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The buildup of reactive oxygen species (ROS) and reactive nitrogen and 

oxygen species (RNS) is known as oxidative stress. Oxidative stress results in a wide 

variety of modification to biological macromolecules including nucleic acids, lipids, 

and proteins. For at least 30 years it has been known that high levels of oxidative 

stress leads to damage to cellular components resulting in cell death via apoptosis and 

necrosis. In perhaps the last 10 years it has become clear that ROS and RNS also 

mediate ‘redox signaling’ via specific macromolecule modifications. The formation 

of the oxidative post-translational modification (Ox-PTM) 3-nitrotyrosine (nitroTyr) 

in proteins serves as the main biomarker of oxidative stress and is present in over 50 

disease pathologies. In the vast majority of these diseases it is not known if the 

nitroTyr is simply a bystander or is playing an active role driving disease progression. 

Genetic code expansion (GCE) has emerged as a method to install noncanonical 

amino acids (ncAAs) into proteins of interest. Here we develop several GCE systems 

for the incorporation of nitroTyr to address the role of tyrosine nitration in biology. 

 This dissertation presents studies aimed to both improve and develop GCE 

systems for encoding nitroTyr in E. coli and eukaryotic cells, and to apply this ability 

to studying the effect of tyrosine nitration on the calcium (Ca2+) regulatory protein 

calmodulin (CaM). Four chapters of original work are presented in this dissertation 



 

 

and include one review and three primary research reports. Three of the chapters 

(Chapters 2, 3, and 5) focus on the development and optimization of GCE systems for 

the incorporation of the nitroTyr, and the other chapter (Chapter 4) focuses on the 

application of the GCE systems to evaluate the nitroTyr Ox-PTMs in the regulatory 

hub protein, CaM, as the first report of regulating a protein function with the nitroTyr 

PTM. Chapters 2 and 3 are published; Chapters 4 and 5 are at the stage of 

manuscripts in preparation for submission. These central chapters are bookended by a 

brief introduction to oxidative stress and GCE (Chapter 1) and concluding remarks on 

my summary of the impact of this work, and perspective on future directions (Chapter 

6). 

 In the first research chapter (Chapter 2), I review the strengths and 

weaknesses of GCE for the study of Ox-PTMs, provide an overview of the Ox-PTMs 

that have been genetically encoded and applications of GCE to the study of Ox-

PTMs. The GCE systems for nitroTyr reviewed in Chapter 2, show clear phenotypic 

evidence that they cannot match the efficiency of natural translational systems, 

however the root causes of these efficiencies were unknown. In Chapter 3, I correlate 

the efficiency of in vivo GCE with kinetic constants derived from the in vitro 

aminoacylation reactions carried out by several nitrotyrosyl-aminoacyl-tRNA 

synthetases (nitrotyrosyl-aaRS-tRNA) derived from the Methanocaldococcus 

janaschii (M. jannaschii) tyrosyl-aaRS-tRNA. On the basis of these measurements I 

report that certain modifications made to the tRNA sequence thought to be necessary 

for maintaining translational fidelity are not necessary and negatively impact the 

efficiency of the system.     

 With these optimized tools in hand I applied them to addressing a major 

outstanding question in the oxidative stress field in chapter 4; can the oxidative stress 

induced nitrotyrosine PTM regulate protein function? As a way to address the 

question I investigated the effect of tyrosine nitration on the regulatory hub protein 

CaM. Tyrosine phosphorylation of CaM is known to modulate its regulation of 

intracellular Ca2+ signling. Proteomic studies have also revealed that both tyrosines in 

CaM are nitrated in vivo, although the impact of this modification is unknown.  The 

effect of tyrosine nitration on the CaM target protein endothelial nitric oxide synthase 



 

 

(eNOS) is of particular interest as this signaling protein can generate the oxidants that 

result in tyrosine nitration, potentially indicating a feedback loop and signaling 

microdomain. Using GCE I show that tyrosine nitration alters CaM regulation with 

regard to eNOS function in vitro and in eukaryotic cell lysate. 

 To extend this research further, I developed a system to genetically encode 

tyrosine nitration directly into proteins in eukaryotic cells (Chapter 5). This is an 

empowering technology for studying the impact of tyrosine nitration on 

regulation/dysregulation of cellular function in the native context of the modification. 

This technology is also of particular utility for the study of nitrated transmembrane 

proteins that need to be studied in eukaryotic cell culture or animal models.  
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Defining the Role of Tyrosine Nitration in Biology with Genetic Code Expansion. 
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Thesis Overview 
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Oxidative stress 
Oxidative stress, a term originally coined in 1985 has come to mean “An 

imbalance between oxidants and anti-oxidants in favor of the oxidants, leading to a 

disruption of redox signaling and control and/or molecular damage” [1]. Reactive 

oxygen species (ROS) and the closely related reactive nitrogen and oxygen species 

(RNS) are generated as natural byproducts of the normal metabolism of oxygen. The 

major biological oxidants include superoxide (O2
•-), hydrogen peroxide (H2O2), 

hydroxyl radical (OH•), singlet oxygen (1O2), hypochlorous acid (HOCl), 

hypobromous acid (HOBr), nitrogen dioxide (•NO2) and peroxynitrite (ONOO-

/ONOOH), along with downstream radical products. It has been known for some time 

that high levels of ROS and RNS production in the cell results in damage to 

biomacromolecules including nucleic acids, lipids, and proteins. If enough damage 

occurs cells will ultimately die whether via apoptosis or necrosis. When generated at 

low levels however, oxidants have been shown to be involved in cell signaling [1-2]. 

While the role of protein post-translation modifications (PTMs) in cellular signaling 

and regulation is perhaps best known from protein phosphorylation/ 

dephosphorylation [3], over time evidence for the role of oxidants in signaling has 

mounted and the idea of ‘redox signaling’ mediated by protein oxidative PTMs (Ox-

PTMs) has become firmly entrenched [4]. Processes like transcriptional control, 

apoptosis, immunity, and differentiation are all dependent on the proper production 

and presence of ROS and RNS inside cells at a low level. It is imperative that cells 

maintain the correct redox balance, both to support normal cellular signaling and to 

prevent damage to the cellular components. It is important to understand the 

mechanisms underlying this redox balance, as disturbing it leads to cell dysfunction 

and ultimately disease. Oxidative stress is responsible to some level for the onset 

and/or progression of several diseases including cancer, diabetes, metabolic disorders, 

atherosclerosis, and cardiovascular diseases [5]. According to the CDC the economic 

impact of these diseases is on the order of one trillion U.S. dollars per year. While the 

exact contribution of oxidative stress to these conditions is not entirely clear, even a 

fraction of the responsibility for these diseases constitutes a significant economic 

burden. 
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Peroxynitrite and Protein Tyrosine Nitration 
The powerful oxidant, peroxynitrite (ONOO-), is a product of the reaction 

between the biological signaling molecule nitric oxide (NO•) and superoxide (O2
•-) 

[6]. In fact NO• is the only molecule produced in high enough concentration and 

reacts fast enough with O2
•- to outcompete the anti-oxidant enzyme superoxide 

dismutase, which dismutates O2
•- to H2O2 [7]. While peroxynitrite is a strong oxidant 

and can react directly with electron-rich groups like sulfhydryls [8] and iron-sulfur 

clusters [9], it is surprisingly stable in solution and as such is unusually selective as an 

oxidant [10]. This selectivity underlies the importance of peroxynitrite as a mediator 

of biological processes; only specific biological sites are modified, resulting in a 

sufficient buildup of particular products to alter cellular function. A variety of protein 

sidechains are susceptible to modification by peroxynitrite, or downstream radical 

products of peroxynitrite, including cysteine, tyrosine, tryptophan, methionine, and 

histidine (for the products formed from the reaction of these amino acid sidechains 

with peroxynitrite, see chapter 2). Tyrosine does not react directly with peroxynitrite. 

Instead, tyrosine nitration occurs through a radical mechanism in which a hydrogen 

atom is abstracted from the phenol ring to form a tyrosyl radical that quickly 

combines with •NO2 to produce 3-nitrotyrosine (nitroTyr) [11]. The formation of 

nitroTyr has served as a stable biomarker of oxidative stress, no doubt in part due to 

the development of antibodies to this Ox-PTM [12-13]. NitroTyr formation has been 

noted in at least 50 disease phenotypes and tends to correlate with disease progression 

[7]. A major challenge for those studying the nitroTyr modification is the installation 

method mediated by molecular species like peroxynitrite is capable of diverse 

chemical reactions, resulting in a heterogeneous mixture of protein products (Figure 

1.1A). Determining the effect of specific modifications from this mixture with 

regards to cellular function is extremely challenging. To gain insight into the impact 

of Ox-PTMs like nitroTyr on cellular regulation and dysfunction leading to disease, 

methods to produce specifically modified proteins were developed. Genetic code 

expansion (GCE) has emerged as a method to generate proteins containing site-
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specific tyrosine nitration through the co-translational installation of non-canonical 

amino acids (ncAAs) (Figure 1.1B) [14].  

 

Figure 1.1. Genetic code expansion provides homogeneous site-specifically Ox-PTM 
modified proteins. 
A. Exposure of calmodulin to peroxynitrite in vitro (contains 11 susceptible amino acids; 9 
methionines, and 2 tyrosines) results in over 500 distinct oxo-forms shown here by mass 
spectrometry (Adapted from [Smallwood, et al, 2007]). The Ox-PTMs of tyrosine (nitroTyr) 
and methionine (methionine sulfoxide) seen in the oxidized calmodulin are shown at the right 
B. By contrast, installation of the Ox-PTM nitroTyr by genetic code expansion results in a 
site-specifically modified homogeneous product.  

 

Genetically encoding oxidative stress 
 Natural translation relies on the function of many orthogonal systems for the 

correct conversion of the information present in a nucleic acid sequence into a 

specific protein chemical structure (e.g. the RNA triplet codon UAC coding for the 

amino acid tyrosine). For the correct encoding of all life, the fidelity of translation 

needs to be maintained. Fundamentally, genetic code expansion (GCE) extends these 

orthogonal systems and exploits the natural translational machinery to incorporate 

new unique chemical functionality into a protein of interest. This unique chemical 
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functionality ranges from unique chemical reactivity to act as a chemical handle 

(bioorthogonal reactivity), photoreactivity (photocrosslinkers or photocaged amino 

acids), or the altered chemical structure present in the sidechain of a post-

translationally modified amino acid [15]. GCE requires that a new orthogonal 

aminoacyl-tRNA synthetase/tRNA (aaRS/tRNA) pair be transplanted into the 

organism of interest for recombinant protein expression. Generally, this aaRS/tRNA 

is obtained from an evolutionarily distant organism to ensure that distinct identity 

elements for the recognition of the tRNA are employed by the aaRS in order to have a 

truly orthogonal system and maintain translational fidelity [16]. The genetic code of 

E. coli was first expanded to include the ncAA o-methyltyrosine in 2001 by importing 

and evolving the tyrosyl aaRS/tRNA pair from the methanogenic archaeon 

Methanocaldococcus janaschii (M. jannaschii) [17]. The anticodon of the orthogonal 

tRNA was converted to CUA so that it would suppress the UAG stop codon, meaning 

that instead of encoding a translational termination signal, the UAG codon would 

instead code for o-methyltyrosine. Based on an in vivo orthogonality assay at the time 

it was thought that the M. jannaschii tRNATyrCUA was not sufficiently orthogonal to 

the E. coli translational machinery. A library of tRNA mutants was generated and a 

selection performed to further orthogonalize the M. jannaschii tRNATyrCUA [18]. This 

orthogonalized Mj tRNATyrCUA was used for the next 15 years without any further 

characterization. In chapter 3, I show that some of the alterations made to increase 

orthogonality of this tRNA are unnecessary and deleterious to the function of the M. 

jannaschii tyrosyl-aaRS/tRNA pair for genetic code expansion.  

 The ability of an orthogonal aaRS/tRNA pair to incorporate an ncAA can be 

characterized by several metrics. The efficiency of the orthogonal aaRS/tRNA pair is 

the yield of full-length product and is dependent on the kinetics of the aaRS/tRNA as 

well as the rate that the ncAA-acylated tRNA moves through the rest of the 

translational machinery. The UP50 is the ncAA concentration at which half-maximal 

ncAA-containing protein is produced, useful for determining the amount of ncAA 

needed to supplement the media. Fidelity is a measure of the orthogonality of the 

aaRS/tRNA pair. The absolute fidelity of an aaRS/tRNA pair is the amount of full 

length protein product produced in the absence of ncAA [19]. Relative fidelity is the 
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amount of noncognate amino acid incorporated into the protein of interest in the 

presence of the ncAA of interest, a more useful metric as it more closely resembles 

the fidelity of the aaRS under conditions in which it will be used. Certain evolved 

orthogonal aaRS/tRNA pairs can incorporate a related family of ncAAs (e.g. para-

substituted phenylalanines [20]), which is referred to as the permissivity of the 

aaRS/tRNA pair [21]. 

 The first Ox-PTM genetically encoded was nitroTyr in 2008 using an evolved 

M. jannaschii tyrosyl-aaRS/tRNA pair [22]. This evolved pair was used to site-

specifically incorporate nitroTyr for the first time into MnSOD at residue 34 and 

show that this modification impacts protein function [22]. A more efficient second 

generation M. jannaschii tyrosyl-aaRS/tRNA pair was evolved by altering the 

stringency of the selection scheme and employing a new final step to select efficient 

aaRSs based on a fluorescent reporter [19]. This new nitroTyr aaRS/tRNA pair was 

used to generate site-specifically nitrated heat shock protein 90 (Hsp90) at 

modification sites determined to be occurring under conditions of oxidative stress in 

motor neuron cells [23] and was also used to generate site-specifically modified 

apolipoprotein AI (ApoAI) at sites determined to be occurring during conditions of 

oxidative stress during atherosclerosis [24]. In both of these cases site-specific 

tyrosine nitration resulted in protein dysfunction, progression of disease, or cell death. 

While the second generation nitroTyr aaRS/tRNA pair was efficient enough to tackle 

the site-specific incorporation of nitroTyr for the recombinant expression of difficult 

proteins like Hsp90 and ApoAI, it is clear that the evolved system for nitroTyr 

incorporation cannot match the efficiency of natural aaRS/tRNA pairs [19]. Much of 

the effort going into the GCE field over the past 15 years has been focused on 

introducing new chemical functionality into proteins and comparatively little effort 

has been directed towards addressing the fundamental inadequacies underlying the 

current orthogonal systems. To more effectively study Ox-PTMs like nitroTyr we 

need more efficient tools. In chapter 3 I show for the first time that in vitro orthogonal 

aaRS/tRNA activity assays correlate with in vivo recombinant protein production for 

GCE and that changing the orthogonal tRNA sequence can lead to greater efficiency. 

With the new tools in hand I was able to begin to address a long-standing question in 
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the oxidative stress field, namely can tyrosine nitration regulate protein function in 

the context of cellular signaling? 

Can the oxidative stress induced nitrotyrosine PTM regulate protein function? 
In order to address this question, I chose to employ the protein, calmodulin 

(calcium-modulated protein; CaM). CaM possesses a number of qualities that make it 

an attractive candidate as a first foray into the world of regulatory tyrosine nitration. 

CaM is a central protein in calcium (Ca2+) signaling, which in turn regulates a variety 

of biological processes including fertilization and proliferation, transcription, 

metabolism, contraction, and exocytosis [25]. CaM function is regulated by tyrosine 

phosphorylation indicating that its two tyrosines (Tyr99 and Tyr138) are regulatory 

sites. It has also been shown via mass spectrometry that these two tyrosines are 

nitrated under conditions of oxidative stress in vivo [26-27]. As a further indication 

that tyrosine nitration of these sites is regulatory in nature, a denitrase activity has 

been reported that returns nitrated CaM to the native tyrosine at these sites (analogous 

to a phosphatase for signaling via phosphorylation) [27].  

CaM adopts a dumbbell shape with two terminal lobes connected by a long 

flexible helix. Each of the terminal lobes contains a pair of EF-hands. The EF-hand is 

a helix-loop-helix motif composed of approximately 30 amino acids that ligate Ca2+, 

first seen in the structure of parvalbumin reported in 1973 [28-29]. Binding of Ca2+ to 

CaM induces conformational changes that expose hydrophobic patches on the surface 

of the protein and ultimately the ability to interact with targets domains. Binding to 

targets then induces a large conformational change of CaM, which bends to a variable 

extent, depending on the target in question, from an extended dumbbell shape to a 

more globular structure in which the two halves wrap around the target domain 

(Figure 1.2). CaM is ubiquitously expressed in all eukaryotes and is highly conserved, 

in fact the sequence of CaM is identical in all vertebrates [30]. CaM is encoded by 

three non-allelic genes, while the coding sequences differ substantially, the encoded 

protein is identical. Unlike some Ca2+ sensor proteins CaM functions to associate 

with many targets not based on sequence divergence but instead via structural 

plasticity [31]. The CaM central helix contains a flexible hinge region that confers 
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flexibility to the two lobes. This linker enables the CaM molecule to sample many 

conformations in which the two lobes adapt different relative orientations and 

variable spacing. The hydrophobic patches on the target binding sites of CaM, 

exposed following Ca2+ binding, contain many methionine residues. Methionine 

residues contain a flexible side chain, which confers yet another level of plasticity, 

enabling binding pockets of CaM to adapt to diverse target sequences and structures 

[31]. As CaM binds to many targets, post-translational modifications (PTMs) serve as 

another level of regulation to allow CaM to differentially regulate target protein 

function.  

 

 
Figure 1.2. Structural changes to calmodulin following Ca2+ and target protein binding. 
Binding of Ca2+ to CaM induces conformational changes that result in the exposure of 
hydrophobic patches on the surface of the protein and ultimately target protein association. 
Binding to target proteins induces a large conformational change from a dumbbell shape to a 
more globular target-associated structure (ApoCaM structure, PDB 1QX5; Ca2+-CaM 
structure, PDB 3CLN; Ca2+-CaM-eNOS structure, PDB 1NIW).  

