue in proteins. This characteristic allows “before and
after” spectra to be used as evidence for Trp residue modification through oxidation [30—
33]. While fluorescence changes in free Trp are usually clearly detectable, fluorescence
measurements of intact proteins can be complicated by factors such as neighboring amino
acid residues and by protein tertiary structure. And while excitation of Trp and Trp-
containing peptides and proteins at 290 nm produces a strong emission with a peak at 350
nm, the use of fluorescence to identify the products of Trp oxidation is more problematic
because both kynurenine and NFK have lower fluorescence yields than Trp [34]. Finally, as
mentioned above (see section 2), Trp residue oxidation generally results in a mixture of
products, which makes the identification of specific fluorescence signatures more difficult.
Although fluorescence assessments can be made with relative ease, the tendency of
biological samples to have high background fluorescence coupled with the fact that the
relative position (buried vs. exposed) of Trp residues affects light absorbance and emission
confounds the usefulness of fluorescence as a quantitative tool. In most cases, however,
tracking the disappearance of Trp fluorescence subsequent to 1O, or free radical exposure
can provide useful, if not definitive, evidence of alterations in Trp residue structure [30, 35].

Difficulties that protein structure can impose on chemical and physical analyses of specific
amino acid residues such as Trp and its oxidation products can be overcome by digestion
either chemical or enzymatic. The resulting peptide fragments or component amino acid
residues can then be subjected to HPLC analysis. While chemical digestion is often more
thorough, it can also produce artifacts through oxidation, a critical concern when studying
Trp modification by radicals, 10, or other oxidative events. Because artifactual oxidation
during chemical hydrolysis has been reported with Trp and methionine residues [36], care
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must be taken to eliminate oxygen at this step, a precautionary measure which can be
somewhat problematic.

The mass spectrometry (MS) technique most commonly used for the identification of
modified residues is electrospray ionization in combination with liquid chromatography
mass spectrometry (ESI-LCMS). Typically LCMS-based proteomic workflows require the
proteins to be converted into peptides for identification and quantification. Direct
measurement of intact proteins is another analytical option. These approaches have
considerably different pros and cons that must be weighed before deciding which is optimal
for a specific course of study [37]. Because the low abundance of a modified protein in
complex protein mixtures can be a fundamental challenge for MS characterization of
protein-centered oxidation products the development of highly sensitive MS techniques is an
active area of research.

Peptides with an oxidized Trp residue generally show an increase in mass corresponding to
kynurenine, hydroxytryptophan, doubly oxidized tryptophan or a combination of these
modifications [36]. Standard LCMS/MS approaches are generally successful in identifying
sites of oxidation when proteins contain only a few modifications, however, even when
other analytical approaches confirm that an oxidation event on a protein has occurred,
LCMS analysis frequently fails to provide information about the sites of modification. One
inherent reason is the low abundance of the modified residues. Thus, to improve the
detection of low-abundance peptide adducts derived from proteolytic digests, selective
enrichment methods must be employed prior to analysis [38-41]. Challenges affecting
LCMS analyses in a bottom-up proteomic workflow stem from the wide range of peptide
and protein physicochemical properties that give rise to large differences in MS responses.
Sample handling, digestion efficiency, and separation can also impact results. As such,
relative peptide intensities might not directly reflect the relative abundances of different
proteins.

