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Introduction
Reactive nitrogen species (RNS) are formed in a wide array of diseases, including
Alzheimer’s disease, atherosclerosis, and stroke [1]. In these settings, there is robust
production of both nitric oxide (NO) and superoxide (O2

−), which combine in a near
diffusion-rate limited reaction to form peroxynitrite (ONOO−) [2]. In turn, ONOO− has the
ability to modify a variety of amino acids on proteins, including oxidation of sulfur-
containing amino acids (Cys and Met) and nitration of aromatic amino acids (Tyr, Trp, Phe
and His), often resulting in modulation of the modified protein’s function [3].

To date, the vast majority of research on RNS-derived protein modifications has focused on
the nitration of Tyr residues to form 3-nitrotyrosine (3-NT). However, there is growing
evidence that another nitrated amino acid, nitrotryptophan (NO2-Trp), may also play a
significant role in the cellular regulation during nitrosative stress (reviewed previously, see
[4]). The goal of this review is to describe our current knowledge regarding the frequency
and consequences of Trp nitration in order to enhance our understanding of the full impact
of RNS in health and disease.

Modification of Free Tryptophan by Reactive Nitrogen Species
In order to understand how NO2-Trp is formed, it is useful to compare it with what is
already known about the formation of 3-NT. For example, in the case of in vitro 3-NT
formation by ONOO−, it has been shown that ONOO− does not directly react with Tyr
residues [2]. Instead, ONOO− is rapidly protonated at neutral pH to form its conjugate acid,
peroxynitrous acid (ONOOH), which undergoes rapid decomposition to form hydroxyl
radical (OH·) and nitrogen dioxide (·NO2). Either of these radicals can abstract a hydrogen
atom from the 3-carbon of Tyr’s benzene ring to form a tyrosyl radical, which then reacts
with either ·NO2 (to form 3-nitrotyrosine), OH· (to form 3-hydroxytyrosine), or with a
second tyrosyl radical (to form 3,3-dityrosine) [2].
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Although far less is known about the reaction mechanism between ONOO− and Trp, it is
likely that a similar sequence of events occurs as that which has been reported for 3-NT
formation. Indeed, tryptophanyl radicals have been observed in response to ONOO−

treatment [5], hinting that Trp modification by ONOO− also proceeds through a radical
intermediate. However, unlike Tyr, which is only susceptible to modification at a single
carbon on its benzene ring, the indole side-chain of Trp has numerous reactive sites
including the 2-, 4-, 5-, 6-, and 7- carbons, as well as the 1- nitrogen [4]. Thus, 1-, 2-, 4-, 5-,
6- and 7-nitrotryptophan are all possible products of ONOO− reactivity with Trp, in addition
to the formation of diverse oxidation products that also proceed through a tryptophanyl
radical at one of these sites (Figure 1). In addition, the 1-nitrogen site has also been shown to
undergo nitrosation (addition of NO) in response to ONOO− treatment [6, 7]. This occurs
when ONOO− reacts with OH− to form a peroxynitrite radical (ONOO·), followed by
decomposition to NO, which then reacts with Trp [8]. Finally, unlike Tyr residues, Trp can
also react directly with ONOO−, which likely results in additional oxidation products.

As evidenced by the myriad of possible nitration and oxidation products listed in Figure 1,
Trp is clearly susceptible to a far greater array of RNS-mediated modifications than is
tyrosine. While this may add complications to the investigation of Trp nitration/oxidation, it
also presents the possibility that modification of Trp may lead to a more diverse set of
biological consequences than is possible for Tyr modification. For this reason, it is important
to recognize conditions that preferentially lead to each potential Trp modification. To do
this, we will first consider the reaction of free Trp with different nitrating species (Table 1)
followed by the modifications of protein-bound Trp in the next section (Table 2).

Since the first report that Trp fluorescence decreases in response to gaseous ·NO2 [9],
numerous groups have attempted to elucidate the precise products resulting from the
reaction of free Trp with various nitrating species, often arriving at contradictory results.
The earliest of these studies focused on the reaction of L-Trp with ONOO− and used high
performance liquid chromatography (HPLC) coupled to ultraviolet-visible light (UV-Vis)
spectrophotometry to identify the reaction products. In 1996, Padmaja et al. [10] found that
treatment of 5mM L-Trp with 0.8mM ONOO− resulted in the formation of 5-
nitrotryptophan (5-NO2-Trp; Figure 1, compound 5) and 6-nitrotryptophan (6-NO2-Trp;
Figure 1, compound 6), with 5-NO2-Trp being the major product observed at lower pH and
6-NO2-Trp the major product at neutral pH. Also in 1996, Alvarez et al. [11] reported that
the products of this same reaction were highly concentration-dependent. When ONOO−

concentrations were lower than L-Trp (0.5–5mM ONOO− to 10mM L-Trp), they found that
6-NO2-Trp was the only product formed. However, when ONOO− and L-Trp concentrations
were equal (10mM each), numerous additional products were formed, including two
unidentified NO2-Trp isomers, hydroxytryptophan (Figure 1, compound 14), and either N-
formylkynurenine (a Trp indole ring-open product; Figure 1, compound 9) or
dihydroxytryptophan (Figure 1, compound 13). On the other hand, Kato et al. [12] reported
that equimolar concentrations of ONOO− and tert-butoxycarbonyl-L-tryptophan (Boc-Trp)
only resulted in oxindole-3-alanine (Figure 1, compound 12), hydropyrroloindole (Figure 1,
compound 11), and N-formylkynurenine, with no nitration products observed. However, the
latter authors indicated that they did not attempt to identify any additional products that
eluted at later retention times than Boc-Trp during separation on their C18 column by
HPLC, which would be expected for any NO2-Trp isomers [6].