 

 

The interaction of CaM with its targets is regulated by a number of PTMs, 

including phosphorylation. Because CaM regulates at least 200 protein targets, PTMs 

serve as another level of regulatory control over specific CaM-dependent signaling 

pathways. Of the 18 amino acids in CaM that are putative sites of phosphorylation, 8 

undergo phosphorylation by known kinases [32]. Both of the tyrosines on CaM are 

known to undergo phosphorylation by receptor protein tyrosine kinases (endothelial 

growth factor receptor; insulin receptor) and non-receptor kinases (Src family 

kinases, Jak2, and p38Syk) [33]. Tyrosine phosphorylation of mammalian CaM has 

4"Ca2+

CaM target
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been shown to affect target interaction and activation in vitro [34]. CaM is modified 

by several other modifications including lysine trimethylation, proteolytic cleavage 

[35], and Ox-PTMs like methionine sulfoxide, and as previously mentioned, tyrosine 

nitration [26-27, 36-38]. 

 CaM regulates the activity of many proteins including endothelial nitric oxide 

synthase (eNOS) [34]. ENOS is particularly interesting in the context of CaM 

nitration as it produces both the chemical species needed to produce peroxynitrite 

[39], is a major player in Ca2+ signaling as it sequesters a significant portion of the 

intracellular CaM pool [40], and is known to be regulated by CaM tyrosine 

phosphorylation [34-35]. ENOS catalyzes the NADPH-dependent conversion of L-

arginine into L-citrulline generating nitric oxide and when uncoupled, superoxide. As 

eNOS generates both the chemical species involved in the nitration of CaM, and 

nitrated CaM alters the regulation of eNOS (shown in chapter 4), this system could 

serve as a microdomain, commonly seen in redox signaling [41]. ENOS is regulated 

by a wide variety of processes beyond the association of Ca2+-CaM in the cell, 

including other proteins partners (Hsp90 and caveolin) [42], subcellular localization 

[43], and PTMs including phosphorylation [44-45]. Because of the complexity of 

eNOS regulation I was also interested in assessing the role of CaM tyrosine nitration 

in eNOS signaling in the context of the entire cellular environment. For this I needed 

to develop a GCE system for the genetic incorporation of nitroTyr in eukaryotic cell 

culture (outlined in chapter 5).  

 

Development of a system for incorporation of nitrotyrosine in eukaryotes 
The M. jannaschii aaRS/tRNA developed for nitroTyr is orthogonal in E. coli, 

however it is not orthogonal in eukaryotic cells. The pyrrolysine aaRS/tRNA pair 

from several species of methanogens was discovered in 2002 and quickly adapted for 

GCE [46-47]. This orthogonal aaRS/tRNA is of particular utility, as the molecular 

biology “workhorse”, E. coli, is used to develop orthogonal pairs with specificity for 

new ncAAs. The aaRS/tRNA pair developed in E. coli can then be transplanted into 

eukaryotic cells, where the pyrrolysine aaRS/tRNA pair is also orthogonal [48-49]. 
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While much of the work of developing a new pyrrolysine-derived aaRS/tRNA pair 

specific for a new ncAA is done in E. coli, there are unique challenges to be 

overcome in employing these systems in eukaryotic cells.  

The ratio of aaRS to tRNA expressed is particularly important to optimize in 

eukaryotes. Levels of orthogonal tRNA expression are generally the bottleneck in 

efficiency for GCE in eukaryotes and delivery of multiple copies of orthogonal tRNA 

is necessary [50]. While the pyrrolysine tRNA is expressed via extragenic promoters 

in its native context, eukaryotes use intragenic A- and B-box promoters within the 

tRNA sequence for tRNA expression [48]. This necessitates coopting RNA 

polymerase III promoters (generally the U6 or H1 promoter) [51]. Even expression of 

the gene of interest containing an amber stop codon (UAG) can present a challenge as 

there is a surveillance system present in eukaryotes known as nonsense-mediated 

decay that degrades mRNA containing in-frame stop codons within the coding region 

of the gene sequence [52-53]. The delivery of ncAAs to eukaryotes can also be a 

limiting factor as some ncAAs are poorly bioavailable (i.e. not taken up the cells) or 

are toxic to the cells at levels necessary for effective incorporation.  

Despite these challenges implementing GCE in eukaryotic cells, we were able 

to implement a pyrrolysine aaRS/tRNA pair in HEK293T cells specific for nitroTyr 

incorporation (chapter 5). Using this system, we showed site-specific nitroTyr 

incorporation into sfGFP in HEK293T cells, validated by mass spectrometry. We 

were then able to produce the physiologically nitrated proteins, 14-3-3 and 

manganese super oxide dismutase (MnSOD), site specifically-nitrated using our GCE 

system. This GCE system opens up our ability to study the impact of site-specific 

tyrosine nitration, for instance, by performing pull-downs of 14-3-3 nitroTyr-130 to 

determine the impact of this site of nitration on the 14-3-3 interactome. We will also 

have access to production of site-specifically nitrated full-length transmembrane 

proteins, many of which are known to be nitrated to unknown effect. 
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Chapter 2 

 

Genetic Code Expansion: A Powerful Tool for Understanding the Physiological 
Consequences of Oxidative Stress Protein Modification 
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Abstract 
Post-translational modifications resulting from oxidation of proteins (Ox-

PTMs) are present intracellularly under conditions of oxidative stress as well as basal 

conditions. In the past, these modifications were thought to be generic protein 

damage, but it has become increasingly clear that Ox-PTMs can have specific 

physiological effects. It is an arduous task to distinguish between the two cases, as 

multiple Ox-PTMs occur simultaneously on the same protein, convoluting analysis. 

Genetic code expansion (GCE) has emerged as a powerful tool to overcome this 

challenge as it allows for the site-specific incorporation of an Ox-PTM into translated 

protein. The resulting homogeneously modified protein products can then be 

rigorously characterized for the effects of individual Ox-PTMs. We outline the 

strengths and weaknesses of GCE as they relate to the field of oxidative stress and 

Ox-PTMs. An overview of the Ox-PTMs that have been genetically encoded and 

applications of GCE to the study of Ox-PTMs, including antibody validation and 

therapeutic development, is described. 

 

Introduction 
It is accepted that post-translational modifications resulting from oxidation 

(Ox-PTMs) damage proteins and harm cells. Whether Ox-PTMs can modulate the 

function of proteins in a specific manner like other PTMs has been a long-standing 

question [54]. Recent studies have demonstrated that site-specific protein Ox-PTMs 

can lead to notable gain-of-function alterations that are connected to disease 

phenotypes. Enzymatic pathways that remove Ox-PTMs have also been identified, 

providing evidence for dynamic homeostasis with implications for the cellular 

function of these modifications. Major challenges exist in evaluating effects of Ox-

PTMs because of the diversity of mechanisms by which they are formed. The Ox-

PTMs result from reactive oxygen species (ROS) [superoxide (O2˙-), hydrogen 

peroxide (H2O2), and hydroxyl radical (OH˙)] and reactive nitrogen and oxygen 

species (RNS) [nitric oxide (˙NO), nitrogen dioxide (˙NO2), peroxynitrite (ONOO-

/ONOOH)], and other downstream products interacting with a variety of amino acid 

residues [2, 55-60]. 
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Elucidating the function of PTMs are notoriously challenging to evaluate 

because generating the modified proteins in vivo or in vitro results in a heterogeneous 

mixture of modified and unmodified proteins. The situation for oxidative stress PTMs 

is notably more dire because the installation method, diverse and non-specific 

chemical reactions from ROS and RNS, produces a heterogeneous mixture of Ox-

PTMs on proteins containing multiple different modifications (Figure 2.1). Each 

different Ox-PTM needs to be assessed for site-specificity and abundance to identify 

its effects on protein function. Genetic code expansion (GCE) is particularly well 

suited to meet these challenges since at its core GCE co-translationally installs the 

Ox-PTM as a noncanonical amino acid (ncAA). This allows for facile production of 

homogenously modified protein at genetically programed sites, enabling new 

approaches for studying Ox-PTMs. GCE can validate Ox-PTM residues identified in 

oxidative stress conditions and explore the functional consequences of a single site of 

modification. GCE can also be used to develop assays for a particular site of 

modification on a particular protein, and to generate controls for evaluating the 

selectivity and effectiveness of antibodies for Ox-PTMs. Since GCE functions by 

generating ncAA-protein in living prokaryotes and eukaryotes it also allows for the in 

vivo study of homogeneous site-specifically modified protein. 

 

 

 
Figure 2.1. A variety of biological oxidants are capable of modifying susceptible amino 
acid sidechains to their Ox-PTM counterparts. 
The major groups of amino acids modified are the sulfur containing amino acids (cysteine 
and methionine) and the aromatic amino acids (tyrosine, tryptophan, and histidine).  
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A survey of the literature produces at a minimum 65 reported Ox-PTMs 

(Figure 2.1, Supplementary Figure 2.1, and Supplementary Table 2.1). A number of 

excellent reviews on the ROS and RNS exist and as such we will not discuss them 

here [7, 61]. Identification of sites and identities of Ox-PTMs has also blossomed as a 

field of study and these have been reviewed elsewhere [62-63]. It is critical to note 

from studies on the identification of Ox-PTMs that these modifications are often not 

stable to purification from their native environments and require specialized 

stabilization or trapping methods [64]. This is important for GCE as these particularly 

sensitive Ox-PTMs will likewise require chemical caging strategies or stable 

mimetics for successful genetic incorporation. In this review, we summarize the 

relevant literature at the intersection of GCE and Ox-PTMs, focusing on the most 

abundant Ox-PTMs and those amenable to GCE technology (Figure 2.1). Ox-PTMs 

of low stability or amino acid crosslinks which are not applicable to GCE will not be 

discussed (3, 7, 9-10, 16, 18-20, 22, 24-26, 31-35, 37-39, 41-44, 46-65 in Figure 2.2).  

This review will also highlight the strengths and shortcomings of GCE as applied to 

the study of Ox-PTMs, outline some of the important considerations when employing 

GCE, and describe exciting future applications of GCE technology for the oxidative 

stress field. 
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Figure 2.2. Ox-PTMs identified on proteins isolated from conditions of oxidative stress 
or following in vitro reaction with ROS or RNS.  
For the list of Ox-PTM names and references see the supplementary information table 1. 
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Genetic Code Expansion Orthogonal Systems 
 The ability to site-specifically incorporate non-canonical amino acids (ncAAs) 

into proteins in living cells has emerged as a powerful method to probe protein 

structure and function [14, 65]. This capability has been extended to the incorporation 

of many different PTMs including Ox-PTMs. While cell-free protein synthesis is also 

developing as a powerful approach for generating modified proteins [66], GCE is a 

technology that must work inside a living cell. A first consideration for GCE is that 

the Ox-PTM must be chemically synthesized as an amino acid, which can be 

challenging for some modifications. The modified amino acid must also be stable to 

cell culture conditions and be internalized in a cell to concentrations adequate for 

translation. The stability of an Ox-PTM to cell culture conditions should be evaluated 

because many Ox-PTMs are redox sensitive and can be toxic to cells at media 

concentrations needed for GCE (0.1-1.0 mM). Provided the Ox-PTM amino acid can 

pass these initial steps then selection of GCE components specific for the new amino 

acid is possible.  

Central to GCE technology is an engineered aminoacyl-tRNA synthetase-tRNA pair 

(aaRS-tRNA) that encodes an ncAA in response to a nonsense (often the amber stop 

codon) or a frameshift codon (Figure 2.3). To maintain translational fidelity the aaRS-

tRNA pair must also not cross-react with any endogenous aaRS-tRNA pairs in the 

host organism i.e. this aaRS-tRNA pair must be orthogonal. In general, evolution of 

an orthogonal aaRS-tRNA pair in a cell requires importing this pair from another 

domain of life, as the aaRS-tRNA identity elements for recognition are divergent 

enough to maintain orthogonality. All of the aaRS-tRNA pairs employed so far for 

GCE were derived from an aaRS-tRNA pair for a canonical amino acid and were 

altered to instead recognize and charge an ncAA onto the orthogonal tRNA. 

Generally, this strategy has been more successful when the ncAA of interest 

resembles the original canonical amino acid (e.g. a modified TyrRS may only accept 

aromatic amino acids). As this trend exists it is important to know what orthogonal 

systems have been used in the past when considering a heretofore unincorporated 

ncAA. Five main orthogonal pairs have been used, an archaeal TyrRS-tRNACUA pair 

from Methanocaldoccocus janaschii (Mj) has been used extensively in E. coli and 
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other bacteria [67]; an E. coli LeuRS-tRNACUA and an E. coli TyrRS- tRNACUA pair 

have been used in eukaryotes [68-69]; a pyrrolysl-aaRS-tRNA pair (PylRS-tRNACUA) 

derived from several methanogenic archaea (notably Methanosarcina barkeri and 

Methansarcina mazei) is orthogonal in both E. coli and eukaryotes [48, 70]; and a 

liberated E. coli TrpRS-tRNACUA pair orthogonal in both E. coli and eukaryotes [71]. 

 

 
Figure 2.3. Components necessary for genetic code expansion. 
These include the noncanonical amino acid of interest 1., an orthogonal aminoacyl tRNA 
synthetase-tRNA pair 2. and 3., and an mRNA with an amber stop codon at the site of interest 
4.  
 

Developing Orthogonal Pairs 
Initially, all orthogonal aaRS-tRNA pairs must be evolved to efficiently 

incorporate an ncAA of interest. A library of mutations at certain positions is 

constructed and a double sieve selection scheme is employed to enrich aaRSs variants 

that incorporate the ncAA of interest but not any of the canonical amino acids [67]. 

Following a successful selection, several parameters may be used to characterize the 

effectiveness of the developed aaRS-tRNA pair. The efficiency of the orthogonal pair 

is a measure of the amount of full-length protein produced in the presence of ncAA 

and is often described by the fluorescence of a reporter protein like GFP or the yield 

of a purified protein of interest. Fidelity is a parameter that measures the 

orthogonality of the system. The absolute fidelity of an aaRS-tRNA pair is the 

amount of full-length protein product produced in the absence of ncAA [21]. Relative 

fidelity is the amount of non-cognate amino acid incorporated in the protein of 

interest in the presence of the ncAA of interest. Relative fidelity is a more useful 

parameter for characterization of an aaRS-tRNA pair as it more closely resembles the 
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fidelity of the aaRS under conditions in which it will be used. This parameter is 

measured by whole protein or tryptic digest mass spectrometry of the purified protein 

of interest to determine the amount of ncAA incorporation as compared to canonical 

amino acid. Oftentimes an evolved orthogonal pair can incorporate a related family of 

ncAAs e.g. para-substituted phenylalanines [20]. This characteristic is called 

permissivity (sometimes referred to as polyspecificity) of an orthogonal pair [21].  

 

Other Considerations and Alternatives to Genetic Code Expansion 
There are factors beyond the aaRS/tRNA pair that are also critical for GCE. 

For a given ncAA to be incorporated by an evolved aaRS-tRNA pair, the ncAA has to 

meet a set of translational compatibility criteria. The bioavailability of the ncAA has 

to be taken into account as it must diffuse into, be transported into, or be synthesized 

within the cell. This is particularly an issue for highly charged amino acids which 

generally do not diffuse across membranes and a suitable endogenous transporter 

does not exist. Further, the ncAA of interest needs sufficient stability to persist 

intracellularly for a timescale on the order of hours to days in order to be incorporated 

into a protein via translation. Following aminoacylation of the tRNA by the aaRS, the 

EF-Tu must transport the aminoacyl-tRNA to the ribosome. The EF-Tu has been 

finely tuned for natural translation and, while it tolerates many ncAAs, those that are 

highly charged or particularly large are not effectively transported by the EF-Tu. The 

amino acyl-tRNA then must be decoded on the ribosome. Finally, the installed ncAA 

also needs to be stable on the protein enabling protein purification and 

characterization.  

 A variety of strategies have been employed to overcome these issues with 

GCE in regard to particular ncAAs. One solution to poor cellular uptake is conversion 

of the desired ncAA into a dipeptide.  Dipeptides have been shown to increase uptake 

of highly charged or otherwise poorly internalized amino acids via transporters [72-

73]. Alternatively, methylation of the carboxylic acid of certain ncAAs also increases 

uptake in mammalian cell culture. A third solution is to generate a biosynthetic 

pathway for the desired ncAA so that it is generated inside the cell of interest [74-75]. 

Generally, structural mimics or chemically caged derivatives of ncAAs are used in 
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order to increase stability. For phosphorylated amino acids, both chemical caging [76] 

and structural mimetics [73, 77] have been used to stabilize the ncAA to allow for 

ncAA incorporation and characterization of PTM-proteins. Another strategy 

employed to increase the life time of genetically encoded PTM is to knock down the 

cell’s PTM removal pathways. The lifetime of phosphoserine on proteins is increased 

by removal of endogenous serine phosphatases, allowing for genuine phosphoserine 

incorporation [77]. Generally, the EF-Tu transports ncAA aminoacylated-tRNAs 

efficiently enough to allow for incorporation but some charged ncAAs have required 

EF-Tu engineering. For initial studies on incorporation of phosphoserine it was 

thought that it was necessary to evolve the EF-Tu to allow for the transport of 

phosphoserylated-tRNA, however later studies indicated that while this evolved EF-

Tu does transport phosphoserylated-tRNA more efficiently, evolution of the EF-Tu 

was not strictly necessary [77-78]. The ribosome needs to accommodate the ncAA-

tRNA and catalyze peptide chain formation.  Chemically acylated tRNA and cell-free 

synthesis has confirmed the ribosome is very permissive and ncAAs >700 Da in size 

have been incorporated without issue [66].  While an ncAA size limit has been 

identified for the ribosome exit tunnel using cell-free protein synthesis methods, the 

vast majority of alpha L-noncanonical amino acids are accepted. Finally, the newly 

synthesized protein is released from the ribosome and folded, processed, and 

trafficked to its appropriate location. Since GCE incorporates Ox-PTMs into the 

primary sequence, altered protein folding pathways and cofactor loading are possible 

from the modified protein.  