A major factor that influences LCMS-based analyses via electrospray ionization is ion
suppression [42—-44]. Possible ways to diminish ion suppression issues include changing
sample modifiers, preparation techniques, and/or chromatographic conditions. Peptide
intensity depends on the quantity of the peptide being ionized as well as on ionization
efficiency and, under some conditions, on the properties of co-eluting peptides. The use of
lower flow rates (e.g. 100 nL/min) or internal standards can help alleviate ion suppression.
Other issues in LCMS-based analyses include the separation peak capacity, the
reproducibility of the chromatography, and the mass measurement accuracy and resolving
power of the mass spectrometer. Significant technological advances such as the
development and commercialization of ultra-performance LC and high mass accuracy/
resolution mass spectrometers have substantially overcome these issues, making LCMS-
based analyses more reliable and accessible to biologists. Basically, there is no single
recognized method that fulfills every analytical need, and available options for MS-based
analyses can make it difficult for an investigator to choose the most appropriate approach to
answer specific biological questions.
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A mass spectrometric study [45] of free Trp exposed to hydroxyl radical via Fenton
chemistry analyzed the products using ES-MS and ES-MS/MS. In addition to the expected
mono- and dihydroxytryptophans and NFK, products were also identified that resulted from
the reaction of Trp with oxidized Trp, and methyl indole derivatives. A dimer resulting from
cross-linking of two Trp radicals was also detected. This same type of Trp dimer has
recently been reported to occur due to the bicarbonate-dependent peroxidase activity of
hSOD1, resulting in the production of a hSOD1 covalently linked dimeric protein [5, 46].
Domingues et al. [45] also used ES-MS to analyze products that accumulated in the presence
of the spin trap DMPO. Adducts of Trp radicals were identified as monohydroxy-tryptophan
and dihydroxy-tryptophan, and these results were confirmed with tandem mass
spectrometry.

In contrast to the highly technological and instrument-dependent methods of mass
spectrometry, the more available techniques of immunology have found utility in studies of
free radical biology and medicine through the development and application of antibodies
specific to the spin trap DMPO [47, 48] and to end-products of free radical chemistry and/or
related oxidative processes such as nitrotyrosine [49] and nitrotryptophan [50]. Because
NFK is a commonly encountered product of Trp oxidation, anti-serum specific to NFK was
developed and validated by in vitro experiments with photooxidized myoglobin, milk
proteins and cells, and with bicarbonate radical-oxidized hSOD1. This work showed that the
anti-NFK antiserum was specific to NFK and showed little and no recognition of either
kynurenine or Trp [51, 52 ].

The use of immunological techniques to detect an endogenous oxidation product has both
strengths and weaknesses. One advantage is the ability to perform studies without the
potentially interfering influence inherent in the addition of an exogenous reporter molecule.
This advantage, however, also has a potential and concomitant disadvantage in that it can be
difficult to distinguish detection of endogenous product that exists independently of the
experiment from non-specific binding of the antibody. And, as with fluorescence, NFK
detection does not provide information as to the chemistry responsible for the observed Trp
oxidation. On the other hand, a distinctive advantage in the use of antibodies is their
capacity to allow us a window into Trp oxidation in cells and tissues, thus providing
snapshots of biological post-translational oxidative modifications. Accordingly, anti-NFK
antiserum has provided the means to localize photosensitizer-mediated Trp oxidation of
proteins in organelles [51], in specific proteins such as a-crystallin and actin [53], and in
tissue of animals suffering late sepsis [54].

Another substantial advantage to the use of anti-NFK is the ability to perform relatively
“low tech” experiments such as westerns before committing time and resources to the more
complex modes of analyses such as HPLC and MS. Work with acetylcholinesterase (AChE),
the enzyme that catabolizes the neurotransmitter acetylcholine, illustrates this point. Weiner
et al. [33] determined that photooxidation of AChE with methylene blue led to loss of
enzyme activity, and they conjectured that loss of activity was due to a 10,-mediated
conversion of an active site Trp to NFK. Western analysis of the 14 Trp residue-containing
AChE did indeed show a correlation between NFK accumulation and photosensitized loss of
activity. This observation empowered the decision to pursue a detailed MS analysis that
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detected Trp to NFK oxidation in two Trp residues in the active gorge [55, 56]. In the
absence of the initial detection of NFK in the photosensitized AChE using western analysis,
it would have been less tempting to initiate and complete a full scale MS investigation due
to the potentially prohibitive presence of a total of 14 Trp residues in the intact protein.

4. Biological roles for Trp residues, effects of oxidation

Lysozyme

hSOD1

An early study looked at the role of Trp residues in the biological activity of egg white
lysozyme [57]. While limited ozone exposure caused two lysozyme Trp residues (Trp108
and Trp111) to be converted to NFK, this oxidation occurred without loss of enzymatic
activity. Continued ozonation, however, eventually resulted in complete inactivation of
lysozyme with a corresponding increase in the conversion of the remaining four Trp residues
to NFK. Subsequent work showed that bronchoalveolar lavage fluid recovered from ozone-
exposed animals had significantly decreased lysozyme activity [58], while an in vitro study
[59] determined that the ozone oxidation that converted a Trp residue in the polysaccharide
binding domain to NFK also eliminated lysozyme activity.