In addition to these earlier studies, two investigations have since reported on the reaction
between ONOO− and N-acetyl-L-tryptophan (N-Ac-Trp). In 2004, Sala et al. [6] found that
treatment with excess ONOO− resulted in the production of 6-NO2-Trp, 4-nitrotryptophan
(4-NO2-Trp; Figure 1, compound 4), and 7-nitrotryptophan (7-NO2-Trp; Figure 1,
compound 7), plus two species with modifications on the 1-nitrogen: 1-nitrotryptophan (1-
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NO2-Trp; Figure 1, compound 2) and 1-nitrosotryptophan (1-NO-Trp; Figure 1, compound
1). Also in 2004, Suzuki et al. [7] observed four primary products when they reacted
equimolar concentrations of ONOO− and N-Ac-Trp: 6-NO2-Trp, 1-NO-Trp, 1-NO2-Trp,
and N-formylkynurenine,.

It is interesting that 1-NO-Trp and 1-NO2-Trp were found as major products in the Sala et
al. and Suzuki et al. studies, but were not identified at all in the earlier studies. This may be
due to the relatively low stability and chromatographic characteristics of 1-NO-Trp and 1-
NO2-Trp. Notably, while 6-NO2-Trp is stable for up to 6 days in pH 7.4 buffer at 37°C, 1-
NO-Trp and 1-NO2-Trp have half-lives of 1.5 hours and 18 hours under these conditions,
respectively [7]. Additionally, 1-NO-Trp and 1-NO2-Trp consistently eluted after much
longer retention times during separation on C18 columns by HPLC [6, 7]. Therefore, it is
possible that the earlier studies either analyzed their samples too late or neglected to analyze
compounds with longer chromatographic retention times. Also, in the case of 1-NO-Trp
formation, it has been shown that N-Ac-Trp is more likely to be nitrosated than L-Trp, due
to interference from the unblocked N-terminal amino group on L-Trp [13]. This is an
important distinction, however, since N-Ac-Trp is more structurally related to the protein-
bound Trp residues modified in vivo, which also do not possess a free N-terminal amino
group.

In addition, there are other disparities between the in vitro experiments described above and
what may actually occur with proteinaceous Trp in vivo. For example, in all of the reactions
described above, the reported oxidation and nitration of Trp is caused either by direct
reaction with ONOO−, or by reaction with the breakdown products of ONOO− at neutral pH
(i.e. OH· and ·NO2). However, neither of these reactions is likely to occur in a cellular
system, given the high levels of CO2 in vivo [2]. It has been reported that ONOO− reacts
readily with CO2 to form nitrosoperoxycarbonate (ONOOCO2

−), which then rapidly
decomposes to ·NO2 and carbonate radical (CO3

·−) [2]. Given the fact that the cellular
concentration of CO2 is nearly 1mM, this reaction of ONOO− with CO2 will readily occur in
vivo and at a faster rate than either the direct reaction of ONOO− with amino acids or the
homologous decomposition of ONOO− to OH· and ·NO2 [2]. Since CO3

·−, much like OH·,
has the ability to abstract hydrogen atoms from Tyr aromatic rings (and thus, probably from
Trp as well), the primary mechanism of both Tyr and Trp nitration in vivo is expected to be
CO3

·−-induced formation of a tyrosinyl or tryptophanyl radical, followed by the direct
addition of ·NO2 to form the nitrated compound [2].

Given this information, it is important to investigate the reaction of free Trp with ONOO− in
the presence of CO2, especially since it has been shown that reaction with CO2 enhances the
aromatic nitration activity of ONOO−, while minimizing its oxidation activity [14]. In
agreement with this, Suzuki et al. [7] found that the nitration profile of N-Ac-Trp changed
dramatically when the ONOO− reaction was performed in the presence of 10mM sodium
bicarbonate (which is in equilibrium with CO2). In the absence of bicarbonate, the ratio of
ONOO−-induced products was 10% 1-NO-Trp, 3.1% 6-NO2-Trp, 2.6% N-
formylkynurenine, and 1.7% 1-NO2-Trp. However, in the presence of bicarbonate, 6-NO2-
Trp was 3-times more abundant than both 1-NO-Trp and N-formylkynurenine, and 1-NO2-
Trp was 2-times more abundant than the two non-nitrated products. Thus, CO2 pushed the
ONOO− reaction towards nitration of Trp.

In addition to ONOO−-derived ·NO2, certain hemoproteins (including numerous
peroxidases) have been shown to produce ·NO2 in the presence of nitrite (NO2

−) and
hydrogen peroxide (H2O2), and this can lead to nitration of tyrosine residues [2]. Thus, it is
important to determine whether this nitration mechanism can also result in Trp nitration and,
if so, whether the products differ from those found with ONOO−-mediated nitration of Trp.
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To this end, Sala et al. [6] found that lactoperoxidase (LPO) and horseradish peroxidase
(HPO), in the presence of NO2

− and H2O2, both produced the exact same ratios of nitration/
oxidation products as ONOO−-treatment. Suzuki et al. [7] also showed that myeloperoxidase
(MPO), NO2

− and H2O2 produced the same products as ONOO−-treatment, with the
exception of 1-NO-Trp, which they did not observe. Furthermore, Herold [15] showed that
metmyoglobin (metMb), NO2

− and H2O2 produced 6-NO2-Trp as a major product and 4-
NO2-Trp and 5-NO2-Trp as minor products.

Finally, Sala et al. [6] demonstrated that ·NO2 gas and NO2
+ produce the same Trp

modifications as with ONOO−-treatment, although 1-NO-Trp was not detected.
Interestingly, when Suzuki et al. [7] used the ONOO−-generator 3-morpholinosydnonimime
(SIN-1), which produces NO and O2

− simultaneously, as well as Angeli’s salt, an HNO
donor, they only discovered the formation of 1-NO-Trp and N-formylkynurenine, but no
nitrated Trp species.