Alternative methods to GCE have been developed that may be applicable for 

particularly metabolically unstable or toxic ncAAs or toxic proteins. Expressed 

protein ligation (EPL) has emerged as another powerful method to study Ox-PTMs 

[79]. This method allows the vast chemical space open to solid phase peptide 

synthesis (SPPS) to be coupled with the robustness of recombinant protein 

expression. As the ncAA is incorporated via SPPS and then native chemical ligation, 

novel aaRS/tRNA pairs do not need to be generated. In addition, provided the sites of 

modification are within <30 amino acids from one another it is trivial to incorporate 

multiple ncAAs. Successful generation of modified histones with EPL also highlight 
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some of the drawbacks of EPL, the site of interest should be within ~50 residues of 

the N- or C-terminus or a synthesis with three peptides is required, the protein of 

interest should be able to be refolded from denaturants, and there is some level of 

sequence requirement both for the intein to generate the α-thioester and for the 

presence of a cysteine at the site of ligation [80-81]. The EPL strategy has been used 

to yield milligram quantities of α-synuclein nitrated selectively at Y39 or Y125 

allowing biophysical and biochemical studies of site-specific nitration on α-synuclein 

structure and function [82]. It is also important to note that the standard 

desulfurization reaction conditions originally used reduced the incorporated 

nitrotyrosine to aminotyrosine. This reduction during the desulfurization reaction was 

prevented with the addition of 2-nitrobenzylamine hydrochloride. 

 

Oxidative Modifications of Sulfur Containing Residues 
Cysteine Ox-PTMs are abundant modifications with the cysteine sulfur 

existing in several different oxidation states. Cysteine sulfenic acid (Cys-SOH, 1) is 

directly generated by the oxidation of cysteine by two-electron oxidants, particularly 

H2O2. The propensity of Cys residues to undergo oxidation is influenced generally by 

the thiol nucleophilicity, the surrounding protein microenvironment, and the 

proximity of the target thiol to the ROS source [83]. Accordingly, the susceptibility to 

oxidation is usually correlated with the Cys pKa. Further, increasing evidence shows 

that ROS signaling responses are compartmentalized and that spatial regulation of 

Cys oxidation is key for signaling [84-85]. Cys-SOH can be overoxidized to cysteine 

sulfinic acid (Cys-SO2H, 2). As the H2O2 mediated pathway of Cys-SOH oxidation 

proceeds through the sulfenate anion (Cys-SO-), the pKa of Cys-SOH should 

influence this reaction [85]. With a pKa of ~2, Cys-SO2H exists exclusively in a 

deprotonated state at physiological pH. The sulfinate group is usually not reducible 

by typical cellular reductants and as such its further oxidation to sulfonic acid appears 

to be the only relevant reaction in cells [86]. All of which points to the importance of 

temporal and spatial control of these protein modifications and the need for tools that 

enable further investigation.  
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Cys-SOH has been identified in a relatively small number of proteins and the 

identification of this modification remains difficult. The first general analysis of 

known Cys-SOH modification sites included 47 proteins characterized by 

crystallography to contain the modification [87]. On the other hand, Cys-SO2H was 

long considered merely an artifact of protein purification. Increasing evidence 

however indicates that hyperoxidation to Cys-SO2H in cells is not a rare event. In 

fact, quantitative analysis of rat liver proteins has shown that ~5% of Cys residues 

exist as Cys-SO2H [88]. The discovery of sulfiredoxin (Srx), an enzyme that in an 

ATP-dependent protein reduces Cys-SO2H to Cys-SOH on some peroxiredoxins, has 

indicated that Cys-SO2H plays a biological role in the redox regulation of 

peroxiredoxin function [89].  

 The same electrostatic interactions on the protein that affect the pKa of the 

Cys thiol also influence the stability of the Cys-SOH. The major factor that increases 

Cys-SOH stability (or lifetime on a protein) is the absence of proximal thiols capable 

of generating an intramolecular disulfide (8). It has been also reported that limited 

solvent access and nearby H-bond acceptors also contribute to Cys-SOH stabilization. 

In addition to the reaction of Cys-SOH with neighboring cysteine thiols, backbone 

amide nitrogens can readily react with Cys-SOH to yield a cyclic sulfonamide species 

(5) [90-91]. If Cys-SOH modifications are not removed by neighboring Cys residues 

or amide nitrogens they can be enzymatically removed.  Thioredoxin can directly 

reduce Cys-SOH to Cys-SH and Cys-SOH reacts with glutathione to form a mixed 

disulfide (6), which is later reduced by glutaredoxin. Based on the rate of formation 

and repair by these mechanisms, the cellular lifetime of sulfenic acid is on the order 

of minutes, consistent with the lifetime of many PTMs, including phosphorylation 

[83]. In A431 cells a peak of protein sulfenylation was observed five minutes after 

endothelial growth factor stimulation, with a subsequent decay over 30 minutes [85]. 

Due to the low stability and high turnover rates, monitoring their formation is 

problematic by direct mass analysis of Cys-SOH. Currently, the use of chemical 

probes is the only suitable technique to monitor Cys-SOH formation [92]. The low 

biological stability of Cys-SOH presents a significant challenge to GCE, however 

chemical caging strategies and structural mimetics have been used to overcome this 
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challenge [73, 76-77]. Since Cys-SO2H is notably more stable there is a good chance 

this oxidation state can be directly incorporated via GCE, although modulation of Srx 

proteins may be necessary.   

 The biological impact of protein Cys-SOH formation has been particularly 

well outlined in protein tyrosine phosphoregulation. Cysteine oxidation controls the 

activity of both protein tyrosine kinases (PTKs) as well as protein tyrosine 

phosphatases (PTPs). Sulfenylation of the PTP catalytic Cys residue (pKa 4-6) has 

emerged as a dynamic mechanism for the inactivation of this protein family [93]. In 

comparison to PTPs which are always inactivated by ROS, oxidation of PTKs can 

result in either enhancement or inhibition of kinase activity [94-95]. It is well 

established that ROS play a regulatory role for some ion channels, although little is 

described in terms of the molecular basis for this regulation [96]. Peroxiredoxins 

(Prxs) are important mediators of H2O2 signaling as they both maintain low levels of 

H2O2 and are themselves modified to Cys-SOH and Cys-SO2H to modulate H2O2 

levels [97].  

Cysteine is also S-nitrosylated following the production of NO (4), with 

implications regarding the influence of NO in cellular transduction [98]. Proteins with 

a wide variety of functions are found to be endogenously S-nitrosylated in intact 

cellular systems [99]. Much like other Ox-PTMs it has become clear that S-

nitrosylation and de-nitrosylation are regulated spatially and temporally in the cell 

[100]. Using the biotin switch methodology (or variations thereof), multiple proteins 

with the Cys-SNO modification have been isolated [76].  Among the identified 

proteins is GAPDH, which transnitrosylates and alters the enzymatic activity of 

SIRT1 [101]. Effector mechanisms for S-nitrosylation include protein-protein 

interactions, subcellular localization of proteins, and ubiquitylation-dependent protein 

degradation, which underlie a variety of cellular processes including apoptosis, 

metabolism, and membrane trafficking. This modification has been implicated in 

pathophysiological conditions including multiple sclerosis, Parkinson’s disease, and 

asthma [102-103]. As this Ox-PTM is unstable, genetic incorporation will likely 

require generation of a structural analogue similar to the methods employed for 

incorporation of phosphotyrosine and phosphoserine [76-77]. Clearly both cysteine 
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oxidation and S-nitrosylation based Ox-PTMs are of significant biological interest 

and this is a field ripe for the development of GCE tools.  

Methionine sidechains also contain a sulfur atom susceptible to oxidation. 

ROS and reactive chlorine species are a major source of methionine oxidation 

yielding methionine sulfoxide (Met-SO, 11) [104-105]. Methionine is a strongly 

hydrophobic residue and is generally buried, which protects it from oxidation, 

although those few surface exposed Met residues are susceptible to oxidation. 

Methionine oxidation yields two stereoisomers of the sulfoxide, S- and R- forms. 

Met-SO formation results in a much more hydrophilic amino acid than Met, which 

may affect protein structure. Although Met-SO is a fairly stable product, the sulfur 

can be further oxidized by strong oxidants to the sulfone (Met-SO2, 12), however this 

occurs to a low extent [61]. Met-SO2 is considered an irreversible reaction product 

and cannot be converted back to Met by cellular reductants. In much the same way as 

Cys Ox-PTMS, tools to study Met Ox-PTMs are necessary in order to further explore 

the implications of these modifications.  

 Under conditions of H2O2 treatment in which Jurkat T-cells were 90% viable, 

more than 2000 oxidation-sensitive Met residues were identified in the proteome. The 

majority (84%) of Met-containing peptides contained a low degree of Met-SO (less 

than 30% oxidized), while only the remaining 16% of peptides were oxidized to a 

high degree (up to 100% Met-SO) [106]. This significant level of Met oxidation in 

biological systems requires robust enzymatic repair mechanisms. Methionine 

sulfoxide reductases (Msrs) efficiently repair Met-SO to Met and are present in all 

aerobically respiring organisms [107]. Met-SO reductase A and B (MsrA and MsrB) 

are the prototypical Msrs for the two Met-SO epimers and while they are similar in 

neither sequence nor structure, they do share common mechanisms to reduce Met-SO 

to Met [108]. 

  Methionine oxidation is associated with the aging process and several 

pathophysiological conditions such as neurodegenerative diseases and cancer [109-

110]. Previously, Met-SO formation under these conditions was regarded only as 

protein damage. However, Met oxidation is now being acknowledged as a mode of 

triggering protein activity. The kinase CaMKII and the transcription factor HypT 
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were both found to be activated following oxidation of particular methionines [111-

112]. The polymerization of actin has also been shown to be regulated by the redox 

state of Met residues, mediated by the concerted and stereo-selective action of Mical 

proteins and MsrB1 [113].  

Oxidized cysteine or methionine residues have yet to be incorporated by GCE. 

While this should not be an insurmountable challenge, sulfur containing Ox-PTMs do 

present stability issues. Cys-SOH is not stable on proteins in living cells so genetic 

incorporation will require a chemical caging strategy or the use of a mimetic, 

analogous to what has been done for stable mimetics of phosphorylated serine, 

threonine, and tyrosine [73, 75-77]. A photocaged Cys-SOH on the protein Gpx3 has 

been prepared by alkylation of catalytic Cys32 with dimethoxy-o-nitrobenzyl 

bromide (DMNB-Br), followed by oxidation with H2O2. While the photo-caged 

cysteine sulfenic acid free amino acid was also synthesized with the goal to 

genetically encode this amino acid, to date it has not been incorporated via GCE 

[114]. In order to successfully incorporate Met-SO, modulation of cellular Msrs 

levels will be imperative in order to purify intact modified protein similar to the 

hurdles of removing cellular phosphatases when incorporating phosphorylated amino 

acids [77].  

 

Ox-PTMs of Aromatic Residues 
 While the role of sulfur oxidation has been extensively studied, the biological 

role of Ox-PTMs on aromatic residues is less clear. Residues susceptible to oxidative 

or nitrosative modifications include tyrosine, tryptophan, and histidine.  

Protein tyrosine nitration (nitroTyr, 13) occurs under basal physiological 

conditions and is several-fold enhanced under conditions of increased oxidant and 

˙NO formation. Much like other Ox-PTMs, the distribution of tyrosine nitrated 

proteins is largely dependent on the proximity to sites of RNS generation [115]. With 

the advent of proteomic analyses, it has been observed that protein tyrosine nitration 

occurs on a subset of proteins, and within those proteins, only a subset of tyrosines 

are nitrated [64, 116-119]. Based on current evidence, the mechanism of protein 

tyrosine nitration in biological systems is mediated by free radical reactions, implying 
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an intermediate tyrosyl radical and subsequent reactions with either ˙NO or ˙NO2 

[11]. Other Ox-PTMs may result from this general reaction mechanism as tyrosyl 

radical may also react with ROS to form L-3,4-dihydroxyphenylalanine (DOPA, 14) 

or another nearby tyrosine to form the protein cross-link dityrosine (17) [120-121]. 

Tyrosine is also susceptible to modification by myeloperoxidase- and eosinophil 

peroxidase-derived hypochlorous and hypobromous acid to form 3-chlorotyrosine 

(21) and 3-bromotyrosine (23) [64]. As with all Ox-PTMs it is difficult to establish 

direct and quantitative relationships between extent of nitration on specific proteins 

and biological responses in cells and the influence of protein tyrosine nitration is 

often obscured by the multiplicity of oxidative modifications. GCE has already begun 

to untangle some of this complexity [22-24, 122].  

  Mass spectrometry indicates that protein-bound nitroTyr is present in plasma 

and tissue at levels on the order of 1 µmol of nitroTyr/mol of tyrosine under normal 

conditions and increases up to 100-fold under conditions of oxidative stress [123-

124]. Over 60 individual proteins have been determined to contain nitroTyr [7] of 

which several have been investigated further with GCE. Less is known about the 

abundance of other tyrosine Ox-PTMs although in general they appear to be less 

abundant and appear on fewer proteins [64].  

 In contrast to the previously discussed Ox-PTMs, nitroTyr and the other 

tyrosine Ox-PTMs are generally stable modifications requiring protein turnover to 

remove the Ox-PTM modified proteins from the cellular protein pool [125]. A 

“denitrase” activity, capable of returning nitroTyr to the native tyrosine, has been 

reported multiple times although the enzyme(s) responsible has not been isolated [27, 

126-128]. Tyrosine nitration is abundant in aging tissue and has been linked to 

pathological conditions including neurodegeneration, atherosclerosis, and cancer [7, 

129]. While tyrosine nitration was traditionally thought of as global oxidative damage 

that accumulates under conditions of oxidative stress, it has become clear that some 

proteins with nitroTyr modifications at specific sites are capable of mediating biology 

[23-24, 122]. Currently, it is unclear the structural consequences of adding a meta 

nitro group to a tyrosine on the proteins that have this clear gain-of-function. The 

most obvious two options for altering protein structure are from the pKa change to 
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tyrosine and new interactions afforded by the nitro group. Nitration of tyrosine lowers 

the pKa of the amino acid from ~10 to near neutral pH, imparting a negative charge, 

while the nitro group also adds significant steric bulk and new hydrogen bonding 

groups. GCE is uniquely positioned to determine the structural consequences of 

PTMs because structural mimics of a PTM can be installed to probe if one chemical 

feature of a PTM is more critical than another. Possible biological effects due to these 

alterations to tyrosine properties include changes in protein activity (gain- or loss-of-

function), increased protein immunogenicity, interference in tyrosine-kinase-

dependent regulation, modulation of protein assembly or polymerization, facilitation 

of protein degradation (turnover), or formation of proteasome resistant protein 

aggregates [130]. GCE has provided tools to further the molecular understanding of 

protein tyrosine nitration and development of new tools promises further control over 

the study of biological processes associated with this Ox-PTM. 

High levels of protein tyrosine halogenation have been detected in several 

inflammatory conditions including arthritis, some types of cancer, heart disease, 

cystic fibrosis, and asthma [131-133]. Protein tyrosine halogenation in vivo is a result 

of the reaction of myeloperoxidase-derived HOCl or eosinophil peroxidase-derived 

HOBr, yielding 3-chlorotyrosine (21) and 3-bromotyrosine respectively (23). HOCl 

and HOBr are strong oxidants and possess potent antibacterial properties, as such 

they are generated as components of mammalian host defense [134-135]. However, 

overproduction or misplaced induction can lead to accumulation of protein 

modification seen in the above inflammatory conditions. The 3-chlorotyrosine 

modification along with 3-nitroTyr has been noted in ApoA1 [131, 136]. The interest 

in these Ox-PTMs has led to the generation of a PylRS-pylT pair that efficiently 

incorporates both 3-chlorotyrosine and 3-bromotyrosine.    

The same conditions that result in protein tyrosine nitration also result in 

oxidation and nitration of tryptophan residues. A variety of products result from the in 

vitro reaction of tryptophan with biologically relevant RNS (27-44) but of those 

hydroxytryptophan and nitrotryptophan have been detected in samples from tissue or 

cell culture, specifically 2-hydroxytryptophan (27), 4-hydroxytryptophan (28), 5-
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hydroxytryptophan (29), or 6-hydroxytryptophan (30), 6-nitrotryptophan (36), and 5-

hydroxy-6-nitrotryptophan (40) [59, 64, 137].  

While tyrosine and tryptophan Ox-PTMs occur under the same conditions, 

several MS studies have indicated that tryptophan modifications are on the order of 

10- to 1000-fold less abundant than tyrosine modification [138-139]. No direct repair 

mechanisms for tryptophan Ox-PTMs have been noted, indicating the only path to 

remove these Ox-PTMs is protein turnover. Although Ox-PTMs occur at a lower rate 

on tryptophan than on tyrosine, these modifications likely modulate cellular 

regulation as tryptophan resides are particularly important for specific protein-protein 

interactions and protein-small molecule recognition [140-141]. At least one instance 

of 5-hydroxy-6-nitrotryptophan formation has been reported in the mitochondrial 

metabolic enzyme Succinyl-CoA:3-ketoacid coenzyme A transferase (SCOT). This 

age-dependent Ox-PTM leads to a 30% increase in SCOT enzymatic activity and is 

thought to play a protective role, allowing the heart to better utilize ketone 

metabolism for energy production [142].  

While a novel GCE system for incorporation of tryptophan derivatives has 

been published and shown to utilize 5-hydroxytryptophan as a substrate, it has not yet 

been utilized to investigate the effects of this Ox-PTM [71]. As tryptophan Ox-PTMs 

are generally stable to cellular conditions and the tryptophan-based system can be 

evolved for other tryptophan based ncAAs, this system will likely be applicable to the 

study of tryptophan Ox-PTMs. 