Amyotrophic lateral sclerosis (ALS) (also known as Lou Gehrig’s disease) is a motor neuron
disorder characterized by degeneration of neurons in the spinal cord and brain. Familial ALS
(FALS) accounts for about 2% of all ALS cases and is linked to mutations in the gene
encoding copper/zinc superoxide dismutase (hSOD1). There are more than 100 catalogued
hSOD1 gene mutations that result in a gain of function phenotype leading to decreased
protein solubility and increased protein aggregation [60]. Clinically, sporadic ALS and fALS
are indistinguishable, with several lines of evidence suggesting that aberrant hSOD1 post-
translational modifications are analogous to the genetically-encoded protein alterations
found in fALS. Protein aggregates are a histopathological hallmark associated with all cases
of ALS, and the protein aggregates found in sporadic ALS are immunoreactive with
antibodies to hSOD1 [61], suggesting that aggregation of SOD-1 is basic to ALS etiology.
Additionally, antibodies against misfolded hSOD1 provide some therapeutic protection,
extending survival in transgenic mice expressing a mutant SOD1 (G93A) [62].

Both oxidative modifications in general and specific Trp alterations have been linked to
increases in protein misfolding in numerous proteins, including hSOD1. The ability of the
sole Trp residue of hSOD1 to potentiate protein aggregation in the presence of bicarbonate
was first studied by Zhang et al. [46, 63]. These reports showed that the bicarbonate/
hydrogen peroxide-dependent peroxidase activity of hSOD1 leads to formation of protein
polymers, that the presence of the Trp residue is essential for this aggregation to occur, and
that the process is probably radical-mediated. This latter observation was confirmed by
Medinas et al. [5], who used MS to determine that an hSOD1 ditryptophan crosslink formed
via a radical-radical reaction.

In vivo evidence for a link between hSOD1 aggregation and ALS comes from analysis of
hSOD1 isolated from human and transgenic mouse blood [64] which identified Trp32
modifications in both. These modifications were found independently of whether the
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samples were prepared under aerobic or anaerobic conditions, signifying that the alterations
occurred in vivo, and not as a result of sample preparation. Experiments also compared WT
hSOD1 with G93A hSOD1 (a fALS disease-causing mutant protein) expressed in motor
neurons [64]. The G93A-expressing motor neurons died much sooner than those expressing
WT hSOD1. It is also significant that substituting a less oxidation-prone amino acid
(phenylalanine) for Trp32 in the G93A protein reduced the cell death rate to almost WT
levels, suggesting that interfering with the Trp-mediated aggregation of the protein also
decreases protein toxicity.

The aging lens, cataracts and crystallin

The human eye is comprised of a succession of transparent tissues that allow transmission of
light onto the retina, enabling vision. The cornea, at the ocular surface, contributes two
thirds of the focusing capacity and filters out all wavelengths below 295 nm while long
wavelength UVB (295-314 nm) and UVA (315-400 nm) radiation are absorbed by the adult
human lens. More than 90% of the total dry mass of the lens is made up of the crystallin
proteins, with a-crystallin representing about 35% of this total [65]. In contrast with other
proteins in other organs, the proteins of the mature human lens do not turn over, and while
new cells and new proteins are added to the lens during its lifetime, the process is one of
protein accumulation rather than replacement. The modifications and damage that occur in
the lens, therefore, also accumulate. Cataracts develop because the cumulative damage to the
lens proteins causes them to become less soluble leading to lens clouding. Despite advances
in cataract surgery, cataracts are still the leading cause of blindness in the world [66].