Although these disparate results may seem perplexing and may even portray Trp nitration as
a random process, it is likely that the variability in the reported reaction products by each
group arises mainly from variations in experimental parameters, i.e. conditions used for the
reactions and the chromatographic detection of compounds. One similarity that is seen,
however, is that Trp treatment with equimolar or excess concentrations of ONOO−

engenders the widest range of products, including both nitrated and oxidated species.
However, given the instability of ONOO−, along with the abundance of amino acids in cells,
it is inconceivable that the concentration of ONOO− will ever exceed, or even approach, the
level of Trp residues in cellular proteins. Therefore, the most biologically relevant results
might be represented in the work from Padmaja et al. [10] and Alvarez et al. [11], who each
found that 6-NO2-Trp was either the only product or the major product when Trp was
present in excess of ONOO−. Of course, it is possible that 1-NO2-Trp may also be a major
product, but was not observed in their studies due to methodological limitations for
detection. To this end, Sala et al. [6] determined that both 6-NO2-Trp and 1-NO2-Trp were
the only significant products formed when low levels of NO2

− were used in their
peroxidase/NO2

−/H2O2 system of nitration.

Notably, 1-NO-Trp, which was shown to be a significant nitrosation product in some
experiments, seemed to decrease in abundance in the presence of physiological
concentrations of CO2, which suggests that its role may be limited during periods of in vivo
RNS-mediated nitration. Indeed, 1-NO-Trp may be a more relevant species in physiological
settings where NO production is uncompromised by the production of excess reactive
oxygen species, particularly since 1-NO-Trp has been shown to be the only major product in
the reaction of Trp with various NO-donating species, including spermine NONOate [7],
MAMA NONOate [13], acidified NO2

− [13, 16], gaseous NO [13] and N2O3 [13].

Modification of Tryptophan Residues in Proteins
As was the case with free Trp, fluorescence-studies offered the first evidence that protein-
bound Trp can be modified by nitrating agents. Notably, Trp exhibits the strongest
fluorescence of any proteinaceous amino acid, with an excitation maximum of 280nm and
an emission maximum between 305nm and 355nm, depending on its local environment [17].
Thus, numerous groups have exploited this fluorescence in order to investigate protein-Trp
modifications after treatment with nitrating agents.

Kikugawa et al. [9] found that gaseous ·NO2 could decrease Trp-derived fluorescence of
bovine serum albumin (BSA), γ-globulin, and α-crystallin. Ischiropoulos and Mehdi [18]
also reported decreased fluorescence in ONOO−-treated BSA, with the fluorescence
decreasing 12%, 29% and 45% in response to increasing ONOO−:protein concentrations of
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1:1, 5:1 and 10:1, respectively. Additionally, Kato et al. [12] reported a decrease in Trp-
derived fluorescence in ONOO−-treated collagen IV, as well as BSA. And Yamakura et al.
[19] demonstrated that ONOO− treatment leads to a quenching of the fluorescence of human
Cu, Zn-SOD, which contains one Trp residue (Trp32) and no Tyr residues. The latter group
found that this decrease in Cu, Zn-SOD Trp fluorescence was associated with a 30% loss in
enzymatic activity [19].

As with free Trp, it is important to elucidate the Trp modifications that actually occur in
proteins, especially since a wide array of nitration and oxidation products are possible. To
this end, Yamakura et al. [20] later demonstrated that the ONOO−-induced Trp
modifications in human Cu,Zn-SOD included 5- and 6-NO2-Trp, as well as kynurenine
(Figure 1, compound 10), oxindole-3-alanine and dihydroxytryptophan. In the case of BSA,
Ishii et al. [21] showed that ONOO−-treatment resulted in 2-, 4-, and 6-NO2-Trp formation,
with 6-NO2-Trp being the major product. Furthermore, Suzuki et al. [7] demonstrated that 6-
NO2-Trp can also form in BSA following treatment with Sin-1, Angeli’s Salt, Spermine
NONOate, and acidified NO2

−. Additionally, 4-, 5-, and 6-NO2-Trp were identified in
ONOO−-treated apoHemoglobin and met-, oxy-, and apo-Myoglobin, while only 4- and 6-
NO2-Trp were identified in ONOO-treated met and oxyHemoglobin [22]. Table 2 provides a
comprehensive summary of the identified Trp modifications in proteins.

With respect to site-identification, it was shown that Trp121 of acidic fibroblast growth
factor (FGF-1) is a target of ONOO−-induced nitration, though the specific nitrated isomer
was not identified [23]. Similarly, Trp264 and Trp268 of mitochondrial creatine kinase were
identified as targets of ONOO-induced nitration [24], as was Trp155 of human frataxin [25].
Additionally, hen egg-white lysozyme was shown to be nitrated by ONOO−/CO2 on Trp62,
Trp63 and Trp123, which was associated with a decrease in enzyme activity [26].

Although only 16 NO2-Trp sites have been specified on proteins to date, the current
inventory (summarized in Table 2) still begs the question of whether similarities can be
inferred that help explain the basis for specificity of protein-bound Trp nitration. Over the
years, a vigorous debate has ensued over the determining factors of Tyr nitration, a topic we
discussed elsewhere [27]. While most researchers agree with the assessment by
Ischiropoulos and colleagues that a Tyr residue’s solvent-exposure and positioning on a
peptide loop structure both confer a greater likelihood of nitration [28], there is some
disagreement over the assertion that this likelihood also increases when an acidic amino acid
(Glu or Asp) is present nearby or when nearby Cys or Met are absent [29]. Despite
uncertainties regarding the actual determinants of Tyr nitration, it is helpful to consider these
same assertions as a framework for looking at the determinants of Trp nitration.