 Oxidation of histidine to 2-oxohistidine (45) occurs through a radical 

mechanism in protein, particularly near metal binding sites or in tissue exposed to UV 

radiation [143]. This Ox-PTM has been noted to occur significantly in Cu, Zn-SOD 

[144]. Little is known about how widespread this modification is or how it impacts 

biological function [145].  While a variety of histidine mimics have been genetically 

encoded via GCE, 2-oxohistidine has not yet been encoded genetically [146]. As 2-

oxohistidine is stable enough on proteins to be characterized by x-ray crystallography 

[147] and given the aforementioned orthogonal system for modified histidine 

incorporation, it is likely that 2-oxohistidine will be amenable to incorporation by 

GCE. 
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Ox-PTMs that have been incorporated by GCE 
The first PTM genetically encoded was nitroTyr by Neumann and coworkers 

in 2008 and to date has been the most utilized GCE system for probing Ox-PTMs. An 

Mj orthogonal pair was evolved and subsequently used to confirm a loss of function 

in site-specifically nitrated MnSOD [22]. Through a novel selection scheme, a second 

generation Mj nitroTyr-RS was then generated with roughly an order of magnitude 

greater efficiency for producing nitroTyr-proteins [21]. This second generation Mj 

nitroTyr-RS was used to generate all 5 forms of nitrated Hsp90 found in 

endogenously nitrated Hsp90. This allowed each different site-specifically nitrated 

form of Hsp90 to be characterized for functional changes in vitro and cellular toxicity 

in vivo in different mammalian cell lines. Three of the five nitrated forms had no 

apparent effect when delivered into PC12 cells at physiologically relevant levels.  For 

nitrated Hsp90 a toxic gain of function and motor neuron cell death occurs if Hsp90 is 

nitrated at either tyrosine 33 or tyrosine 56 in less than 5% of the cellular pool of 

Hsp90 [23]. This is a key advance in the study of Ox-PTMs because it is the first 

example of a toxic gain-of-function confirmed from a single site of modification on a 

protein.  Antibodies to nitrated Hsp90 were then generated and using GCE were 

validated to recognize site-specific nitroTyr-33-Hsp90 and nitroTyr-56-Hsp90. These 

antibodies, now confirmed to recognize the nitration of a specific sites on Hsp90, 

have been used to monitor formation of toxic nitrated Hsp90 in tissue and track these 

oxoforms in other pathological states. It was further shown that nitration of Hsp90 at 

tyrosine 33 downregulates mitochondrial activity [122]. This nitroTyr GCE system 

has also been used to investigate physiological role of tyrosine nitration in 

apolipoprotein A1 (ApoA1), a serum protein that facilitates systemic lipid trafficking. 

Using mass spectroscopy, three tyrosine residues in ApoA1 were identified as 

nitration sites. Genetic code expansion allowed the generation and characterization of 

each nitrated form of ApoA1 and only one nitrated tyrosine had an effect on ApoA1 

activity. GCE was used to show that site-specific nitration of ApoA1 at tyrosine 166 

results in a 90% reduction in LCAT activity [24]. A site-specific antibody for ApoA1 

nitroTyr-166 was also generated in order to monitor this Ox-PTM in the context of 
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atherosclerotic tissue. These antibodies specific for ApoA1 nitroTyr-166 confirmed 

that only this nitrated variant was removed from human serum and was enriched in 

atherosclerotic plaques by 1000-fold over non-nitrated ApoA1.  

The ability to incorporate the structurally similar 3-chlorotyrosine and 3-

bromotyrosine Ox-PTMs with GCE would enable the characterization of these 

modifications in disease. However, the first and second generation Mj nitroTyr 

synthetase is not permissive to these ncAAs, and synthetases generated for 

halotyrosine using the Mj synthetase system resulted in poor efficiency and fidelity. 

However, selections for a 3-chlorotyrosine synthetase from the PylRS/pylT pair have 

yielded aaRSs that have good efficiency and fidelity for halogenated tyrosines. 

Proteins with site-specifically incorporated 3-chlorotyrosine and 3-bromotyrosine 

have indicated that currently available commercial antibodies to these modifications 

are not specific or are not sensitive to these modifications alone. GCE now presents 

the opportunity to improve on the specificity and sensitivity of antibodies for these 

modifications.   

GCE has also been applied to the site-specific incorporation of the redox-

active amino acid DOPA (14). The site-specific incorporation of DOPA is 

challenging because when this amino acid is added to media it can react with cellular 

components yielding the oxidized ncAA (DOPA quinone, 15) that can serve as an 

electrophile [148]. To overcome the side reactions in media, a photocaged DOPA has 

also been encoded [149].  While the GCE of photocaged DOPA was developed for 

the production of recombinant bio-adhesives not for studying oxidative stress, this 

tool could also be used to evaluate the effects of DOPA containing proteins in 

disease.   

Application of GCE to the Study of Ox-PTMs 

It has long been known that ROS and RNS modify protein amino acids, but it 

has been challenging to determine the extent of their biological role and abundance. 

Identifying Ox-PTM formation on a protein is the first step of any investigation into 

Ox-PTMs followed by verification of biological relevance. The nitroTyr Ox-PTM can 

be used as an example of how the synergy of new detection methods and GCE can 

advance the understanding of Ox-PTMs. The earliest manuscripts outlining detection 
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of nitroTyr in proteins were based on methods using HPLC/UV-Vis and amino acid 

analysis because this Ox-PTM possesses a significant absorbance at 430 nm [150-

151]. A September 2017 Pubmed literature survey revealed 5522 manuscripts 

published with the term “nitrotyrosine” in the title or abstract. In the first 24 years of 

research involving nitroTyr, less than 2% of present publications on nitroTyr were 

published, which was followed by a virtual explosion in the number of papers 

published on nitroTyr in the ensuing years. This rapid increase in nitroTyr research 

coincides nicely with the development of the first nitroTyr antibodies by Joe 

Beckman and coworkers in 1994 (Figure 2.4A) [152]. NitroTyr antibodies have been 

used to detect this modification in tissue via immunohistochemistry, for identification 

of proteins via western blot, and for enrichment of proteins for proteomic methods. 

Due in part to access to antibodies as a detection method, nitroTyr now serves as a 

general biomarker for oxidative stress [153].   

 

 
Figure 2.4. The interplay between GCE and other methods to study Ox-PTMs. 
(A) Total number of publications on Pubmed containing the word ’nitrotyrosine’ in the title 
or abstract published up to the year indicated. The publication of the first nitrotyrosine 
antibody by Beckman and coworkers in 1994 is denoted with an arrow. (B) The cycle of 
development of chemical biology tools for studying Ox-PTMs. New methods like 
development of antibodies allow easier detection of Ox-PTMs, which naturally lead to 
increased interest and development of new chemical biology tools, including GCE, for 
studying Ox-PTMs. Tools like GCE allow for development of better detection methods, 
which further reinforces the cycle.    
 



 
 

 

31 

The increased interest in the nitroTyr Ox-PTM has spurred numerous methods 

for identifying nitroTyr proteins including HPLC-based techniques for quantifying 

total nitroTyr in tissues and lysates and various mass spectrometry methods for 

identifying sites of nitroTyr modification in proteins [62, 154]. The interest in 

nitroTyr and its detection in a variety of pathological conditions created the need to 

generate homogeneous nitrated proteins for characterization which led directly to the 

first GCE system for nitroTyr incorporation [22]. GCE clearly enables 

characterization of how a specific Ox-PTM on a protein alters its function but it also 

allows for analysis of the antibodies generated to detect Ox-PTM proteins. With 

access to site-specific and homogeneous Ox-PTM protein generated from GCE the 

specificity and sensitivity of Ox-PTM antibodies can be determined. The original 

nitroTyr antibodies generated were a foundational advancement in studying oxidative 

stress but as the field progresses improved antibodies for studying Ox-PTMs are 

needed. While the development of nitroTyr antibodies lead to the incorporation of 

nitroTyr via GCE, better detections methods for nitroTyr can now be developed using 

site-specifically modified protein from GCE (Figure 2.4B). 

 It has become very clear through GCE that nitroTyr antibodies have wildly 

different sensitivity depending on the site of protein nitration.  All of the currently 

available Ox-PTM antibodies were developed prior to GCE of Ox-PTM and were 

validated using methods available at the time of their development [13]. Now GCE 

allows for verification that Ox-PTM antibodies are selective for one type of Ox-PTM 

over others of similar structure.  Since antibodies are often generated to proteins that 

have been exposed to ROS and RNS reagents, not homogeneous Ox-PTM proteins, 

the resulting antibody specificity might be to a different Ox-PTM than intended. For 

example, the nitroTyr monoclonal antibody (clone 1A6) indicated a nitrated protein 

was present in aged rat heart mitochondria, but this protein was instead found to 

contain 5-hydroxy-6-nitrotryptophan, which closely resembles the nitroTyr sidechain 

[142].  

A powerful application of GCE is the ability to confirm that an Ox-PTM 

modification at a specific location in a protein is detected by an antibody. While 

nitroTyr-antibodies are specific for the nitroTyr modification they do not detect all 
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sites of nitration equally. In addition, if there is the ability to detect the modification 

at one location on a protein and not another this can be verified with GCE. A specific 

peptide sequence containing the desired Ox-PTM can be used to generate antibodies 

and then the Ox-PTM antibodies can be screened for selectivity against homogeneous 

protein generated with GCE. Antibodies specific for nitroTyr-33-Hsp90, nitroTyr-56-

Hsp90, and ApoA1 have been generated using this approach [23-24, 122]. These site-

specific antibodies have been used to determine the extent of nitration of specific sites 

in Hsp90 in different cellular contexts and conditions. Unsurprisingly, there exists 

clear peptide context dependent sensitivity to the function of nitroTyr antibodies, that 

is to say, the amino acid sequence of the protein surrounding the Ox-PTM site plays a 

role in antibody detection sensitivity. In addition to the development of site-specific 

antibodies, the ability of GCE to produce homogeneously nitrated proteins allows for 

the characterization of this context dependence that was not possible with existing 

techniques. While much of the past work on detection of Ox-PTMs with antibodies 

has focused on nitroTyr, further development of GCE for other Ox-PTMs will lead to 

exciting advances in Ox-PTM antibody development and validation, particularly for 

cysteine and methionine oxoforms.  

As Ox-PTMs are relevant to disease the Ox-PTM-proteins and their function 

represent a new class of possible therapeutic targets. Any Ox-PTM-protein that shows 

an undesirable gain-of-function or new interaction could be a therapeutic target. Ox-

PTMs present a unique situation insofar as they are not directly enzymatically 

catalyzed and therefore the PTM “writer” (e.g. kinase) cannot be directly inhibited. 

This requires the oxidized protein itself to be directly inhibited. For instance, nitrated 

Hsp90 found in motor neurons under pathological conditions such as ALS and spinal 

cord injury may present a target for intervention [23]. It has become increasingly 

clear that the site of protein Ox-PTMs are an important determinant of their biological 

role. With this in mind, the use of GCE for site-specific PTM incorporation as a 

means of screening for potential therapeutics against specific Ox-PTMs has been 

acknowledged [155]. This is clear in the case of Hsp90, which is endogenously 

nitrated on five tyrosines and of them only nitration of tyrosine 33 and 56 lead to 

motor neuron cell death, while nitration of tyrosine 33 downregulates mitochondrial 
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activity [23, 122]. Given this clear functional specificity from site-dependence of 

nitrated Hsp90 it will be desirable to develop sequence-specific inhibitors that target 

site-specific Ox-PTM proteins. As GCE can produce all possible form Ox-PTM 

forms, the technology will allow for screening of therapeutic compounds against site-

specific oxoforms.  

 

Conclusions and Perspective 
 The study of protein Ox-PTMs is hampered by access to defined Ox-PTM-

proteins. GCE is uniquely suited to overcome this roadblock because it generates site-

specific and homogenous Ox-PTM proteins. GCE has been applied to protein tyrosine 

nitration both to investigate biological effects of particular sites of modification on 

key proteins and to provide defined Ox-PTM-proteins for validating nitroTyr 

antibodies. Every newly identified Ox-PTM-protein that shows a gain of function can 

be considered as a therapeutic target since it forms under oxidative stress conditions.  

As seen with nitrated Hsp90 and ApoA1, the ability to generate Ox-PTM-proteins 

opens the ability to develop screens for therapeutics and identify their molecular  role 

in disease. 

Thus far, the development of GCE methods for Ox-PTMs has relied on 

researchers from both the oxidative stress field and the GCE fields. NitroTyr was 

identified in biological samples as a major marker for oxidative stress which 

prompted those in GCE to develop methods for site-specific incorporation of this Ox-

PTM. As those in the oxidative stress field embraced the use of the GCE methods for 

challenging problems, the GCE tools required refinement and improvement. With this 

in mind, significant advances in the Ox-PTM field will likely rely on synergy 

between developments in GCE technology and those applying the tools to 

challenging Ox-PTM problems.    
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Supplementary Table S2.1. The list of Ox-PTMs identified following oxidative stress 
in cells or exposure of protein in vitro to ROS and RNOS.  
 

Number Ox-PTM Name Reference 
(1) cysteine sulfenic acid [2, 3] 
(2) cysteine sulfinic acid [2, 3] 
(3) cysteine mixed disulfide [4] 
(4) S-nitrosyl cysteine [3] 
(5) cysteine cyclic sulfenamide [2, 3] 
(6) cysteine glutathionylation [3] 
(7) cysteine thiosulfinate [2] 
(8) cysteine disulfide  [2-4] 
(9) cysteine sulfonic acid [2, 3] 
(10) Prx cysteine phosphoryl 

sulfinic enzyme intermediate 
[2] 

(11) methionine sulfoxide [4, 5] 
(12) methionine sulfone [5] 
(13) 3-nitrotyrosine [6] 
(14) 3,4-dihydrophenylalanine 

(DOPA) 
[6] 

(15) dopaquinone (DQ) [6] 
(16) DQ protein conjugate adduct [6] 
(17) 3,3’-dityrosine [6] 
(18) 3-aminotyrosine [6] 
(19) Quinone imine (QI) [6] 
(20) QI protein conjugate adduct [6] 
(21) 3-chlorotyrosine [6] 
(22) 3,5-dichlorotyrosine [6] 
(23) 3-bromotyrosine [6] 
(24) 3,5-dibromotyrosine [6] 
(25) 3-iodotyrosine [6] 
(26) 3,5-iodotyrosine [6] 
(27) 2-hydroxytryptophan [4, 7] 
(28) 4-hydroxytryptophan [4, 7] 
(29) 5-hydroxytryptophan [4, 7] 
(30) 6-hydroxytryptophan [4, 7] 
(31) 7-hydroxytryptophan [4, 7] 
(32) dihydroxytryptophan [7] 
(33) 2-nitrotryptophan [7] 
(34) 4-nitrotryptophan [7] 
(35) 5-nitrotryptophan [7] 
(36) 6-nitrotryptophan [7] 
(37) 7-nitrotryptophan [7] 
(38) 1-nitrotryptophan [7] 
(39) 1-nitrosotryptophan [7] 
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Number Ox-PTM Name Reference 
(40) 5-hydroxy-6-nitrotryptophan [7] 
(41) N-formylkynurenine [4, 7] 
(42) 3-hydroxykynurenine [4] 
(43) Oxindole-3-alanine [7] 
(44) kynurenine [7] 
(45) 2-oxohistidine [4, 8] 
(46) Asparagine (Ox-PTM 

histidine) 
[4] 

(47) Aspartate (Ox-PTM histidine) [4] 
(48) 4-hydroxyphenylalanine [4] 
(49) 2-hydroxyphenylalanine [4, 6] 
(50) 3-hydroxyphenylalanine [4, 6] 
(51) 2-alkenal Michael adduct 

(Ox-PTM histidine) 
[8] 

(52) 4-hydroxy-2-alkenal Michael 
adduct (Ox-PTM histidine) 

[8] 

(53) Aminadipic semialdehyde 
(Ox-PTM lysine) 

[4, 8] 

(54) 2-alkenal Michael adduct 
(Ox-PTM lysine) 

[8] 

(55) 4-hydroxy-2-alkenal Michael 
adduct (Ox-PTM lysine) 

[8] 

(56) FDP adduct (Ox-PTM lysine) [8] 
(57) N-propenallysine [8] 
(58) DHP adduct (Ox-PTM lysine) [8] 
(59) pyridium DHP (Ox-PTM 

lysine) 
[8] 

(60) Glutamylsemialdehyde (Ox-
PTM arginine) 

[4] 

(61) 3-hydroxyleucine [4] 
(62) 4-hydroxyleucine [4] 
(63) 3-hydroxyvaline [4] 
(64) 4-hydroxyglutamic acid [4] 
(65) 2-amino-3-ketobutyric acid [4] 
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Abstract 
The Methanocaldcoccus jannaschii tyrosyl-tRNA synthetase 

(TyrRS):tRNATyr cognate pair has been used to incorporate a large number of 

noncanonical amino acids (ncAAs) into recombinant proteins in Escherichia coli. 

However, the structural elements of the suppressor tRNATyr used in these experiments 

have not been examined for optimal performance. Here, we evaluate the steady-state 

kinetic parameters of wild-type M. jannaschii TyrRS and an evolved 3-nitrotyrosyl-

tRNA synthetase (nitroTyrRS) toward several engineered tRNATyr suppressors, and 

we correlate aminoacylation properties with the efficiency and fidelity of superfolder 

green fluorescent protein (sfGFP) synthesis in vivo. Optimal ncAA-sfGFP synthesis 

correlates with improved aminoacylation kinetics for a tRNATyr amber suppressor 

with two substitutions in the anticodon loop (G34C/G37A), while four additional 

mutations in the D and variable loops, present in the tRNATyr used in all directed 

evolution experiments to date, are deleterious to function both in vivo and in vitro. 

These findings extend to three of four other evolved TyrRS enzymes that incorporate 

distinct ncAAs. Suppressor tRNAs elicit decreases in amino acid Km values for both 

TyrRS and nitroTyrRS, suggesting that direct anticodon recognition by TyrRS need 

not be an impediment to superior performance of this orthogonal system and offering 

insight into novel approaches for directed evolution. The G34C/G37A tRNATyr may 

enhance future incorporation of many ncAAs by engineered TyrRS enzymes. 