Studies on post-translational modifications of a-crystallin and their potential contribution to
cataract formation have chronicled a number of alterations to light-absorbing aromatic
amino acids such as tryptophan. In vitro studies with bovine a-crystallin have described Trp
oxidation products in a-crystallin photosensitized with porphyrins [67, 68] and hypericin
[53, 69], and in a-crystallin subjected to Fenton chemistry [70]. A proteomic comparison
[71] of young, aged and early stage cataract-containing lenses found several post-
translational modifications correlated with age, cataracts or both. Semi-quantitative analysis
determined that an increase in the amount of oxidized Trp residues correlated with lens
aging and cataract development, with specific Trp modifications found only in cataractous
lenses. Lens protein mass spectrometric studies have also shown that accumulation of Trp
oxidation products in human lens a-crystallin correlates with both aging and cataract [71,
72]. Analysis of post-translational modifications in lens protein from a four-year-old
congenital cataract [72] also detected oxidized Trp residues.

A further consideration in Trp oxidation to kynurenine and NFK is that these two amino acid
derivatives are both more efficient photosensitizers than their parent molecule [1]. This
becomes biologically significant due to the unique nature of the human lens and the proteins
that comprise it. The role of a-crystallin is to intercept and focus light, and because the
protein itself, damaged or otherwise, is not turned over, increasing a-crystallin kynurenine
and NFK content permanently increases the potential for photosensitized lens damage.

Although all proteins are constructed from L-amino acids, D-aspartyl residues have been
detected in proteins from metabolically inactive or inert tissue, including the lens. An
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investigation into the mechanism by which this racemization occurs revealed that is
accelerated by exposure to UVB radiation [73]. While aspartyl residues do not themselves
absorb UV radiation, a study using synthetic peptides showed that racemization of aspartyl
residues was contingent upon their proximity to and position relative to photooxidizable Trp
residues [74]. This suggests the likelihood that oxidation of Trp residues can not only result
in alteration of the Trp residue itself, but may also potentiate permanent transformations in
protein content and structure at other residues less prone to oxidation.

Apolipoproteins

Each particle of low density lipoprotein (LDL) contains a single molecule of apolipoprotein
B-100 (apoB-100). This large (ca. 550 kDa.) protein contains a highly hydrophilic domain at
the N-terminus in addition to several other hydrophobic segments in the remainder of the
molecule. ApoB-100 plays a key role in LDL recognition and binding to the LDL receptor
found at the surface of the majority of human cells. Binding of LDL to the receptor is
followed by degradation of the lipoprotein and release of cholesterol into the cell.
Alterations to apoB-100, such as those produced by oxidation, can result in a complete loss
of or a decrease in receptor affinity, and oxidatively modified LDL is considered a risk
factor in atherosclerosis [75].

Early research showed that incubation of LDL with Cu2* resulted in oxidized LDL with
properties similar to that of LDL from cells [76]. Several subsequent studies using Cu2*
oxidation as a model have detected oxidation of Trp residues to various derivatives [68-70].
Giepauf et al. [77] used HPLC to analyze Cu?*-oxidized LDL following delipidation and
pronase digestion, and detected a loss of Trp-specific fluorescence with a corresponding
increase in fluorescence consistent with NFK. In another study that used LCMS, Cu?*
oxidation of LDL was seen to convert Trp residues to kynurenine [78]. Work by Batthyany
et al. [79] using both LDL and apoB-100 purified from LDL showed that the purified
protein itself was capable of copper reduction and comprises one of the elements of LDL
responsible for this reduction. This study also used EPR spin trapping to show that a
spectrum consistent with a tryptophanyl radical could be detected from the aqueous, protein-
containing portion of LDL incubated with Cu2*, and that this spectrum matched that of
purified, lipid-independent apoB-100 incubated with Cu2* [79]. Interestingly, Borén et al.
[80] reported that a mutation in the apoB-100 gene resulting in a Trp4369 to Tyr4369
substitution results in defective receptor binding of LDL, suggesting that oxidation of
apoB-100 Trp residues could have far-reaching effects on the biology of LDL, and
subsequently on the pathogenesis of atherosclerosis.