As with protein Tyr nitration, it does appear that solvent-exposure is indeed a major factor
for determining the susceptibility of protein Trp residues to nitration. For example, in hen
egg-white lysozyme, only three of six Trp residues are apparently nitrated after ONOO−/
CO2 treatment, and each of these are solvent-exposed [26]. Intriguingly, Trp111 is partially
solvent-exposed but does not get nitrated, indicating that solvent-exposure may not be the
sole determinant factor in Trp nitration [26]. The presence of adjacent acidic amino acid
residues, however, does not appear to have a major contributing role, since only 11 out of 16
(68.75%) of the peptides listed in Table 2 contain a Glu or Asp within four residues of the
nitrated Trp residue, which can be explained by chance and is approximately the same as the
number of basic amino acid residues (Lys or Arg) found within four residues of the NO2-Trp
(10/16 or 62.5%). These percentages are similar to what we previously measured for 3-NT
residues, where 73% of identified peptides contained acidic residues within four amino
acids, and 73% had basic residues within four amino acids [27]. Nevertheless, one cannot
rule out Ischiropoulos and colleagues’ assertion that an adjacent Cys or Met residue may
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decrease the probability of Tyr or Trp nitration by outcompeting the reaction with nitrating
agents. To this end, of the 16 NO2-Trp-containing peptides listed in Table 2, only one
peptide has a Cys residue and another has a Met residue within four amino acids of NO2-
Trp. This represents 6.25% for Cys and 6.25% for Met, which is slightly less than the 13%
of 3-NT-containing peptides where the modified residue was found to be adjacent to Cys,
and 13% adjacent to Met [27]. Of course, given the small number of Trp nitration sites
identified to date, any statements about determinants of Trp nitration remain speculative.
Also, as previously concluded for Tyr nitration [27], it is likely that a Trp residue’s 3D
structural environment is an equally important feature in determining its susceptibility to
nitration.

Nitrotryptophan Formation In Vivo
The in vitro studies discussed above can be important in establishing the patterns and
susceptibilities of Trp nitration elicited by various nitrating species and agents. However,
given the multitude of additional variables present in cellular systems, it is vital to
investigate whether Trp nitration actually occurs in vivo, and if so, what are the patterns,
frequency and consequences of this nitration. Published results are still sparse; however, a
few reports have emerged in recent years that are beginning to elucidate the mechanism of in
vivo formation of NO2-Trp.

In 2007, Ishii et al. [21] reported the accumulation of protein-bound 4-NO2-Trp and 6-NO2-
Trp residues in the livers of mice treated with toxic levels of acetaminophen, with 6-NO2-
Trp being the predominant modification. Indeed, acetaminophen toxicity had previously
been associated with the formation of 3-NT residues in the liver [30]. Thus, this study offers
the first validation that Trp nitration can occur concurrently with Tyr nitration during
periods of RNS in vivo. Importantly, Rebrin et al. [31] also reported in 2007 the first
identification of a Trp-nitrated protein in vivo, demonstrating a 5-hydroxy-6-nitrotryptophan
(5-OH-6-NO2-Trp; Figure 1, compound 8) modification of Trp372 on the mitochondrial
metabolic enzyme Succinyl-CoA:3-ketoacid coenzyme A transferase (SCOT) in numerous
organs from 4-month old rats. Furthermore, they observed an age-dependent increase in this
modification in hearts and brains of these rats, coinciding with a 30% increase in enzymatic
activity at 24-months. The authors speculated that this age-dependent accumulation of 5-
OH-6-NO2-Trp on SCOT may be a protective mechanism, allowing the heart to better
utilize ketone metabolism for energy production at a time when other metabolic processes
may be diminished [31].

In addition to presenting the first identification of a nitrated Trp-containing protein in vivo,
these results from Rebrin et al. [31] also illuminated a number of other interesting
characteristics of NO2-Trp biology. For one, they discovered the formation of a 5-OH-6-
NO2-Trp residue, thus increasing the diversity of possible Trp modifications that may occur
in response to RNS in vivo. Interestingly, the authors demonstrated cross-reactivity for this
5-OH-6-NO2-Trp modification with at least one commercially available antibody directed
against 3-NT (clone 1A6) [31]. Indeed, SCOT nitration had been reported previously [32],
although it was recognized solely as Tyr nitration based on the reactivity of SCOT with this
anti-3-NT antibody. While this cross-reactivity of 3-NT antibodies can be reconciled by the
structural similarities between 3-NT and 5-OH-6-NO2-Trp (Figure 2), this finding calls into
question the interpretation of other protein nitration sites in which protein 3-NT was
identified solely on the basis of its reactivity with an anti-3-NT antibody.

A second intriguing observation from Rebrin et al. was the fact that the nitration and
resulting activity changes in SCOT were highly dependent on the concentration of nitrating
agent employed. While studying the in vitro effects of ONOO−-treatment on purified SCOT,
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the authors found that 25μM ONOO− resulted in formation of the expected 5-OH-6-NO2-
Trp modification and a concomitant 24% increase in enzyme activity. However, using
ONOO− concentrations higher than 50μM resulted in attenuated enzyme activity, coincident
with additional post-translational modifications that include oxidation and/or nitration
products of various Cys, Met, Tyr, and His residues [31]. It should be noted, however, that
in a more recent study on SCOT nitration, Wang et al. observed Tyr nitration, but not Trp
nitration, after treatment of mouse-derived recombinant SCOT protein with 20uM ONOO−

[33]. It is unclear why these authors were unable to identify the 5-OH-6-NO2-Trp
modification reported by Rebrin et al., but it may be due to the fact that the Wang et al.
study relied on nitration of a purified, recombinant SCOT protein, whereas the Rebrin et al.
study measured nitration of the endogenous protein present in a milieu of other soluble heart
mitochondrial proteins. Thus, the specific cellular environment where nitration occurs seems
to have a large impact on the nitration patterns of given proteins, a fact that further
demonstrates that any in vitro data on protein nitration must be viewed with a measure of
caution.