 
Introduction 

Site-specific incorporation of noncanonical amino acids (ncAAs) with genetic 

code expansion offers substantial potential for the development of new designer 

proteins for insights into cellular processes [156-158] and is also a key foundational 

technology in synthetic biology [159]. The key requirement for all new coding 

applications is the design of novel aminoacyl-tRNA synthetases (aaRS) that can ligate 

one or more ncAAs to a unique tRNA that reads an unused codon triplet or 

quadruplet [160-163]. Novel aaRS-tRNA pairs must efficiently function in both 

aminoacylation and downstream protein synthesis steps in vivo, including interactions 

with elongation factors and the ribosome. 
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Directed evolution has been used to derive engineered aaRS enzymes capable 

of introducing >100 ncAAs into proteins in bacterial and eukaryotic cells [17, 69, 

161, 164]. The first step in the directed evolution process is to modify an aaRS-tRNA 

pair so that it is orthogonal to the naturally occurring aaRS-tRNA systems in the host 

cell [161]. Orthogonality requires that the new aaRS does not attach the ncAA to any 

endogenous cellular tRNA at rates that would compromise the specificity of protein 

synthesis in vivo or result in heterogeneous incorporation of the ncAA. In addition, 

proper functioning of the new orthogonal pair demands that an endogenous aaRS 

does not efficiently aminoacylate the new tRNA with a canonical amino acid [17-18]. 

The second step of directed evolution is to alter the active site of the aaRS so that it 

will accommodate the desired ncAA and attach it to the cognate tRNA while 

excluding other amino acids [161]. Although a number of aaRS-tRNA systems have 

been examined as candidate scaffolds for directed evolution [16], two that reliably 

pass both engineering steps multiple times to incorporate many different ncAAs have 

emerged: the tyrosyl-tRNA synthetase (TyrRS)-tRNATyr complex from 

Methanocaldococcus jannaschii [17] and the pyrrolysyl-tRNA synthetase (PylRS)-

tRNAPyl pairs from Methanosarcinae [70]. 

Engineered cells incorporating orthogonal aaRS-tRNA pairs are sometimes 

capable of generating recombinant ncAA-containing proteins at milligram yields per 

liter of culture [165], demonstrating that the systems can function very efficiently in 

vivo. Notwithstanding, it is generally recognized that the aspirations of synthetic 

biology, which include large scale rebuilding of the protein synthesis apparatus to 

accommodate “designer codes” [164], will require much better integration of the new 

aaRS-tRNA pairs into the translational apparatus. A central issue is that very high 

concentrations of ncAAs and overexpression of the new tRNAs are presently needed 

for recombinant protein expression, but these features may diminish cellular fitness 

by increasing the level of competition with endogenous aaRS for both amino acid and 

tRNA pools [162, 166]. Kinetic analysis of several purified PylRS variants that 

incorporate ncAAs revealed aminoacylation efficiencies reduced by several hundred-

fold compared with that of wild-type PylRS [167], validating the notion that the 

directed evolution process does not generate optimally functioning aaRS. 
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A variety of strategies have been employed to increase recombinant ncAA-

containing protein yields while maintaining (i) high levels of fidelity against other 

amino acids and (ii) low misacylation levels of the new tRNA by host aaRS and of 

host tRNAs by the evolved aaRS (the orthogonality requirement). For example, 

recent work to improve expression of noncanonical amino acids in insect and 

mammalian cells has focused on augmenting suppressor tRNA expression levels, 

with concomitant increases in yields of the ncAA-containing proteins [48, 168-169]. 

Use of a baculovirus-based delivery system to deliver both the engineered tRNA and 

aaRS components to mammalian cells has also been successful [50]. Another strategy 

has been to manipulate interactions with other components of the protein translation 

system, including release factors in bacterial and mammalian cells [168, 170], and the 

elongation factor Tu in bacteria [78, 171]. The orthogonality of M. jannaschii 

tRNATyr was improved by overexpression of prolyl-tRNA synthetase (ProRS), 

outcompeting an undesired interaction of engineered M. jannaschii TyrRS with 

Escherichia coli tRNAPro [172]. This exemplifies the long-understood principle that 

optimal function of the translation system in vivo depends on the proper balance of 

aaRS and tRNA [164, 173]. Finally, directed evolution experiments targeted at the 

anticodon recognition interface of M. jannaschii TyrRS also led to improved 

incorporation efficiencies of some ncAAs [174]. 

As a contribution to these efforts, we focus here on improving recombinant 

ncAA-containing protein expression by examining the performance of an orthogonal 

aaRS:tRNA pair in detail. Recent other work along these lines has studied the 

PylRS:tRNAPyl system for ncAA incorporation [167, 175]. Here, we examine 

modified M. jannaschii TyrRS enzymes that insert 3-nitrotyrosine (nitroTyr) and 

other ncAAs into recombinant proteins in vivo [19, 22]. To understand the role of 

oxidative stress-induced nitration, it is first necessary to express homogeneously 

nitrated proteins in E. coli, which requires an improved efficiency of nitroTyr 

incorporation [22-24]. Tyrosine nitration is extensive in human cells, is correlated 

with disease phenotypes, and has been shown to alter protein function in vivo [176-

177]. Optimization of 3-nitrotyrosyl tRNA synthetases (nitroTyrRSs) will provide 

valuable research tools for studying the nitrated human proteome. In prior studies, we 
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established that modifying the experimental protocol for directed evolution, including 

alterations to the selection media and antibiotic concentrations, yielded new 

nitroTyrRS variants with markedly different efficiencies for incorporation of nitroTyr 

into the fluorescent reporter protein sfGFP [19]. Improved second-generation 

enzymes were able to incorporate nitroTyr at multiple sites in Hsp90 and apoA1 at 

efficiencies markedly superior to those of first-generation enzymes evolved using a 

more common directed evolution approach [23]. The best second-generation 

nitroTyrRS contains five substitutions, all located directly within the substrate amino 

acid binding pocket [19]. 

To understand and further improve the function of the nitroTyrRS derived 

from directed evolution, we measured the kinetic parameters of the best recombinant 

first- and second-generation nitroTyrRSs as a means of correlating in vivo 

performance in protein synthesis with in vitro enzymatic properties. We also 

examined the role of six nucleotides in M. jannaschii tRNATyr that were previously 

mutated to improve orthogonality and that have been incorporated into the tRNA used 

in all directed evolution experiments with this orthogonal pair [18]. The data reveal a 

clear correlation between in vivo protein synthesis efficiency and kinetic parameters 

for aminoacylation over a set of variant enzyme:tRNA pairs. We show that the 

identity of the nucleotide located immediately 3′ to the anticodon sequence plays a 

key role in modulating incorporation of four different ncAAs in vivo and in vitro, and 

that substitution of four other nucleotides in the tRNATyr core region is detrimental to 

protein expression. These findings should provide a basis for improving the 

performance of many directed evolution systems that employ the M. jannaschii 

TyrRS platform. 

 
Experimental Procedures 

Expression Plasmids for Aminoacyl-tRNA Synthetases 
To construct E. coli expression vectors for M. jannaschii TyrRS variants, the 

DNA fragments containing the variant of interest were amplified by polymerase chain 

reaction (PCR) from the corresponding pBK plasmids and ligated into the NcoI/XhoI 

sites of expression vector pET28a(+) [19]. Primers were used to install an N-terminal 

six-histidine tag (forward primer, 5′-CGCGCGCCATGGACGAATTTGAAATG-3′; 
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reverse primer, 5′-GGGCGCTCGAGTAATCTCTTTCTAATTGGCTCTAAAATC-

3′). The resulting pET-RS plasmid was transformed into DH10B cells and purified 

with a QIAprep spin mini kit. 

 
Expression Plasmids for tRNAs 

To introduce mutant tRNAs into the pALS plasmid, a DNA fragment 

containing the altered tRNA sequences was inserted via isothermal assembly [178]. 

The pALS plasmid was amplified by PCR using forward primer 5′-

CCACTTATTTTTGA TCGTTCGCTC-3′ and reverse primer 5′-

CGTGACTGGGAAAACCCTGG-3′; a DpnI digest was performed on the resulting 

mixture and then purified with a GeneJET PCR purification kit (Thermo Scientific). 

A double-stranded DNA fragment or gBlock (Integrated DNA Technologies) with a 

front overlapping segment (5′-CCAGGGTTTTCCCAGTCACG-3′) and a rear 

overlapping segment (5′-CCACTTATTTTTGATCGTTCGCTC-3′) was introduced 

into the previously amplified pALS plasmid as per the instructions for the NEB 

Gibson Assembly Master Mix (New England Biolabs). Chemically competent 

DH10B cells were transformed with 5 μL of the mix following assembly. The rescued 

cells were plated on LB agar plates containing 25 μg/mL tetracycline and allowed to 

grow for 28 h at 37 °C. The vectors were purified with a QIAprep spin mini kit 

(Qiagen), and the tRNA sequences were verified. 

 
Expression and Purification of Aminoacyl-tRNA Synthetases 

BL21-AI cells containing a pET-3NT8RS or pET-TyrRS gene were grown 

overnight at 37 °C in 5 mL of noninducing medium supplemented with 100 μg/mL 

kanamycin [179]. A 50 mL culture of arabinose autoinduction medium (Table 3.1) 

supplemented with 100 μg/mL kanamycin and 0.02% lactose was then inoculated 

with a 1:100 dilution of the starter culture [180]. After 24 h at 37 °C, cells were 

pelleted and stored at −80 °C [181]. 
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Table 3.1. Components for autoinducing and non-inducing mediums, for final volume 
of 500 mL. 

 
 
 

The best performing first-generation nitroTyrRS and wild-type TyrRS were 

purified using methods similar to those previously described [182]. Briefly, cells were 

resuspended in approximately 10 mL of binding/wash buffer [20 mM sodium 

phosphate, 500 mM NaCl, and 20 mM imidazole (pH 7.4)], lysed once with a 

Microfluidics M-110P microfluidizer set at 18000 psi, and centrifuged at 20000 rcf 

for 25 min at 4 °C. The supernatant was filtered with an Acrodisc 32 mm syringe 

filter with a 0.45 Supor membrane before being applied to an ÄKTA Explorer FPLC 

system (GE Healthcare Life Sciences) fitted with a 1 mL HisTrap NiNTA column 

(GE). The column was washed with 20 mL of wash buffer and then eluted with a 0 to 

100%, 30 mL linear gradient of elution buffer [20 mM sodium phosphate, 500 mM 

NaCl, and 500 mM imidazole (pH 7.4)]. Yields were approximately 15 mg/L of 

culture (Tyr-WT RS) and 180 mg/L of culture (nitroTyr-3NT8 RS). Fractions 

containing >95% pure nitroTyr-3NT8 and Tyr-WT RS as determined by sodium 

dodecyl sulfate–polyacrylamide gel electrophoresis were pooled, dialyzed overnight 

into storage buffer [20 mM Tris, 50 mM NaCl, and 10 mM β-mercaptoethanol (pH 

8.5)], concentrated to 20 mg/mL, frozen in liquid nitrogen, and stored at −80 °C. The 

second-generation nitroTyrRS-5B was expressed and purified as previously described 

[19]. 
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Plasmid and Medium Conditions for the Measurement of Efficiency, Fidelity, and 
Orthogonality 

All measurements of efficiency, fidelity, and orthogonality in vivo were 

performed in DH10B E. coli cells with a superfolder GFP reporter [19]. For these 

measurements, the cells contained some combination of a pALS-sfGFP-WT or 

pALS-sfGFP-150TAG plasmid, expressing the sfGFP gene and the tRNA, and a pBK 

plasmid expressing the aaRS. The kanamycin (Kn) resistant pBK plasmid encodes the 

aminoacyl-tRNA synthetase of interest under control of the constitutive E. coli GlnRS 

promoter and terminator [183]. For efficiency measurements, cells containing both 

the pALS-sfGFP-150TAG and pBK plasmids were grown in media containing the 

ncAA of interest, with the level of GFP fluorescence reporting the efficiency of ncAA 

incorporation. Fidelity measurements were taken with cells containing the pALS-

sfGFP-150TAG and pBK plasmids in media without the ncAA of interest. To assess 

the orthogonality of a particular tRNA sequence, cells containing the pALS-sfGFP-

150TAG plasmid alone were grown in media without an ncAA. 

 
Efficiency of NitroTyr Incorporation In Vivo 

All protein expression was performed in DH10B cells containing either 

pALS-sfGFP or pALS-sfGFP-150TAG and a pBK vector to produce WT-sfGFP or 

nitroTyr-sfGFP. The arabinose autoinduction medium and protocol were used. 

Cultures were inoculated with 1:100 dilutions of noninducing cultures [179]. 

Expressions were performed in duplicate with 3 mL of autoinduction medium 

supplemented with 100 μg/mL kanamycin and 25 μg/mL tetracycline in 17 mm × 100 

mm culture tubes being shaken at 250 rpm and 37 °C for 48 h. Error bars represent 

the standard deviation obtained from duplicate expressions. For the nitroTyr 

concentration-dependent sfGFP overexpression, nitroTyr was dissolved to a 

concentration of 10 mM in arabinose autoinduction medium, and 1 molar equiv of 

NaOH was added to help alleviate differences in cell growth due to media pH 

changes from the added amino acid. The nitroTyr stock was then serially diluted with 

medium to obtain the necessary concentrations of nitroTyr. 

Fluorescence measurements of the cultures were collected 24 h after 

inoculation using a Synergy 2 Multi-Mode Reader (BioTEK). The emission and 
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excitation wavelengths were set to 528/20 nm and 485/20 nm, respectively. Samples 

were prepared by placing 200 μL of the cell suspension directly in Nunc MicroWell 

96-well polypropylene plates (Sigma-Aldrich). The optical density of the cultures was 

determined at the same time by measuring the absorbance at 620 nm of a 1:10 

dilution of the cells in Nunc MicroWell 96-well polystyrene clear flat bottom plates 

(Sigma-Aldrich). Cell fluorescence levels were normalized for the effects of OD and 

amino acids on fluorescence. To normalize for the effect of nitroTyr on sfGFP 

fluorescence, cells expressing WT sfGFP were grown in the presence of nitroTyr, 

normalized for OD, and the resulting fluorescence levels were normalized to each 

other. The resulting normalization factors were then applied to the remainder of the 

fluorescence data. 

 
Efficiency of Incorporation of Various ncAAs with the C34/A37 Mutant tRNA 

To determine the generality of the results for the C34/A37 mutant tRNA seen 

with nitroTyr, cells containing the pALS-sfGFP-150TAG plasmid with the C34/A37 

mutant tRNA were cotransformed with pBK plasmids encoding genes for modified 

TyrRS enzymes selective for a variety of different ncAAs. The aaRS enzymes used 

were previously selected for incorporation of 4-benzoyl-L-phenylalanine (Bpa), 4-

(trifluoromethyl)-L-phenylalanine (tfmF), 4-cyano-L-phenylalanine (pCNF), and 

acridon-2-ylalanine (Acd).(42-44) Each pALS/pBK pair was grown in autoinduction 

medium, in the presence of their respective ncAA at 0.25 mM (see Figure S3.2), for 

48 h, with all other conditions and measurements as described above for nitroTyr. 

The ncAAs in this study were purchased from Peptech, Alfa Aesar, or Bachem or 

were synthesized as previously described [165]. 

 
Preparation and Labeling of tRNA Transcripts for Aminoacylation 

The tRNA substrates for aminoacylation by TyrRS and nitroTyrRS were 

prepared by in vitro transcription [184]. Because tRNATyr and its variants begin with 

5′-C1, which is unfavorable for transcription by T7 RNA polymerase, tRNAs were 

transcribed from DNA templates encoding a self-cleaving hammerhead ribozyme 

immediately upstream [185]. DNA templates were assembled from four synthetic 

oligonucleotides. Overlapping regions are underlined, and mutations were imposed at 
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positions indicated in boldface: (1) 5′-AATTCCTGCAGTAATACGACTC 

ACTATAGGGAGACCGGCTGATGAGTC-3′, (2) 5′-CCGGGACGGTACCGGGTA 

CCGTTTCGTCCTCACGGACTCATCAGCCGGTCTCCC-3′, (3) 5′-CCCGGTACC 

GTCCCGGCGGTAGTTCAGCCTGGTAGAACGGCGGACTGTAG-3′, and (4) 5′-

TGGTCCGGCGGGCCGGATTTGAACCAGCGACATGCGGATCTACAGTCCGC

CGTTCTACC-3′. Assembly was facilitated by the Vent polymerase [New England 

Biolabs (NEB)]. A 50 μL PCR was set up with 1× Thermopol Buffer (NEB), each 

oligonucleotide at 2 μM, each dNTP at 50 μM, and 1 μL of Vent polymerase (NEB). 

The reaction mixture was heated for 5 min at 94 °C and subjected to eight of the 

following PCR cycles: 94 °C for 1.5 min, 54 °C for 2 min, and 72 °C for 3 min. A 

fifth oligonucleotide was used, along with oligonucleotide 1, to amplify the 

assembled template: (5) 5′-[2′-OMe]U[2′-OMe]GGTCCGGCGGGCCGG-3′. The 2′-

O-methyl modifications inhibit runover transcription by T7 RNA polymerase [186]. 

A 400 μL PCR was set up with 1× Taq buffer (Thermo), 2.5 mM MgCl2, each dNTP 

at 50 μM, each oligonucleotide at 1 μM (1 and 5), 4 μL of the Vent reaction mixture, 

and 0.031 unit/μL Taq polymerase (Thermo). The reaction mixture was heated at 95 

°C for 3 min and then subjected to 40 of the following cycles: 95 °C for 0.5 min, 60 

°C for 0.5 min, and 72 °C for 0.17 min. The template was purified using a GeneJET 

Purification Kit (Thermo) and diluted into a 2 mL transcription reaction mixture 

containing 40 mM Tris-HCl (pH 8.0), 25 mM MgCl2, 2 μM spermidine, 0.01% Triton 

X-100, 40 mM DTT, each NTP at 4 mM, 0.001 unit/μL inorganic pyrophosphatase 

(Roche), and 0.04 mg/mL T7 RNA polymeraseΔ172–173, which was expressed and 

purified in the laboratory as described previously [187]. The reaction mixture was 

incubated at 37 °C for 16–24 h.  