Myeloperoxidase (MPO) is a component of circulating immune system cells such as
polymorphic neutrophil granulocytes and monocytes, and MPO-deficient humans and
animal show increased susceptibility to yeast and fungal infections [81]. MPO has also been
observed in human atherosclerotic tissue [82] with products of MPO catalyzed reactions
being observed in all stages of atherosclerosis [83]. Because oxidation of LDLs is believed
to be an early event in development of atherosclerotic lesions, a number of studies [84-87]
have focused on the effects of myeloperoxidase-derived (MPO) oxidants on modifications of
apoB-100.
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The hypochlorous acid (HOCI) produced by MPO reacts with LDL in a concentration
dependent manner [88], and oxidizes apoB-100 Trp amino acid residues, which can be
detected by decreases in Trp residue fluorescence [84, 87, 88]. Exposure of LDL to HOCI
converts it into a high-up take form that results in the accumulation of lipids within cells
[87], suggesting that MPO-mediated apoB-100 Trp residue oxidation plays an important role
in the development of atherosclerotic lesions [85]. Additionally, MPO polymorphisms
resulting in MPO deficiency or loss of function have been associated with decreased
coronary disease [81].

Apolipoprotein A-1 (apoA-1), the major protein component of high density lipoprotein
(HDL), is also a target for MPO-catalyzed oxidation [86, 89, 90], and this oxidation is also
believed to contribute to development of atherosclerotic lesions [85]. Fluorescence analysis
indicated that HOCI oxidizes HDL more rapidly than LDL while a mass spectroscopy study
[90] showed that HOCI oxidized all four apoA-1 Trp residues to hydroxytryptophan and
dihydroxytryptophan, although to different extents. Hadfield et al. [89] exposed lipid-free
apoA-1 and apoA-1-containing reconstituted high-density lipoprotein (rHDLs) to HOCL and
to hypothiocyanous acid (HOSCN), another major MPO-derived oxidant, and both oxidized
apoA-1 Trp residues. And, while oxidation with either HOCI or HOSCN decreased the
cholesterol efflux capacity of apoA-1, only HOCI increased the inflammatory properties of
rHDLs containing apoA-1.

Photosynthesis

The plant photosynthetic apparatus is a membrane-bound, multicomponent assembly of
molecules composed of two photosystems (PSI and PSII), each of which contains multiple
polypeptides. The photosystems also contain chlorophylls as well as ancillary light-
harvesting pigments that enable the plant to convert light into chemical energy [91].
Intensive research over many years has focused on the goal of increasing photosynthetic
efficiency. The combined structural and functional complexity of the photosynthetic
apparatus, however, has proved a hindrance to a more thorough understanding of how the
components interact. While numerous post-translational modifications to structural,
enzymatic and regulatory protein subunits have been described, the role/result of these
modifications is not always well understood.

In the gathering of light energy, the plant photosynthetic machinery is continuously faced
with conditions that generate both radical and non-radical oxidative species [92]. Leakage
from the electron transport chains in both photosystems | and 11, especially under high light
conditions, can result in the production of 105, H,0, and hydroxyl radical. While the
potential for damage to its biomolecular components is intrinsic to the process of
photosynthesis, an equally intrinsic system for both sensing damage and initiating repair is
also present. One aspect of the sensing and repair mechanism seems to rely on the oxidation
of Trp residues to NFK in core proteins of PSII, a reaction occurring readily in the presence
of 10,. In PSII, increasing oxidation of Trp365 to NFK in the CP43 subunit correlates with
increasing light stress and increasing photoinhibition in thylakoid membranes [91, 93].
While a small increase in ionic strength results in a decrease in NFK365 and leads instead to
a Trp to NFK conversion in a different intrinsic polypeptide (D1), both the CP43 and the D1
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Trp oxidations to NFK appear to be linked to D1 degradation and subsequent replacement of
the damaged D1 proteins. [91]. Because D1 protein degradation and replacement is a key
step in photosynthetic recovery from high light stress Kasson et al. [91] have proposed that
Trp to NFK oxidation is a key signal for photosynthetic damage repair through protein
turnover.

Studies on Trp residue oxidation in proteins focus almost exclusively on those modifications
resulting in loss or diminution of protein function. In contrast, a unique gain of biological
function requiring Trp residue oxidation has been described in the methane-oxidizing
bacterium Methylococcus capsulatus [94]. Methane-oxidizing bacteria, such as M.
capsulatus, use a methane monooxygenase to catalyze the oxidation of methane to methanol
as their first step in energy production, and use copper for both catalytic activity and
regulation of this enzyme.