Although the two studies discussed above represent the only in vivo results on NO2-Trp
formation reported to date, some additional published studies raise important questions
about the biological consequences of NO2-Trp formation. For example, Southan et al. [34]
reported that high levels of free 6-NO2-Trp can inhibit indoleamine 2,3-dioxygenase (IOD),
which is the rate-limiting enzyme in Trp metabolism and has been shown to play an
immunomodulatory role in diverse disease settings such as viral/bacterial host defense, fetal
rejection and tumor responses [35, 36]. While the concentrations of 6-NO2-Trp necessary to
inhibit IOD (1mM for 52% inhibition) is unlikely to be achieved in vivo, this finding
highlights an important and as yet unanswered question: what is the fate of NO2-Trp amino-
acids following cellular degradation of the nitrated proteins? Since 6-NO2-Trp inhibits the
crucial enzyme in Trp metabolism, it is evident that this and perhaps other NO2-Trp
derivatives may not undertake the same metabolic paths as unmodified Trp. Therefore, it
will be important to determine the ultimate fate of these modified amino acids. Do they
accumulate in cells after acute or chronic periods of nitrosative stress? And if so, do they
damage the cells in which they accumulate?

Interestingly, one Trp derivative, 1-NO-Trp, has been shown to at least hold the potential to
damage cells. 1-NO-Trp is technically a nitrosamine, which is a class of compounds known
to be highly carcinogenic in animals [37]. And similar to other nitrosamines, the 1-NO-Trp
form of N-Ac-Trp (N-Ac-NO-Trp) was found to be mutagenic in numerous bacterial strains,
including one strain of E. coli and two strains of S. typhimurium [38, 39]. However, it is still
unclear whether 1-NO-Trp is also carcinogenic in animals, and if so, whether the
accumulating cellular concentration of free 1-NO-Trp could ever rise to levels necessary to
promote oncogenesis. An additional intriguing concept is the possibility of a role for either
free or protein-bound 1-NO-Trp as a NO donor in normal cellular functioning. Kirsch et al.
[13] have shown that protein-bound Trp is nitrosated by N2O3 at a 63% faster rate than Cys,
and that N-Ac-NO-Trp releases 5-times more free NO than S-nitrosoglutathione (GSNO) in
the presence of ascorbate. Furthermore, Sonnenschein et al. [40] found that N-Ac-NO-Trp
could efficiently transnitrosate NO onto glutathione. Additionally, Zhang et al. [16] found
that both peptide-bound 1-NO-Trp and Trp-nitrosated BSA had the ability to induce
vasorelaxation of rabbit aortic rings. Thus, 1-NO-Trp formation, either during nitrosative
stress or during physiological NO production, may play a role in vasorelaxation or other
NO-mediated events.
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Nitrotryptophan in Bacteria
Given the small but growing evidence that NO2-Trp is indeed formed in biological systems,
it is important to question its physiological role. Indeed, during the early phases of 3-NT
research, 3-NT accumulation in proteins was simply viewed as an unfortunate byproduct of
nitrosative stress, whose only valuable attribute was that it could be used as a tissue
biomarker for monitoring exposure to RNS in cells [41]. However, numerous reports in
recent years indicate that 3-NT may convey important functional changes to the proteins that
get modified during these periods of nitrosative stress [42–44]. A few reports have even
hinted that 3-NT may be a specific and reversible modification involved in signal
transduction during normal physiology, akin to phosphorylation [45–47]. In terms of NO2-
Trp formation, these same possibilities are only beginning to be considered. In this regard,
the Ishii et al. study [21] clearly verifies that NO2-Trp can be used as a biomarker of
nitrosative stress. Furthermore, the Rebrin et al. study [31] demonstrates that NO2-Trp
formation can occur during normal physiological processes and may even be attributed to
specific biological effects. However, there are still far too few reports of in vivo NO2-Trp
formation to be able to draw firm conclusions about a possible biological role.

Unlike the currently ambiguous role of NO2-Trp in mammals, however, emerging evidence
suggests that NO2-Trp may indeed have conserved roles in the normal physiological
functioning of prokaryotic systems. In fact, some of the most exciting recent findings in the
field of NO2-Trp research have emerged from the study of bacteria. In 2004, a unique
tryptophanyl-tRNA synthetase (TrpRS II) from the radioresistant bacterium Deinoccocus
radiodurans (D rad) was shown to form a functional complex with D rad nitric oxide
synthase (deiNOS), resulting in the regioselective nitration of Trp to form 4-NO2-Trp [48,
49]. The selective production of this 4-NO2-Trp isomer is intriguing, given the
aforementioned results showing that 6-NO2-Trp is the predominant species generated from
the in vitro reaction of Trp with various nitrating agents [11, 20]. The physiological role of
4-NO2-Trp in D rad has not yet been determined, but the authors speculate that it is unlikely
that 4-NO2-Trp is incorporated into proteins during canonical D rad ribosomal synthesis
[48]. Instead, they have suggested that TrpRS II and 4-NO2-Trp may be involved in an as
yet uncharacterized D rad metabolic biosynthesis pathway [48, 50].

Notwithstanding the undetermined role for 4-NO2-Trp in D rad, 4-NO2-Trp has been shown
to play a role in non-ribosomal biosynthesis pathways in other bacterial species. Johnson et
al. [51] have demonstrated that in various plant-pathogenic species of the bacterium
Streptomyces, 4-NO2-Trp is incorporated into the phytotoxic cyclic dipeptide, thaxtomin A,
which is the pathogenicity determinant for infection of potato tubers by these bacteria [52].
Although it had previously been reported that Trp residues were nitrated by Streptomyces
NOS (stNOS) during biosynthesis of thaxtomin A [53, 54], Johnson et al. were the first to
explicitly demonstrate that the site-specific nitration of Trp occurs prior to peptide assembly.
This study represents the first example of a nitrated Trp, whose regioselective nitration
requires NOS, being directly utilized in a biosynthesis pathway to produce a bioactive
molecule [51].