To promote cleavage of the hammerhead ribozyme, the reaction mixture was 

diluted 5-fold into a buffer containing 40 mM Tris-HCl (pH 8.0), 25 mM MgCl2, 2 

μM spermidine, 0.01% Triton X-100, and 40 mM DTT and incubated at 60 °C for 4–

7 h. Cleaved RNAs were concentrated to 0.5 mL and washed with TE6 buffer [10 

mM BisTris-HCl and 1 mM EDTA (pH 6.0)] using a centrifugal filtration device 

[Amicon; 10 kDa molecular weight cutoff (MWCO)]. After proteins had been 

removed by extraction with 1 volume of a 25:24:1 phenol/chloroform/isoamyl alcohol 
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mixture (pH 7.8) (Sigma), tRNA was purified away from uncleaved transcripts and 

free hammerhead ribozyme by electrophoresis through a 15 cm gel containing 15% 

polyacrylamide:bis(acrylamide) (29:1), 8 M urea, and 1× TBE. tRNA was visualized 

by UV shadowing and excised from the gel. tRNA was extracted from the gel band 

with 10 volumes of TE6, shaken for 16–24 h at room temperature. Insoluble gel 

debris were removed by centrifugation at 5000 rcf for 10 min. The supernatant was 

passed though a 0.45 μm filter and washed with TE6 buffer using a centrifugal 

filtration device (Amicon; 10 kDa MWCO) such that urea was diluted to a 

concentration of <1 μM. 

The tRNA substrates for aminoacylation were radiolabeled at the 5′-phosphate 

of nucleotide A76 in accordance with established methods [188]. Labeling reactions 

(volume of 80 μL) were performed in siliconized conical microcentrifuge tubes in a 

solution containing 20 mM glycine (pH 9.0), 4 mM MgCl2, 2.5 mM pyrophosphate, 

0.2 unit of pyrophosphatase (Roche), 2.5 μM tRNA, ∼50 μCi of [α-32P]ATP, and ∼5 

μM E. coli nucleotidyltransferase, purified in our laboratory as described previously 

[189]. Reactions were initiated by the addition of the nucleotidyltransferase and were 

allowed to proceed at 37 °C for 5 min. Prior to labeling, tRNA was denatured by 

being incubated for 10 min at 65 °C in ∼50 μL of water and refolded by being slowly 

cooled to room temperature over the course of 1 h in the presence of glycine and 

MgCl2. Labeled tRNA was purified by extraction with 1 volume of a 25:24:1 (pH 7.8) 

phenol/chloroform/isoamyl alcohol mixture (Sigma) and purified from 

unincorporated ATP by electrophoresis through a 15 cm gel containing 15% 

polyacrylamide:bis(acrylamide) (29:1) and 1× TBE. tRNA was visualized by 

phosphorimaging to facilitate excision from the gel. tRNA was extracted from the gel 

band with 2 volumes of TE6 buffer without shaking, in a 16–24 h incubation at 

ambient temperature. 

 
Aminoacylation Reactions 

Aminoacylation assays were conducted at 37 °C in siliconized conical tubes 

containing 20 μL of 50 mM HEPES-KOH (pH 7.5), 20 mM NaCl, 10 mM MgCl2, 1 

mM DTT, 2.5 mM MgATP, and various concentrations of amino acid, tRNA, and 
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enzyme as appropriate. Methods used were similar to those employed in our 

laboratory for the study of other tRNA synthetases [190-192]. Reactions were 

initiated by the addition of enzyme, which was diluted into the reaction mixture from 

a 10× stock. tRNAs were refolded prior to aminoacylation as follows. Labeled and 

unlabeled tRNAs were diluted into TE6 buffer to yield a 5× mixture, which was 

incubated at 65 °C for 10 min and then supplemented with 0.5 volume of 100 mM 

MgCl2 that was prewarmed to 65 °C. The resulting tRNA/MgCl2 mixture was then 

slowly cooled to room temperature over the course of 1 h. Time points were 

quenched by 1:3 dilution into a solution containing 200 mM NaOAc (pH 5.2) and 

0.2% SDS and subsequently digested for 15 min at room temperature with 

Penicillium citrinum P1 nuclease (Sigma) at a concentration of 0.0125 unit/μL. Free 

nucleotides were separated by thin layer chromatography across 10 cm PEI cellulose 

sheets (Sigma) with a solvent containing 1 M ammonium acetate and 5% acetic acid. 

Spots corresponding to AMP and aminoacyl-AMP were visualized by 

phosphorimaging and quantified using imageJ [193]. 

For short-term (<2 months) storage at −20 °C as 10× stocks, enzymes were 

diluted into a buffer containing 20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM DTT, 

and 50% glycerol. 

 
Results 

M. jannaschii Tyrosyl-tRNA Synthetase Efficiently Aminoacylates Unmodified 
Cognate tRNAs with Tyrosine 

To establish an experimental system for measuring the detailed kinetic properties of 

TyrRS variants emerging from directed evolution, we first expressed and purified 

wild-type M. jannaschii TyrRS in E. coli and characterized its performance in the 

canonical two-step tyrosylation reaction using unmodified wild-type M. jannaschii 

tRNATyr (wt-tRNA) produced by in vitro transcription with T7 RNA polymerase. 

tRNA was labeled at the 3′-internucleotide linkage using tRNA nucleotidyltransferase 

and subjected to refolding prior to use [188]. After tRNA refolding parameters had 

been evaluated, including the magnesium ion concentration and maximal temperature 

(see Materials and Methods for details), the maximal aminoacylation capacity of the 

transcript reached 67% in reactions performed with a molar excess of enzyme (Figure 
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3.1). The failure to achieve complete aminoacylation is common in in vitro 

aminoacylation reactions and may be due to a subpopulation of tRNAs that is 

kinetically trapped in a nonfunctional conformation [194]. In our hands, plateau 

aminoacylation at this level yields reliable kinetic parameters in other aaRS systems 

[190]. 

 
 

 
 
Figure 3.1. Representative in vitro aminoacylation reaction of Tyr- and NitroTyr-RSs. 
(A) Thin layer chromatograph (left) depicting results from an aminoacylation time course in 
which wild-type M. jannaschii TyrRS attaches tyrosine (Y) to a wild-type M. jannaschii 
tRNATyr transcript. The lane at the right shows plateau aminoacylation levels after 20 min, 
performed under conditions. Thin layer chromatograph (right) depicting results from an 
aminoacylation time course in which the second-generation nitroTyrRS attaches nitroTyr to 
orthog-tRNA (see the text for nomenclature). The lane at the right shows plateau 
aminoacylation levels after 20 min. Plateau levels are as follows: wild-type TyrRS:tRNATyr, 
66%; wild-type TyrRS:orthog-tRNA, 50% (data not shown); second-generation 
nitroTyrRS:tRNATyr, 62% (data not shown); second-generation nitroTyrRS:tRNA-orthog, 
45%. (B) Aminoacylation time courses for the first-generation enzyme at the aaRS and 
nitroTyr concentrations noted. The tRNA concentration was 5 nM. (C) Plot of the apparent 
rate constant kobs for reactions of the first- and second-generation nitroTyrRS enzymes as a 
function of nitroTyr concentration. These experiments were conducted using wild-type 
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tRNATyr. Note that the concentration of the first-generation enzyme is 200-fold greater than 
that of the second-generation enzyme. Only one of two replicates is shown for each enzyme. 
 

Steady-state kinetics were then performed to determine kcat, Km(tRNA), and 

Km(Tyr) (Table 3.2). The kcat of 1.0 s–1 and the Km(tRNA) of 1.4 μM indicate an 

efficiently performing cognate pair, suggesting that post-transcriptional modifications 

in the tRNA are unlikely to have strong effects on aminoacylation. Studies of 

bacterial tyrosylation also showed that modified nucleotides do not affect the kinetic 

efficiency in that system [195]. A Km(Tyr) of 9.1 μM is very similar to the magnitude 

of the tyrosine equilibrium binding constant for bacterial TyrRS [196]. 

 
 
Table 3.2. Kinetic constants of TyrRS enzymes 

 
 
 

The kcat that we measure is 20-fold higher than previously reported for 

aminoacylation of the same unmodified M. jannaschii tRNATyr species (wt-tRNA), 

while Km(tRNA) values are comparable [197]. The discrepancy is likely due to the 

use of just 11 μM tyrosine in the prior assays for Km(tRNA) determination, a value 

almost identical to Km(Tyr) and thus affording only partial enzyme saturation (Table 

3.2). The prior study also used 10 mM ATP [197], a level that we have found to be 

inhibitory (data not shown; high concentrations of ATP may inhibit by competing for 

binding with the 3′-terminal A76 of tRNA) [198]. These finding emphasize the value 

of monitoring aminoacylation through the use of 32P-labeled tRNA. We used 48 μM 

tyrosine in the Km(tRNA) determinations, 5-fold above Km(Tyr) (Table 3.2). The ATP 

concentration of 2.5 mM was also confirmed to be saturating (data not shown). These 

measurements show that M. jannaschii TyrRS is an efficient aaRS and does not 

exhibit a slow kcat as previously reported. 
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Correlating In Vivo Performance with Kinetic Measurements 
We next compared the in vivo expression yields of nitroTyr-sfGFP by first- 

and second-generation nitroTyrRS enzymes, as a function of the concentration of 

nitroTyr included in the autoinduction expression medium (Figure 3.2). The first- and 

second-generation enzymes used in these experiments were the best performers 

among the isolates from those rounds of directed evolution [19, 22]. The crystal 

structure of the best-performing second-generation enyme is also available in apo and 

nitroTyr-bound states [19]. As previously demonstrated, the second-generation 

nitroTyrRS is substantially more efficient than the first-generation enzyme at all 

nitroTyr concentrations tested. This enzyme exhibits saturation at a nitroTyr 

concentration of approximately 0.2 mM, while the first-generation variant produces a 

weakly increasing level of nitroTyr-sfGFP up to the highest nitroTyr concentration 

tested (Figure 3.2). For reference, native sfGFP without an amber stop codon 

expresses at levels in autoinduction medium 5-fold higher than that of the second-

generation nitroTyr aaRS under identical conditions supplemented with 1 mM 

nitroTyr [19]. 

 

 

 
Figure 3.2. In vivo function of NitroTyr-RSs in E. coli.  
In vivo fluorescent measurement of nitroTyr-150-sfGFP expression as a function of nitroTyr 
concentration in the medium using the first-generation (red) and second-generation (blue) 
nitroTyrRS enzymes. Values shown represent the mean of two experiments, and the error 
bars shown indicate the standard deviation of each measurement. 
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The determination of sfGFP yield in vivo at differing nitroTyr concentrations 

allows the possibility of a quantitative correlation with the catalytic performance of 

the enzymes in vitro. To examine this, we expressed and purified both first- and 

second-generation nitroTyrRS variants from E. coli and characterized aminoacylation 

by steady-state kinetics, as described above. The first-generation enzyme exhibits 

very weak nitrotyrosylation of wt-tRNA, with plateau levels of aminoacylated 

product much too low for determination of kinetic parameters (Figure 3.1). In 

contrast, the second-generation nitroTyrRS exhibits robust catalytic performance, 

with its Km(tRNA) being identical to that of wild-type TyrRS and its kcat diminished 

by only ∼4-fold (Table 3.2). Comparative measurements under identical single-

turnover conditions suggest that the first-generation enzyme performs approximately 

1000-fold less efficiently, although precise estimates are difficult because we do not 

observe saturation for nitroTyr in that case (data not shown). These findings show 

that the much higher levels of nitroTyr incorporation by the second-generation 

enzyme are substantially based on direct catalytic improvement of the evolved 

nitroTyrRS. 

Further measurements with the second-generation enzyme showed that a 

Km(nitroTyr) of 10 mM is ∼1000-fold higher than the Km(Tyr) in WT-TyrRS (Table 

3.2). However, the X-ray structure of the enzyme:nitroTyr complex offers no 

indication of weak binding, revealing instead a specific set of interactions with the 

nitroTyr substrate, including stacking interactions with the ring and several hydrogen 

bonds with the exocyclic nitro group [19]. Consistent with the high measured Km 

value, nitroTyr was not observed in electron density maps when included at a 

concentration of 2 mM in crystallization drops but appeared only when the crystals 

were later soaked in solutions containing this ligand at a concentration of 100 mM 

[19]. A possible explanation for this apparent discrepancy is that the crystal structure 

was determined without tRNA, while Km(nitroTyr) reflects the performance in its 

presence (see Discussion). 

Next, we repeated kinetic measurements for tyrosylation by WT-TyrRS and 

nitrotyrosylation by the second-generation enzyme, this time using an M. jannaschii 

tRNATyr transcript corresponding to the “orthogonalized” species present in the cells 
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during both the directed evolution experiments and the measurements of sfGFP 

production [19]. This permits a more precise correlation of in vivo performance with 

in vitro aminoacylation efficiency. The orthogonalized tRNA (orthog-tRNA) was 

isolated using genetic selections when the M. jannaschii TyrRS:tRNATyr system was 

first developed [18], and to the best of our knowledge, this particular species has been 

used in all subsequent directed evolution experiments with the M. jannaschii TyrRS 

scaffold. Orthog-tRNA possesses six nucleotide substitutions, comprising four 

replacements in the D and variable loop portions of the tertiary core 

(C17A/U17aG/U20G/U47G), and two replacements in the anticodon loop at the 

wobble position (G34C, as required to create the amber suppressor) and position 37 

(G37A, located immediately 3′ to the anticodon sequence) (Figure 3.3). 

 
 

 
Figure 3.3. Structures of M. jannaschii tRNATyr and TyrRS.  
Cloverleaf depiction (left) of the sequence of wild-type M. jannaschii tRNATyr. The six 
positions at which the tRNA sequence was altered to generate orthog-tRNA are circled, with 
the replaced nucleotide indicated. Crystal structure (middle) of M. jannaschii TyrRS bound to 
tRNATyr and L-tyrosine (Protein Data Bank entry 1J1U). The two subunits of the dimeric 
enzyme are colored blue and purple. The tRNA anticodon is boxed at the bottom. Positions 
corresponding to substitutions in tRNA-orthog are indicated in one of the tRNAs. Detail 
(right) from the crystal structure of the TyrRS:tRNATyr:L-tyrosine complex, showing 
hydrogen bonding and other contacts between TyrRS and the tRNA anticodon loop. 
Hydrogen bonds are depicted as dashed lines. 
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Orthog-tRNA elicits responses similar to those of a substrate for TyrRS and 

nitroTyrRS. kcat is unchanged for nitroTyrRS and decreased ∼2-fold for wild-type 

TyrRS, but Km(tRNA) is very substantially elevated for both enzymes (by 16-fold for 

TyrRS and 27-fold for nitroTyrRS) (Table 3.2). Thus, orthog-tRNA exhibits reduced 

complementarity for both TyrRS and nitroTyrRS compared to that of wild-type 

tRNATyr. Remarkably, both enzymes also show quantitatively similar decreases in 

Km(amino acid) (13-fold for wild-type TyrRS with tyrosine and 17-fold for 

nitroTyrRS with nitroTyr) (Table 3.2), suggesting substantially improved 

complementarity with this substrate. Because the six substitutions in orthog-tRNA are 

located 15–40 Å from the amino acid binding pocket on each protein, these 

observations strongly suggest that long-distance intermolecular communication 

between the tRNA and amino acid binding sites is a key mechanistic feature of both 

enzymes. Because tRNA Km values are so high with orthog-tRNA, saturation for 

tRNA could not be maintained in the experiments measuring Km (amino acid). Thus, 

amino acid Km values should be regarded as apparent values in these cases (Table 

3.2). 

Because nitroTyr-sfGFP synthesis in vivo depends on the function of 

nitroTyrRS, the nitroTyr concentration dependence of nitroTyr-sfGFP formation 

could bear some relation to the apparent Km value for nitroTyr exhibited by the 

evolved enzyme (Figure 3.2). In fact, the nitroTyr concentration giving half-maximal 

nitroTyr-sfGFP production is slightly less than 0.1 mM, ∼6-fold below the relevant 

apparent Km of 0.56 mM (Table 3.2). The quantitative relationship between these 

parameters will, of course, be influenced by differing ATP, tRNA, and ncAA 

concentrations in the two settings, and probably by other factors, as well (see 

Discussion). 

 
Dissecting the Orthogonalized M. jannaschii tRNATyr 

The M. jannaschii tRNATyr identity is specified by the C1-G72 base pair in 

the acceptor stem, the single-stranded A73 nucleotide located adjacent to the 3′-CCA 

sequence, and the full anticodon triplet G34-U35-A36 (Figure 3.2) [197]. 

Introduction of these six identity nucleotides into a noncognate tRNA framework 
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conferred full tyrosylation capacity [197], showing that no other nucleotides are 

essential. Among these six nucleotides in wild-type tRNATyr, the only one mutated in 

orthog-tRNA is G34, which must be substituted with C34 to create the amber 

suppressor. The necessity of this mutation at an identity position might be expected to 

diminish the quality of the M. jannaschii TyrRS:tRNATyr complex as an orthogonal 

pair for ncAA incorporation at amber codons. However, the kinetic measurements 

described above show that, while Km(tRNA) is significantly elevated for the G34C 

tRNA with both TyrRS and nitroTyrRS, Km(Tyr) and Km(nitroTyr) are lowered by 

nearly the same magnitude in the respective enzymes (Table 3.2). Thus, the direct 

interaction of TyrRS with the tRNATyr anticodon, by which the G34 identity is 

expressed (Figure 3.3), may not be entirely detrimental (see Discussion). 

The crystal structure of M. jannaschii TyrRS bound to tRNATyr and L-tyrosine 

shows that the core region of the tRNA does not interact with the enzyme, suggesting 

that the four orthog-tRNA mutations in the D and variable loops may not provide 

positive determinants for TyrRS aminoacylation. However, the base of G37 stacks 

between G38 and anticodon nucleotide U36 and makes steric contacts with a nearby 

protein element (Figure 3.3) [199]. While G37 was not identified as an identity 

nucleotide, these interactions and the proximity of the G34C and G37A substitutions 

in orthog-tRNA nonetheless suggest that the nucleotide at position 37 could influence 

tyrosylation and/or nitrotyrosylation efficiencies. To evaluate the importance of the 

replaced nucleotides in orthog-tRNA, we generated the G34C and G34C/G37A 

mutants in wt-tRNA and examined their abilities to efficiently synthesize nitroTyr-

sfGFP in vivo. For G34C, the yields of nitroTyr-sfGFP are lower than for the fully 

orthogonalized suppressor at all nitroTyr concentrations tested (Figure 3.4A). 

However, G34C/G37A is significantly more efficient than orthog-tRNA, particularly 

at low concentrations of nitroTyr. Hence, for nitroTyr incorporation by the second-

generation enzyme, the four additional mutations in the D and variable loops are 

deleterious to nitroTyr-sfGFP synthesis in vivo. 