During copper-limited growth, M. capsulatus secretes large amounts of the copper-binding
protein MopE. When the crystal structure of this protein was determined it was found to
contain a single, partially buried copper ion located in a pocket surrounded by two histidine
residues and what was, in the primary sequence, predicted to be a Trp residue. The
involvement of the Trp residue in copper binding was unexpected because the indole side
chain had not previously been reported to coordinate metal ions in enzymes. Electron
density maps and other data, however, suggested that the Trp residue had been oxidized to
kynurenine, a supposition subsequently confirmed by mass spectrometry. Furthermore,
expression of MopE in Escherichia coli produces a protein which cannot bind copper
because the Trp remains unoxidized. Subsequent work [95] with another methanotrophic
bacterium, Methylomicrobium album, described a protein with a copper binding site
homologous to that of MopE, and with a comparable Trp to kynurenine oxidation.

5. Concluding remarks

Free amino acids, as well as protein and peptide amino acid residues can be oxidized by a
number of reactive species such as ozone, 10, and free radicals. These modifications alter
the chemical nature of the amino acid and have the potential to also alter the structure of the
protein in which they are contained. The amino acids and amino acid residues most
susceptible to oxidation include methionine, histidine, cysteine, tyrosine and Trp. While
most reactions with Trp involve chemical alteration to the amino acid itself that lead to
deleterious alterations in protein function, there are also reports of Trp dimerization
(hSODL1), Trp residue photosensitization in a-crystallin leading to racemization of a non-UV
absorbing amino acid, and Trp oxidation leading to a gain of function (MopE). There is also
work that strongly suggests that Trp oxidation in plants serves as a signal that protein
turnover is needed to ensure proper function of the photosynthetic machinery. As the
number of detection methods increases and they become more sensitive, it is likely there
will be further reports of how Trp residue oxidations impact biology and human health.
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Abbreviations

Trp Tryptophan

NFK N-formylkynurenine

ESR electron spin resonance

AChE acetylcholinesterase

LDL low density lipoprotein

apoB-100 apolipoprotein B-100

apoA-1 apolipoprotein A-1

HDL high density lipoproteins

1o, singlet oxygen

hSOD1 human SOD1

ALS amyotrophic lateral sclerosis

MS mass spectrometry

MPO myeloperoxidase

HOCI hypochlorous acid

HOSCN hypothiocyanous acid

PSII photosystem Il
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Tryptophan peroxyl radical
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Oxidation of tryptophan to N-formylkynurenine (NFK) and kynurenine. Modified from

GiepSauf et al. (59). Originally published in FRBM 46:1260-66,2009 (33).
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Table 1

Biological consequence(s) of Trp oxidation in selected proteins
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Protein Oxidant M odification Biological Consequence Refs
Lysozyme Ozone Trps 108 & 111 to NFK No change [57]
Lysozyme Ozone Trp62 to NFK Loss of activity [59]
hSOD1 Bicarbonate radical Intermolecular Trp32 dimerization ~ Protein polymerization/ [5,46,63,64]
aggregation, potential link to
ALS
a-crystallin Singlet oxygen Trp to NFK, hydroxytryptophans,  Darkening of lens, potential link [53, 67-72]
(porphyrins, kynurenine to cataractogenesis
hypericin, Fenton
chemistry), lens aging
(unknown oxidant)
Apolipoprotein B-100 Hypochlorous acid Trp to kynurenine Modification of LDL into high- [87]
uptake form
Apolipoprotein A-1 Hypochlorous acid Trp to hydroxytryptophan and Modification of HDL that [88,89]
dihydroxytryptophan decreases cholesterol efflux
capacity
D1 Singlet oxygen Trp to NFK Photoinhibition of photosynthesis  [91-93]
CP43 Singlet oxygen Trp to NFK Photoinhibition of photosynthesis  [91-93]
MopE (Methylococcus capsulatus)  Unknown/Endogenous — Trp130 to kynurenine, Gain of copper binding function [94]
CorA (Methylomicrobium album Unknown/Endogenous  Trp62 to kynurenine Gain of copper binding function [95]

BG8)

Free Radic Biol Med. Author manuscript; available in PMC 2016 December 01.