It is still unclear if stNOS associates with Trp in a multimeric functional complex, or if
diffusible free RNS are responsible for the site-specific nitration of Trp during thaxtomin A
synthesis. However, it seems unlikely that the less common 4-NO2-Trp isomer would be
selectively produced without some level of enzymatic control [53, 54]. It is enticing to
speculate that stNOS in complex with a TrpRS II-like synthetase catalyzes Streptomyces 4-
NO2-Trp synthesis, as has been reported in D rad, but this has yet to be demonstrated.
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Methods of Detecting Nitrotryptophan
A May 2011 Pubmed literature survey revealed 4240 manuscripts published with the term
“nitrotyrosine” in either the title or the abstract, but only 23 with “nitrotryptophan.” This
begs the question of whether 3-NT is a more abundant and more biologically relevant
modification than NO2-Trp, as the publication imbalance would suggest, or if there may be
other explanations for why protein 3-NT research has markedly eclipsed NO2-Trp research.
One possible explanation is differences in the ability of researchers to identify and quantify
nitrated Tyr residues, as compared to nitrated Trp.

In the case of Tyr, the earliest reports of 3-NT detection in proteins used HPLC/UV-Vis and
amino acid analysis [55, 56]. Although these studies began in the early 1970’s, as compared
to the 1990’s for NO2-Trp research, the earlier start date alone cannot account for the vast
disparity in reports focusing on 3-NT vs. NO2-Trp. Indeed, in the first 24 years of research
involving 3-NT, only about 100/4240 current 3-NT papers had been published. Then, in
1994, Beckman et al. [57] reported their effective use of monoclonal and polyclonal
antibodies for the detection of 3-NT-containing proteins, and this was followed by a virtual
explosion in the number of manuscripts published on 3-NT in the ensuing years. This influx
of publications on 3-NT was likely due to the relative ease and confidence with which these
new antibodies allowed researchers to identify 3-NT-containing proteins. Since that time,
numerous additional methods have been developed for identifying 3-NT, including HPLC-
based techniques for quantifying total 3-NT in tissues and lysates, and various mass
spectrometry (MS) techniques for identifying 3-NT sites in proteins [58].

As is evident from the timeline above, the development of methods to analyze specific
modifications plays a critical role in setting the pace for future discoveries. Unfortunately,
the methodology for NO2-Trp detection has lagged far behind that of 3-NT detection. The
good news, however, is that numerous methods have been developed recently that are
anticipated to accelerate protein NO2-Trp research in the years to come.

As it was with 3-NT, the earliest approach used to detect free NO2-Trp relied on HPLC
combined with UV-Vis spectrophotometry (Table 1) [6, 7, 10–12]. However, since there are
numerous isomers of NO2-Trp, confident identification is still not as straightforward as it is
for 3-NT. Indeed, identification of each NO2-Trp isomer requires knowledge of their
individual column retention time and optical absorption characteristics. However, chemical
standards are not available commercially and thus require custom-synthesis.

Even with synthetic NO2-Trp standards, the selectivity and sensitivity of HPLC/UV-Vis are
generally too low to reliably quantify total levels of the various nitrated Trp isomers in
biological lysates or extracts. For this reason, researchers have sought more sensitive
systems for NO2-Trp detection. For example, Suzuki et al. [7] successfully used HPLC
coupled with electrochemical detection (HPLC-ECD) to quantify 6-NO2-Trp in BSA treated
with various nitrating agents, and Kawasaki et al. [59] used HPLC-ECD to quantify 6-NO2-
Trp in peroxynitrite-treated rat pheochromocytoma (PC12) cell lysates (Table 2). However,
HPLC-ECD may still not be sensitive enough to measure the relatively low levels of NO2-
Trp that are expected to occur in settings of endogenous protein nitration. For this reason,
Ishii et al. [21] recently developed a method for identifying various NO2-Trp isomers using
multiple reaction monitoring (MRM) on a liquid chromatography-tandem mass spectrometry
(LC-MS/MS) system. Using this approach, they were able to confidently differentiate the
parent ions of 2-, 4-, and 6-NO2-Trp, which all have the same mass-to-charge ratio (m/z),
based on the distinct m/z’s of their respective daughter ions, formed by collision-induced
dissociation. More importantly, Ishii et al. were able to reproducibly quantify endogenous,
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nanomolar quantities of 4- and 6-NO2-Trp from mouse livers damaged by acetaminophen-
toxicity [21].

The above methods can also be used to identify individual NO2-Trp-containing proteins,
following complete proteolysis to free amino acids [22, 26]. A limitation, however, is the
failure of this approach to identify the specific Trp residues that are nitrated. To overcome
this problem, researchers have begun to apply proteomic MS methods to identify NO2-Trp
residues in peptides and proteins [23–25, 31]. By trypsinizing the protein prior to MS
analysis, specific NO2-Trp-containing peptides can be tentatively identified based on the
addition of 45 Da (a nitro- group) [23–25] or 61 Da (a nitro- plus a hydroxyl- group) and
confirmed by manual inspection of the MS/MS data [31]. One note of caution, however, is
that utilizing SDS-page separation of proteins prior to analysis by Mass Spec has been
shown to cause artifactual oxidation of Trp residues, including the formation of kynurenine,
hydroxytryptophan, and N-formylkynurenine [60].

Although this has not yet been implemented, a useful approach for validation of the NO2-
Trp-peptides identified by MS may be to monitor the formation of an immonium ion that
results from free NO2-Trp, produced in the collision cell during an MS/MS experiment. The
frequency that a NO2-Trp immonium ion can be detected for diverse NO2-Trp-containing
peptides and the optimal collision energy for formation remain to be determined. Notably, a
similar strategy has been used to validate 3-NT-containing peptides [61, 62], and it will be
important to assess whether the same technique could similarly be used for confident
sequencing of NO2-Trp-containing peptides.