We next examined how G34C and G34C/G37A tRNATyr compare to wt-tRNA 

and orthog-tRNA as substrates for in vitro aminoacylation. As expected given the role 

of G34 as an identity determinant, G34C tRNATyr exhibits a 20-fold reduced kcat with 
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TyrRS, while Km(tRNA) is elevated by 2-fold (Table 3.2). Remarkably, however, 

Km(Tyr) is sharply reduced by 30-fold. This large decrease in the amino acid Km 

mirrors similar findings with orthog-tRNA and pinpoints the wobble base interactions 

as a key trigger for long-distance intramolecular communication to the amino acid 

binding pocket some 40 Å distant. Further, the small effect on Km(tRNA) with this 

singly substituted species suggests that the altered wobble base contacts are not 

primarily responsible for the substantially weakened orthog-tRNA complementarity 

with TyrRS (Table 3.2). Because the G34C/G37A double mutant exhibits kinetic 

parameters with TyrRS that are very similar to those with G34C alone, it appears that 

the four substitutions in the D and variable loops are responsible for most of the 

weakened tRNA complementarity. However, kcat for aminoacylation of orthog-tRNA 

by TyrRS is substantially higher than for G34C or G34C/G37A, so the four tRNA 

core region substitutions in orthog-tRNA do rescue this kinetic parameter (Table 3.2). 

Although nitroTyrRS differs from TyrRS at just five residues in the amino 

acid substrate binding pocket, it does not respond similarly to substitutions at the 

anticodon loop wobble position. Most notably, Km(nitroTyr) is decreased by only ∼4-

fold with G34C tRNA, substantially less than the 17-fold decrease in Km(nitroTyr) 

observed with orthog-tRNA, and well below the 30-fold reduction in Km(Tyr) by 

TyrRS with G34C tRNA (Table 3.2). Another very significant difference between 

TyrRS and nitroTyrRS is that Km(tRNA) for the G34C tRNA with nitroTyrRS is 

greatly elevated: saturation could not be observed even at tRNA concentrations of 

>50 μM. This contrasts with the modest 2-fold increase in Km(tRNA) for the G34C 

species with TyrRS. These distinctions in the enzymes’ response to a single 

nucleotide substitution in the anticodon highlight the very strong interplay between 

amino acid and tRNA binding in this system, a characteristic that should influence the 

design of further directed evolution studies (see Discussion). 

The kinetic measurements do not reveal large differences in steady-state 

nitrotyrosylation parameters between G34C and G34C/G37A tRNAs, although 

stronger effects may be present that are not revealed because of the technical 

limitation associated with weak tRNA binding. However, even without a precise 

determination, it is clear that kcat for G34C/G37A is larger than for G34C, while 
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Km(nitroTyr) is ∼2-fold lower. These differences may explain the 5-fold lower ncAA 

concentration needed to reach half-maximal nitroTyr-GFP expression for 

G34C/G37A compared with that for G34C in vivo. The concentration of nitroTyr 

needed to reach half-maximal expression of nitroTyr-GFP is 3-fold lower for 

G34C/G37A than for the orthog-tRNA, although the basis for improved nitroTyr-

sfGFP synthesis is not apparent from these kinetic measurements (see Figure 3.4A 

and Discussion). 

 
Absolute Fidelity and Orthogonality of tRNATyr Suppressors In Vivo 

To assess whether the variations among orthog-tRNA, G34C, and 

G34C/G37A affect the ability of nitroTyrRS to discriminate nitroTyr from other 

amino acids, we measured the sfGFP yields in vivo for each of these suppressors, 

both with and without the addition of nitroTyr to the culture medium. Because 

nitroTyr is not present in E. coli, any observed fluorescence from sfGFP must arise 

from aminoacylation of other amino acids by nitroTyrRS. The data reveal that all 

three strains permit a low level of sfGFP synthesis in the absence of nitroTyr, but the 

G34C and G34C/G37A suppressors are only 25% less selective for amino acids than 

orthog-tRNA (Figure 3.4B). 

Next, we conducted similar experiments to measure yields of sfGFP with each 

of the three tRNAs, in the presence and absence of nitroTyrRS. All of these 

experiments were conducted in the absence of nitroTyr. Synthesis of sfGFP in the 

absence of nitroTyrRS indicates that readthrough of the amber codon occurs by 

misacylation of a tRNATyr suppressor with a canonical amino acid, by another aaRS 

in the cell. This measures the extent to which the engineered nitroTyrRS:tRNATyr pair 

is orthogonal to the endogenous aaRS:tRNA systems. Here we find that G34C 

tRNATyr exhibits a 4-fold increase in the level of misacylation compared to that of 

orthog-tRNA in the absence of the aaRS, but only a 2-fold increase when the aaRS is 

present (Figure 3.4C). However, both G34C/G37A and orthog-tRNA fully alleviate 

this effect, demonstrating that the four nucleotide substitutions in the D and variable 

loops of orthog-tRNA are not required to maintain orthogonality. 
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Figure 3.4. Effects of orthogonalized-tRNATyr mutations in vivo.  
(A) In vivo fluorescent measurement of nitroTyr-150-sfGFP expression using the second-
generation nitroTyrRS with tRNA-orthog (blue), G34C tRNA (red), and G34C/G37A tRNA 
(green), as a function of nitroTyr concentration. (B) In vivo fluorescent measurement of 
nitroTyr-150-sfGFP expression for the respective suppressor tRNAs in the presence and 
absence of nitroTyr, in the presence of the second-generation nitroTyrRS. (C) In vivo 
fluorescent measurement of nitroTyr-150-sfGFP expression for the respective suppressor 
tRNAs in the presence and absence of the second-generation nitroTyrRS. Values shown 
represent the mean of two experiments, and the error bars shown indicate the standard 
deviation of each measurement. 
 
 

Effect of Orthogonalized M. jannaschii tRNATyr on Other ncAA tRNA/RS Pairs 
To assess whether the superior performance of G34C/G37A tRNA for 

incorporation of nitroTyr can also be applied to the incorporation of other ncAAs, we 

measured ncAA-sfGFP synthesis in the presence of four other evolved M. jannaschii 

TyrRS enzymes. These aaRS enzymes were selected for 4-benzoyl-L-phenylalanine 

(Bpa), 4-(trifluoromethyl)-L-phenylalanine (tfmF), 4-cyano-L-phenylalanine (pCNF), 

and acridon-2-ylalanine (Acd) [19-20, 200]. To evaluate the pCNF-RS, we used 4-

azido-L-phenylalanine because it is an extensively used cross-linker. In each case, we 

compared the performance of G34C/G37A with orthog-tRNA, in the presence and 

absence of 0.25 mM ncAA in the culture medium (Figure 3.5). This was chosen as 

the lowest concentration that can maximize incorporation of nitroTyr with 

G34C/G37A tRNA (Figure 3.4A). We find that evolved aaRSs specific for Bpa, tfmF, 

and pCNF each incorporate the ncAA more efficiently with G34C/G37A, with a 

particularly large improvement (340%) observed for Bpa (Figure 3.5). In contrast, the 

evolved AcdRS generated more than twice as much ncAA-sfGFP when paired with 

orthog-tRNA rather than G34C/G37A. Therefore, whether and the extent to which the 

G34C/G37A tRNA performs better than orthog-tRNA depend on which ncAA is 

incorporated. This provides yet another demonstration of the importance of 
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intramolecular signaling between the amino acid and tRNA binding sites of evolved 

TyrRS enzymes. Although the effects are weak, experiments in the absence of added 

ncAA suggest that the fidelity of amino acid incorporation is slightly compromised 

when G34C/G37A tRNA is substituted for orthog-tRNA, for all five ncAAs tested 

(Figure 3.5). 

 
 

 
 

Figure 3.5 Effects of orthgonalized-tRNATyr mutations on several different evolved 
ncAA-RSs in vivo.  
In vivo fluorescent measurement of nitroTyr-150-sfGFP expression, using five ncAAs 
together with the five distinct aaRS obtained from prior directed evolution experiments. Each 
enzyme/ncAA pair is tested with orthog-tRNA and G34C/G37A tRNA. Each experiment was 
conducted in the presence and absence of the relevant ncAA to assess ncAA-GFP efficiency 
and fidelity. See Figure S3.2 for ncAA structures. Values shown represent the mean of two 
experiments, and the error bars shown indicate the standard deviation of each measurement. 
 
 

Discussion 
Our findings show that the efficiency of ncAA incorporation by evolved M. 

jannaschii TyrRS enzymes depends on nucleotide determinants in the cognate 

tRNATyr suppressor. Four of five tRNA nucleotides previously identified by directed 

evolution are deleterious to the efficiency of ncAA-sfGFP production in E. coli, while 

the G37A substitution alone, when paired with the wobble mutation G34C, 
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substantially improves incorporation for four of the five tested ncAAs (Figure 3.5). 

We confirm the earlier conclusion that the single mutant G34C tRNATyr suppressor is 

not orthogonal in E. coli (Figure 3.4C) [18]. However, our findings additionally 

demonstrate that tRNAs selected from large libraries for purposes of improving 

orthogonality may possess other nucleotide substitutions that are deleterious for 

efficient protein synthesis. Clearly, negative tRNA determinants that block 

noncognate aaRS interactions in vivo might also affect the catalytic efficiency of the 

desired cognate reaction. As we have shown here, systematic testing of mutations 

found in evolved tRNAs can distinguish which new substitutions are useful and 

which are not. We expect that the new G34C/G37A M. jannaschii tRNATyr should 

improve ncAA incorporation for many, although not all, of the recombinant proteins 

that have been so far generated with orthog-tRNA in this system. 

Steady-state measurements of aminoacylation kinetics are useful in 

characterizing evolved, orthogonal aaRS:tRNA pairs, as previously demonstrated for 

the PylRS system [167, 175]. Here, these measurements clearly show that a major 

improvement in the second-generation nitroTyrRS derives from improved 

aminoacylation efficiency (Figure 3.1). Kinetics also helps to pinpoint differences in 

catalytic function between wild-type and orthogonal components, to identify where 

further improvements might be made. The most remarkable finding is that, while Km 

for orthog-tRNA is elevated for both TyrRS and nitroTyrRS, Km for amino acid is 

sharply decreased by ∼15-fold in both enzymes (Table 3.2). This demonstrates sizable 

structural coupling between amino acid and tRNA recognition in M. jannaschii 

TyrRS, of a magnitude substantially greater than that previously characterized in the 

well-studied bacterial glutaminyl-tRNA synthetase (GlnRS) system [201]. The 

unexpected improvement in amino acid binding engendered by tRNA mutation 

suggests that the enzyme–tRNA interface has evolved to maintain weak amino acid 

binding by the protein component of the complex. 

This very weak amino acid binding could be an optimization reached on the 

basis of intracellular concentrations of all amino acids, tRNAs, and aaRS in M. 

jannaschii, as required to maintain the fidelity of protein synthesis, and perhaps 

influenced by the extreme environment that is inhabited by this hyperthermophilic 
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anaerobe. The interrelatedness of tRNA and amino acid binding also has implications 

for further design of TyrRS and tRNATyr to improve performance in vivo. It is 

important to note that no selections have yet been performed using the optimized 

G34C/G37A tRNATyr; such experiments could yield novel and better-performing 

nitroTyrRS variants, and as mentioned, this new suppressor should also be of broad 

utility for other ncAAs. We also note that the major catalytic detriment in the system 

remains the very high Km for tRNA. Thus, selections incorporating enzyme libraries 

that target the tRNA interface in regions spanning the anticodon to the active site 

could be fruitful, while maintaining the already evolved amino acid binding sites. 

This may build on the work of Guo and colleagues, who were able to improve 

incorporation of some ncAAs by M. janaschii TyrRS by manipulating protein 

residues at the anticodon interface of orthog-tRNA [16, 174]. It might also be 

possible to identify constellations of tRNA core region nucleotides that, rather than 

being detrimental as in orthog-tRNA, might instead improve tRNA binding through 

indirect modulation of the sugar–phosphate backbone conformation at the inner 

elbow portion of the tRNA L shape. Rationally engineered variants of E. coli GlnRS 

that incorporate noncognate glutamate manifested improved function when conserved 

tRNAGlu core region nucleotides were substituted into the GlnRS:tRNA 

ribonucleoprotein [202]. 

Our data also illustrate how measurement of aminoacylation kinetics is 

necessary but certainly not sufficient for a thorough understanding of how engineered 

orthogonal aaRS:tRNA complexes function in the cell. Km(nitroTyr) is not a 

quantitative proxy for the efficiency of nitroTyr uptake and incorporation in vivo 

(Figure 3.2 and Table 3.1); the discrepancy between this parameter and the 

concentration of nitroTyr giving half-saturation may reflect other factors such as 

limitations in cellular uptake of nitroTyr or downstream aspects of protein synthesis. 

Characterization of EF-Tu binding kinetics and ribosomal performance may thus also 

be helpful in inspiring further improvement of TyrRS-based orthogonal systems. 

Ultimately, sophisticated applications in synthetic biology demand that the catalytic 

parameters of evolved aaRS should fully match those of endogenous aaRS in the host 

organism with respect to kcat, Km(tRNA), and Km(amino acid). Thus, the 100-fold 
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lower kcat of Methanosarcina barkeri PylRS compared to that of TyrRS [175], while 

not deleterious in the host cell due to the very small number of pyrrolysine codons, 

may be a disadvantage if the PylRS system is ultimately to provide a scaffold for 

extensive incorporation of ncAAs in genomically recoded microorganisms with 

alternate genetic codes [164]. In contrast, the perceived disadvantage of TyrRS in 

directly recognizing the anticodon, while still posing a challenge as shown by the 

high Km(tRNA), is nonetheless mitigated by our findings that Km(amino acid) is 

improved by tRNA mutation while kcat is only modestly decreased (Table 3.2). Efforts 

in the synthetic biology of protein translation will doubtless also be promoted by the 

development of additional efficient aaRS scaffolds for ncAA incorporation [16, 78]. 
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Figure S3.1. Michaelis-Menten plots depicting the dependence of aminoacyl-tRNA 
formation on either amino acid or tRNA concentration.  
Ordinates are scaled by either the enzyme concentration or the product of enzyme and tRNA 
concentrations, enabling better comparison of the velocities for TyrRS (black circles) and 
nitroTyrRS (blue triangles) as a function of substrate concentration. Data points represent the 
mean values for all replicates, while error bars reflect the standard deviation. To generate 
values for Table 3.2 in the main text, data from each experimental replicate, shown pooled 
here, were fit individually to the Michaelis Menten function and subsequently averaged.  
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Figure S3.2. Structures of non-canonical amino acids tested with mutant tRNAs. 
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Abstract 

The generation of reactive oxygen species called oxidative stress, results in a 

bewildering array of modifications to biological macromolecules including DNA, 

lipids, and proteins. The formation of 3-nitrotyrosine (nitroTyr) in proteins serves as 

the main biomarker for oxidative stress and is present in over 50 disease pathologies. 

In response to oxidative stress the calcium sensing protein calmodulin (CaM) has 

been shown to have both of its tyrosines nitrated in vivo. We applied genetic code 

expansion to site-specifically incorporate nitroTyr into CaM and assessed the 

functional alterations to calcium binding, and regulatory effects on binding and 

activation of a major target protein, endothelial nitric oxide synthase (eNOS). We 

found that the ability of nitroTyr-CaM to bind calcium alone is unaltered but when in 

the presence of eNOS nitroTyr-CaM retains affinity for eNOS in the absence of 

calcium signal. In vitro eNOS assays with CaM nitrated at tyrosine 99 results in less 

nitric oxide production and more eNOS decoupling than wild type CaM. In contrast, 

CaM nitrated at tyrosine 138 produces more nitric oxide and does it more efficiently 

than wild type CaM. These results indicate the importance of CaM tyrosine nitration 

as regulatory mechanism for target eNOS activity.   

 

Introduction 
Critical Calcium Regulation 

Fundamental biological processes like cell proliferation, gene transcription, 

cell death, exocytosis, and metabolism are predicated on the tight regulation of 

cytosolic calcium (Ca2+) concentration [25].  As a direct consequence of this, loss of 

Ca2+ regulation is implicated in a variety of neurodegenerative and debilitating 

diseases including amyotrophic lateral sclerosis, Alzheimer’s disease, Parkinson’s 

disease, cancer, diabetes, and cardiovascular disease [203-206]. At the heart of Ca2+ 

regulation is the Ca2+ sensing protein, calmodulin (CaM), which transduces 

intracellular Ca2+ signals into biological responses. CaM accomplishes this by serving 

as a Ca2+ binding regulatory subunit of a wide array of enzymes, structural proteins, 

and membrane transporters. Cellular CaM fluctuates between its Ca2+ bound form 

(Ca2+-CaM) and Ca2+ and target protein bound forms (Ca2+-CaM-target) depending 

on intracellular Ca2+ levels and target affinity. Cytosolic Ca2+ levels are tightly 
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regulated between ~0.1 μM under resting conditions to ~10 μM after stimulation 

[207]. CaM is an abundant protein with intracellular concentrations up to 10 μM, 

however due to the concentration of its many target proteins, CaM is the limiting 

agent in Ca2+ sensing [208-209]. Since CaM has many distinct target proteins, CaM 

post-translational modifications (PTMs) serve as an additional level of control over 

CaM activity necessary for the intracellular Ca2+ regulatory balance. These 

modifications range from phosphorylation of serine, threonine, and tyrosine to 

trimethylation of lysine and proteolytic cleavage [35, 210]. Tyrosine phosphorylation 

of CaM is a regulatory mechanism with the Tyr99/Tyr138 phosphorylation 

stoichiometries depending on the kinase involved [33]. The receptor tyrosine kinases 

insulin receptor and epidermal growth factor receptor along with the non-receptor 

kinases, Src family kinases, Janus kinase 2, and p38Syk are all capable of 

phosphorylating CaM. The impact of CaM phosphorylation on CaM activity is 

dependent both on the site of phosphorylation and CaM’s associated target protein 

[208]. When purified, phosphoCaM-99 affinity for several different target protein 

binding domain peptides was tested. In general affinity was increased but the change 

was dependent on the target protein [34]. 