Although MS analysis offers a powerful proteomic tool, given the low abundance of
endogenous protein nitration in most settings, Mass Spec alone can be insufficient when it
comes to identifying NO2-Trp-containing proteins/peptides in complex biological mixtures.
For this reason, specific enrichment of the NO2-Trp-containing proteins is usually necessary
prior to identification by MS. Because of this, one of the most important advances in the
NO2-Trp field may be the recent development of an anti-nitrotryptophan antibody. In 2007,
Ikeda et al. [63] reported the first ever production of a polyclonal antibody to 6-NO2-Trp-
containing proteins. Since in vitro nitrated proteins regularly show multiple modifications on
Trp, they opted to use as their antigen a custom-made 6-NO2-Trp peptide conjugated to
keyhole limpet hemocyanin (KLH), for generation of a polyclonal rabbit antibody [63]. This
antibody proved to exhibit high affinity and specificity for 6-NO2-Trp. Furthermore, it did
not recognize 5-NO2-Trp or 3-NT (Figure 2), and immunoreactivity was lost when the
antibody was either saturated with free 6-NO2-Trp or when nitrated moieties of Trp-nitrated
proteins were reduced by pretreatment with sodium dithionite [63].

To prove the utility of this new antibody, the authors used two-dimensional (2D) gel
electrophoresis coupled with mass spectrometry to identify five previously undiscovered
NO2-Trp-containing proteins from ONOO−-treated PC12 cells [63]. They were also able to
identify specific sites of Trp nitration in six proteins from ONOO−-treated PC12 lysates,
also by using 2D-gel electrophoresis coupled with MS (Table 2) [59]. These experiments
demonstrate the potential utility of this antibody to help identify new NO2-Trp-containing
proteins. Unfortunately, this 6-NO2-Trp antibody is not yet available commercially.

Although this new antibody represents a major step forward, it is not the only
methodological advancement that is needed to advance protein NO2-Trp research. Antibody-
based proteomic methods such as 2D-gel electrophoresis coupled to MS have been shown to
suffer from multiple shortcomings when it comes to unbiased identification of modified
proteins in complex biological mixtures, especially with regards to identifying the specific
sites of modification [64]. For this reason, our laboratory has sought to develop a new
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proteomic approach that relies on a solid-phase, chemical-capture strategy for isolation and
identification of both 3-NT and NO2-Trp-containing proteins in complex biological samples,
as well as specifying cognate sites of nitration [58]. In brief, this method involves blocking
all primary amines, reducing 3-NT and NO2-Trp residues to their amino- counterparts,
selectively attaching agarose beads to the resulting aromatic amines, and finally, eluting and
analyzing the amino acid sequence of captured peptides by nanoLC-MS/MS and database
searching (Figure 3). Although this method is still in the optimization phase, we have
validated its ability to identify NO2-Trp sites using ONOO−-treated brain homogenates
(unpublished results), and we are currently testing it on various endogenously nitrated
tissues. Once established, this and related proteomic methods are anticipated to greatly
facilitate the identification of NO2-Trp-containing proteins and modification sites,
accelerating research on the biological significance of Trp nitration in physiology and
pathophysiology.

Final Analysis
Even with the delay in development of NO2-Trp detection methodologies, there is reason to
believe that NO2-Trp modifications do not occur as frequently as 3-NT modifications. For
one, Trp is the least prevalent of all the amino acids, representing only ~1% of total amino
acid residues in proteins, compared to Tyr, which is ~3–4% prevalent [65]. Secondly, Trp,
which has a hydrophobicity value of −2.13 kcal/mol, is more hydrophobic than tyrosine
(hydrophobicity value of −1.47kcal/mol). Because of this, the fraction of Trp residues that
are found within a protein’s interior is 0.27, compared to 0.15 for Tyr. In other words, Trp is
less likely to be solvent-exposed and vulnerable to nitrating agents than Tyr [65]. Lastly, Trp
has a slightly higher redox potential (1.015V) than Tyr (0.93V) at pH 7.0 [66], which may
explain the slightly slower reaction rate constant of free Trp with ONOO− (1.3 × 102 M−1

s−1) [10], as compared to that for free Tyr with ONOO− (3.63 × 102 M−1 s−1) [67].

Some recent studies confirm that Trp nitration occurs less frequently than Tyr nitration. By
comparing 6-NO2-Trp levels to 3-NT levels in nitrated BSA, Suzuki et al. [7] demonstrated
that 3-NT was more prevalent than 6-NO2-Trp in the majority of nitrating conditions
employed. Similarly, using PC12 cell lysates nitrated with ONOO−, Kawasaki et al. [59]
reported a six-fold increase in 3-NT formation relative to 6-NO2-Trp. Plus, in our own
preliminary investigations using the affinity-tag method for discovery of nitration sites from
ONOO−-treated rat brain homogenates, we observed that, out of 69 total nitrated peptides
identified, ~9% contained NO2-Trp, as compared to ~91% with 3-NT (unpublished results).
However, the strongest reported difference between 3-NT and NO2-Trp levels comes from
the study of acetaminophen-induced liver toxicity by Ishii et al. [21], which stated that
measured levels of 6-NO2-Trp and 4-NO2-Trp (nmol range) were 1000-fold less than the 3-
NT levels (μmol range) that they had measured in a similar, previously reported
acetaminophen-toxicity study [30].

Despite the apparently lower incidence of protein NO2-Trp relative to 3-NT, there is still
reason to believe that NO2-Trp formation may play a significant role in physiological and
pathophysiological processes in mammalian systems. After all, the biological impact of a
modification is not dependent on the shear number of amino acids that are modified, but on
whether the specific amino acids that become modified are functionally significant. Thus,
even if there are more Tyr residues than Trp residues nitrated in vivo, the real question is
how vital to protein function are the Trp residues that become nitrated. To this end,
Yamakura and Ikeda [4] have proposed that nitration of solvent-exposed Trp residues may
be particularly disruptive since they often serve to facilitate specific interactions with other
molecules. Indeed, there is plenty of evidence to support this theory. Since Trp’s indole side-
chain has the largest surface area of any amino acid, Trp is often utilized by proteins to help
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form stable bridges with neighboring molecules, both through hydrogen bonds and
hydrophobic interactions with atoms on the indole ring [68, 69]. For example, Trp residues
are often present in protein domains used for the binding of various small molecules (Sushi/
CCP/SCR domains), carbohydrates (C-type lectin-like domains), nucleotides (BSD
domains), and other proteins (WWE domains, WD repeats) [70]. Thus, even though Trp
residues may not be nitrated as frequently as Tyr residues, the impact of Trp nitration may
be equivalent due to the potential extent of functional disruptions in complex formation and
protein signaling.

Lastly, there is the question of the metabolic fate of NO2-Trp-modified proteins. This issue
is brought to the forefront by the findings of Rebrin et al. [31], who showed that
mitochondrial SCOT, with its 5-OH-6-NO2-Trp modification, is the only identifiable
nitrated protein in mitochondria from a variety of rat organs, as detected using an anti-3-NT
antibody. This finding is somewhat curious, since mitochondria are known to be a robust
source of ONOO− production [2], given the fact that O2

− is a natural byproduct of the
mitochondrial respiratory chain [2], and NO has been shown to be produced by a putative
mitochondrial NOS isoform (mtNOS) [71]. So how do we reconcile the fact that the only
nitrated protein that Rebrin et al. observed in these rat mitochondria was actually nitrated on
a Trp residue and not a Tyr residue?

One possible explanation may have to do with the protein disposal and repair mechanisms
that cells utilize to rehabilitate themselves after periods of nitrosative stress. In the case of 3-
NT, for example, it has been reported that Tyr nitration can accelerate a protein’s
degradation by the proteasome [72, 73]. Additionally, it has been reported that numerous
cells and tissues possess a “denitrase” activity that is capable of either reducing or reversing
a 3-NT modification in proteins [45, 74, 75], and that this activity is robustly present in
mitochondria [47]. Although the details of these mechanisms have yet to be elucidated for 3-
NT (and have not been addressed at all for NO2-Trp), it is certainly possible that the proteins
involved in the repair and disposal of 3-NT-containing proteins may not recognize NO2-Trp-
containing proteins. This may explain why Trp-nitrated SCOT was found to be abundant in
rat mitochondria, while no 3-NT-containing proteins were detected [31]. Indeed, this would
have wide-ranging implications for the influence that NO2-Trp modifications may play in
the long term, especially after periods of prolonged nitrosative stress.

Clearly much has yet to be learned about the frequency and consequences of NO2-Trp
modifications in proteins. At present, the extent to which this modification may impact on
normal cellular function or any given disease state is unknown. Nevertheless, there is
certainly enough evidence to endorse the need for further research into the biological
significance of protein Trp nitration, including in vivo mechanisms and sites of modification.
With key advances in immunological and proteomic technologies for enrichment and site
specification, along with MRM-based quantification, the pace of research on protein Trp
nitration is expected to accelerate markedly during the next few years, providing answers to
fundamental questions highlighted in this review.
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Figure 1. Potential tryptophan modifications by nitrating agents
A diagram of all tryptophan modifications that have been identified to date.
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Figure 2. Specificity of antibodies reported to react with nitrotryptophan
Two antibodies have been shown to recognize NO2-Trp residues in proteins. An anti-3-NT
antibody (clone 1A6) has been shown to have affinity for 5-OH-6-NO2-Trp residues, and an
anti-6-NO2-Trp antibody has been shown to have affinity for 6-NO2-Trp.
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Figure 3. Solid-phase, chemical-capture strategy for proteome-wide site identification of
nitrotryptophan residues in proteins and peptides
The overall strategy is: (1) block free amines (i.e., N-terminal and lysine); (2) reduce the
NO2-group in NO2-Trp to create a new amine; (3) tag/capture with amine-selective agarose
beads. The captured peptides are then (4) eluted and (5) analyzed by nano-LC-MS/MS. “X”
= chemical moiety used for amine blocking.
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Table 1

Publications describing modifications of non-proteinaceous tryptophan by nitrating agents

Starting Molecule Nitrating Agent Modifications Detection Method Reference

5mM L-Trp 0.8mM ONOO− 6-NO2-Trp, 5-NO2-Trp, 4-NO2-Trp, 7-NO2-Trp HPLC/UV-Vis [10]

10mM L-Trp 0.5–5mM ONOO− 6-NO2-Trp HPLC/UV-Vis [11]

10mM ONOO− 6-NO2-Trp, 2 x-NO2-Trps, x-OH-Trp, N-
formylkinurenine or dihydrotryptophan

Boc-Trp 1mM ONOO− Oxindole, hydropyrroloindole, N-formylkinurenine HPLC/UV-Vis [12]

6mM N-Ac-L-Trp 33.4mM ONOO− 6-NO2-Trp, 4-NO2-Trp, 7-NO2-Trp, 1-NO-Trp, 1-
NO2-Trp

HPLC/UV-Vis [6]

Gaseous ·NO2

LPO/H2O2/NO2
−

HRP/H2O2/NO2
−

NO2
+ 6-NO2-Trp, 4-NO2-Trp, 7-NO2-Trp, 5-NO2-Trp

0.5mM N-Ac-L-Trp 0.5mM ONOO− 6-NO2-Trp, 1-NO-Trp, 1-NO2-Trp, N-
formylkinurenine

HPLC/UV-Vis [7]

MPO/H2O2/NO2
− 6-NO2-Trp, 1-NO2-Trp, N-formylkinurenine

0.5mM SIN-1 1-NO-Trp, N-formylkinurenine

0.5mM Angeli’s Salt

0.5mM spermine NONOate 1-NO-Trp

250uM L-Trp metMb/H2O2/NO2
− 6-NO2-Trp, 4-NO2-Trp, 5-NO2-Trp HPLC/UV-Vis [15]

2mM N-Ac-L-Trp Gaseous ·NO2 1-NO-Trp UV-Vis and NMR [13]

NaNO2/CH3COOH

0.5mM MAMA NONOate

N2O3

L-Gly-L-Trp NaNO2/HCl 1-NO-Trp UV-Vis and MS [16]
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