 

Abundant nitroTyr Ox-PTM on Calmodulin 
CaM is susceptible to modification by reactive nitrogen and oxygen species 

(RNS) such as hydrogen peroxide (H2O2), nitric oxide (NO•), and peroxynitrite 

(ONOO-) (Yan et al., 2006; Pacher et al., 2007; Smallwood et al., 2007). These RNS 

induce a variety of oxidative post-translational modifications (Ox-PTMs), but the 

most common are cysteine nitrosylation, methionine sulfoxidation, and tyrosine 

nitration [211]. Proteomic analysis on CaM has shown that these Ox-PTMs form on 

all of the methionine and tyrosine residues in vivo [26, 212-214]. It has been 

demonstrated that oxidation of methionines on CaM compromises target protein 

interactions and lowers target protein activity [37-38, 204, 212, 214]. While up to 

30% of the cellular CaM pool is nitrated following macrophage activation on critical 

regulatory tyrosines residues [27], the effect of tyrosine nitration on CaM function 

has not been determined to date. 
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Critical Calmodulin Target – Nitric Oxide Synthase 
Growing evidence supports that vascular misfunction and oxidative stress play 

a key role in cardiovascular diseases [215]. A key regulator of cardiovascular 

function dependent on Ca2+-CaM activation is endothelial nitric oxide synthase 

(eNOS), a multi-domain enzyme that catalyzes the conversion of L-arginine to the 

biological signaling molecule nitric oxide (NO•), important for regulating vascular 

tone and angiogenesis. At maximal intracellular calcium levels, 25% of the Ca2+-CaM 

pool in endothelial cells is associated with eNOS [40]. This amount of CaM bound by 

tight association with eNOS removes sufficient CaM from the intracellular pool to 

affect other target proteins as seen with the intracellular calcium regulatory channel 

plasma membrane Ca2+-ATPase [40]. Under normal conditions eNOS transfers 

electrons from NADPH to oxygen and L-arginine to produce NO•, however under 

conditions of limiting substrate, electrons are instead shunted to oxygen resulting in 

the formation of the superoxide anion, a ROS involved in the formation of 

nitrotyrosine. 

 

Targeting Ox-PTM with Genetic Code Expansion 
To evaluate the impact of Ox-PTMs on CaM, standard site-directed 

mutagenesis was used to provide data on specific residues. This approach, while the 

best available at the time is problematic because altering amino acids to prevent Ox-

PTM formation can have unknown effects at these regulatory hot-spots [26]. Genetic 

code expansion (GCE) provides the means to assess the effects of site-specific protein 

tyrosine nitration through co-translational installation of nitroTyr into the protein of 

interest. This methodology has been used recently to show that tyrosine nitration can 

cause a toxic gain-of-function for heat shock protein 90 (Hsp90) and apolipoprotein 

A-I (ApoAI) as well as a loss of function in manganese superoxide dismutase 

(MnSOD) [22-24].  

Here, we use GCE to generate site-specifically modified nitroTyr-containing 

CaM and characterize the effect of this Ox-PTM on regulating CaM function. While 

we determined that nitration of CaM does not change Ca2+ affinity, we did find that 

tyrosine nitration increases the affinity of CaM for key target protein, eNOS, and 
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alters its ability to produce product, NO•, in a calcium-dependent manner. Based on 

the kinetics of the interaction between an eNOS peptide constituting the CaM binding 

domain, we determined that nitration at CaM-Tyr99 and Tyr138 bind eNOS more 

tightly than WT-CaM at subsaturating Ca2+ levels, and most strikingly that CaM 

nitrated at site 138 binds eNOS under resting physiological Ca2+ conditions. This 

constitutes a clear regulatory gain-of-function for nitroTyr-CaM as any subpopulation 

of CaM nitrated will activate eNOS in the absence of a Ca2+ signal. Moreover, when 

eNOS activity is monitored with nitroTyr-CaM-138 at saturating calcium levels, the 

efficiency and rate of NO• production is significantly increased over that of WT-CaM. 

In addition, at lower calcium levels both nitroTyr-CaM species induce greater eNOS 

activity. In this study, we provide the first evidence that tyrosine nitration of CaM 

displays a regulatory gain-of-function to the Ca2+-dependent activation of eNOS 

signaling and in so doing demonstrate that nitroTyr can serve as a regulatory PTM on 

proteins.    

 

Results 
CaM Tyrosine Residues are Targets for Nitration 

Previous studies have indicated that nitration of CaM at tyrosine 99 is a 

biomarker of oxidative stress and that nitration of CaM at tyrosine 138 is subject to a 

denitrase activity in activated macrophages [26-27, 37]. We confirmed this result by 

monitoring the formation of nitroTyr-CaM in lipopolysaccharide-activated RAW 

264.7 cells. Cell lysate when blotted for nitroTyr revealed significant bands at 15-17 

kDa, which were also immunoreactive to anti-calmodulin antibody. These results 

confirm the presence of nitrated CaM in activated macrophages (Figure 4.1). 
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Figure 4.1. Calmodulin is nitrated in vivo.  
Total lysate from Raw264.7 macrophages activated with LPS was separated on a 15% SDS-
PAGE gel and coomassie stained (lane 1), or transferred to PVDF membrane and blotted for 
nitroTyr (lane 2) or CaM (lane 3). Bands co-localize on the nitroTyr and CaM blots, 
indicating endogenous nitration of CaM.  
 

Production of Site-specific NitroTyr-CaM 
We sought to characterize the functional effects of site-specifically nitrating 

the tyrosine residues on CaM because of nitroTyr-CaM abundance in cells. Genetic 

code expansion co-translationally installs site-specific oxidative modifications like 

nitroTyr and has recently been employed to effectively study oxidative stress because 

it generated homogeneously nitrated protein [22-23, 122, 137]. To generate 

homogeneous nitroTyr-CaM we co-transformed a plasmid expressing an Mj 

aminoacyl tRNA synthetase/tRNACUA (aaRS/tRNA) pair engineered to efficiently 

incorporate nitroTyr (pDule-nitroTyr-5b) with human CaM constructs bearing an 

amber stop codon at either amino acid position 99 or position 138 (Figure 4.2A).  

NitroTyr-CaM was expressed in autoinduction medium supplemented with nitroTyr 

and purified using a C-terminal 6x-His tag. When nitroTyr was withheld from the 

media, no full-length protein was purified, indicating the fidelity of the engineered 

aaRS/tRNA pair for nitroTyr (Figure 4.2B). Yields of 320 and 305 mg (L of culture)-1 

were obtained for nitroTyr-CaM-99 and nitroTyr-CaM-138 respectively, compared to 

that of 364 mg (L of culture)-1 for WT-CaM expression. The mass of the WT-CaM 

and nitroTyr-CaM species were also compared via mass spectrometry, with a mass 

increase of 44 Da corresponding to the addition of a single nitro group (Figure 4.3). 
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The presence of nitroTyr was further confirmed by anti-nitroTyr Western blot (Fig. 

4.2C). These cumulative results validate the specific incorporation of nitroTyr into 

CaM. 

 

 
Figure 4.2. Incorporation of nitroTyr into CaM expressed in E. coli.  
(A) CaM construct with C-terminal 6x-His-tag. (B) Expression of WT- and nitroTyr-CaM 
analyzed by 15% SDS-PAGE gel, both with and without pDule-nitroTyr-5b and 1 mM 
nitroTyr. (C) Western blot with primary antibody against nitroTyr.  
 

 

 

 

 

 

 
Figure 4.3. Mass spectrometric characterization of WT- and nitroTyr-CaM.  
Electrospray ionization mass spectrometry confirms the quantitative incorporation of nitroTyr 
into CaM.  
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Nitration of CaM does not Impair Calcium Binding 
As reversible Ca2+ binding is central to CaM function, it is essential to 

determine if CaM nitrated at tyrosine 99 or 138 shifts this equilibrium; increasing or 

decreasing Ca2+ binding affinity as compared to WT-CaM. CaM binds four Ca2+ 

leading to a structural shift and access to a central target protein binding domain, 

which can take place independently or in conjunction with target interactions. 

Isothermal titration calorimetry (ITC) provides a means to measure both the 

thermodynamic values associated with the Ca2+-CaM interaction and the 

stoichiometry of this interaction. As is standard with CaM, ITC data were fit to a 

multiple site model (Figure 4.4) [216]. Values for the enthalpy changes (ΔH1 and 

ΔH2) and association constants (Ka1 and Ka2) are thus obtained for binding of Ca2+ to 

the higher affinity N-terminal lobe and lower affinity C-terminal lobe of CaM (Table 

4.1) [217]. Our WT-human CaM produced in E. coli indicate affinities of Ka1 = 

6.7±0.4 x 106 M and Ka2 = 1.1±0.1 x 105 M in close agreement with previous studies 

[218]. Affinities for both site-specific nitroTyr-CaM proteins binding to Ca2+ were 

similar for the high affinity sites (~0.2 μM) and slightly higher for the low affinity 

sites (~5 μM for nitroTyr-CaMs and ~10 μM for WT-CaM). The ITC results indicate 

that nitration of tyrosine 99 or 138 does not majorly affect CaM’s affinity for Ca2+ 

binding (Table 4.1). 
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Figure 4.4. Sample ITC data for Ca2+ titration into WT-CaM and nitroTyr-CaMs.   
(A) Representative thermograms for the interaction of CaCl2 with WT- and nitroTyr-CaM. 
(B) Fits to binding isotherms.  
 

 

Table 4.1. Thermodynamic constants derived from the calorimetry data of WT and 
nitroTyr CaM Ca2+ binding. 

 
 

 

Dansylated CaM (dansyl-CaM) fluorescence has also been used for 

monitoring conformational changes in CaM as a result of interactions with Ca2+ [219-

220]. In the presence of Ca2+, the dansyl-CaMs fluorescence spectrum exhibits an 

enhancement and blue shift as the dansyl moiety is moved to a more hydrophobic 

environment [221]. To analyze the Ca2+ induced structural changes of the different 

dansyl-CaM species, we performed Ca2+ fluorescence titration experiments (Figure 

4.4). Fitting the data (equation 4.2, materials and methods) gives the EC50(Ca2+), the 

free calcium concentration at which the dansyl-CaM is half saturated with Ca2+, and 

n, the Hill cooperativity constant (Table 4.2). The EC50(Ca2+) values for all CaM 

forms were approximately 0.3 μM [Ca2+]free. This unaltered Ca2+ affinity for the WT- 

and nitroTyr-CaMs is in good agreement with the ITC data. The Ca2+ fluorescence 

titration did show a difference for the Hill cooperativity coefficient for the WT- as 
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Table 1. Thermodynamic constants derived from calorimetry data of WT and nitroTyr CaM Ca2+ binding. 

CaM KD 1 (µM) KD 2 (µM) ΔH1 (kJ mol-1) ΔH2 (kJ mol-1) n1 n2 

WT 0.15 ± 0.01 9.1 ± 0.08 22 ± 3 -4.0 ± 0.3 1.7 ± 0.2 1.8 ± 0.4 
nitroTyr-99 0.22 ± 0.03 3.4 ± 0.9 3.5 ± 0.5 13 ± 2 1.8 ± 0.3 1.6 ± 0.3 

nitroTyr-138 0.23 ± 0.04 5 ± 1 2.3 ± 0.5 12 ± 2 1.9 ± 0.1 1.9 ± 0.1 
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compared to the nitroTyr-CaMs (Table 4.2). This indicates that there is slightly lower 

cooperativity for the nitroTyr-CaMs as compared to the WT-CaM. Taken together the 

Ca2+ ITC and fluorescence titration data confirm that nitration of tyrosine on CaM do 

not change its affinity for Ca2+. 

 

 

 
Figure 4.4. Dansyl-CaM fluorescence following titration with Ca2+.  
Ca2+ dependency of dansyl-CaM (WT, nitroTyr-99, and nitroTyr-138) fluorescence. The 
normalized fluorescence is shown for CaM under assay conditions described in Materials and 
Methods.  
 

Table 4.2. Fit data from calcium titration of dansyl WT and nitroTyr-CaMs. 

 
 

NitroTyr-CaM Exhibits a Gain-of-Function Interaction with Target Protein eNOS 
To determine if nitration of CaM changed its Ca2+-dependent ability to bind 

target protein we employed the use of biolayer interferometry (BLI). This method 

allows for uniform attachment of a target protein-binding region to a BLI optical 

biosensor tip and measurement of CaM binding in different buffered concentrations 

of Ca2+. To determine if CaM nitration alters its affinity for eNOS we used the 

synthesized 20 amino acid peptide CaM binding domain of eNOS with a C-terminal 

PEG-biotin to aid in solubility and surface attachment. BLI streptavidin biosensor tips 

were loaded with three different concentrations of biotin-eNOS peptide [222]. 

!

Table 2. Fit data from calcium titration of dansyl WT 
and nitroTyr-CaMs. 

CaM EC(50)Ca2+ (µM) Hill Coefficient 
WT 0.3 ± 0.1 4.6 ± 0.1 
nitroTyr-99 0.3 ± 0.1 3.7 ± 0.3 
nitroTyr-138 0.3 ± 0.1 3.0 ± 0.3 
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Biosensors with an immobilized eNOS peptide were then moved into a buffer 

containing either WT- or nitroTyr-CaM and varying concentrations of Ca2+ while the 

instrument monitors the CaM association, then moved to an analyte (CaM) free buffer 

to monitor dissociation. A Ca2+ buffer composed of a mixture of Ca2+ solution and 

Ca2+-EGTA solution (see materials and methods) was used to precisely control a 

range of [Ca2+]free (Figure 4.5). Fitting CaM association and dissociation to a kinetic 

model provides Kd under different Ca2+ concentrations (Table 4.3). 

Consistent with values reported in the literature for WT-CaM, CaM binding of eNOS 

peptide affinity ranges from ~1 nM to undetectable levels as [Ca2+]free is decreased 

from saturating levels (2 mM) to physiologically resting levels (20-50 nM) [223-225]. 

Both nitroTyr-CaM species exhibit similar eNOS-peptide binding affinity at 

saturating calcium levels. Strikingly they retain ~5 nM affinity at physiologically 

resting [Ca2+]free. Due to the retention of high affinity for eNOS at resting [Ca2+]free, 

nitroTyr-CaM has the potential to constitutively activate eNOS in the absence of 

calcium signal. A small intracellular population of constitutively active nitroTyr-CaM 

will dominate the rest of the CaM population in the absence of a Ca2+ signal, resulting 

in a gain-of-function alteration to eNOS signaling. 

 

 

 
Figure 4.5. Representative BLI data of WT-CaM and nitroTyr-CaM binding to eNOS 
peptide.  
Association and dissociation curves of WT-, nitroTyr-99, nitroTyr-138 CaMs with eNOS 
peptide at 100, 50, and 20 nM free calcium concentrations. 
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Table 4.3. Affinity constants derived from BLI data of WT- and nitroTyr-CaM 
binding to eNOS peptide. 

 
 

NitroTyr-CaM Exhibits a Gain-of-Function Activation of eNOS Function 
CaM nitration clearly causes eNOS binding at resting calcium concentrations 

but this change in affinity only has regulatory significance if nitration does not 

abolish full-length eNOS enzyme activity. Electron transfer between eNOS domains 

is dependent on the reversible binding of CaM, which is governed through changes in 

the intracellular Ca2+ concentration. To determine if the increased binding affinity of 

nitroTyr-CaM altered eNOS activity we measured the steady-state NO• synthesis 

activities of eNOS in presence of WT-CaM and nitroTyr-CaMs (Table 4.4). The 

coincident rates of NADPH oxidation during the assays were also measured to 

determine the efficiency of NO• production. Generally, these assays are conducted 

under saturating calcium levels (2 mM free Ca2+ concentration). At these Ca2+ 

concentrations, all CaM species bind eNOS with the same affinity (Table 4.3), so any 

differences in NO• production seen are independent of CaM-eNOS affinity. It is not 

feasible to perform eNOS assays at very low Ca2+ concentrations due to slow eNOS 

turnover and detection limits of the oxyhemoglobin, NADPH, and cytochrome C 

assays. At saturating Ca2+ levels, the eNOS was ~1.3 times more active with nitroTyr-

CaM-138 than eNOS with WT-CaM. NitroTyr-CaM-99 had an inhibitory effect and 

lowered NO• synthesis by ~40 %. We also compared how these CaMs impact the 

NADPH oxidation rates of eNOS during NO• synthesis. In general, the rate of 

NADPH oxidation followed the rate of NO• synthesis, consistent with the coupling of 

these processes. Remarkably, the coupling in eNOS with nitroTyr-CaM-138 (3.0 

NADPH per NO•) was more efficient than in eNOS with WT-CaM (4.4 NADPH per 

NO•). This means that that the eNOS works more efficiently with nitroTyr-CaM-138, 

Table&3.!Affinity!constants!derived!from!BLI!data!of!WT!and!nitroTyr!CaM!binding!to!eNOS!peptide.!
Free&[Ca2+]& WT1CaM&KD&(nM)& nitroTyr1CaM199&KD&(nM)& nitroTyr1CaM1138&KD&(nM)&
2!mM! 0.65!±!0.02! 0.65!±!0.02! 0.64!±!0.02!
225!nM! 3.84!±!0.09! 2.10!±!0.06! 2.75!±!0.06!
100!nM! 5.1!±!0.5! 2.6!±!0.3! 3.8!±!0.3!
50!nM! 360!±!30! 3.8!±!0.1! 4.94!±!0.05!
20!nM! >50,000! >50,000! 7!±!1!

Data!are!means!±!SD!of!at!least!2!sets!of!3!independent!determinations.!
!
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and enables greater NO• synthesis without an increased production of reactive oxygen 

species. 

 

Table 4.4. Steady state rates (min-1) of WT eNOS (Bovine) with different CaMs at 2 
mM Free Ca2+ 

 
 

 The steady-state cytochrome c reductase activity is a useful way to measure 

the electron flux passing through the NOS FMN subdomain. Cytochrome c activity is 

suppressed in absence of CaM and cytochrome c activity increases in presence of 

CaM. A typical 5-fold increase in cytochrome C activity was induced by the binding 

of WT-CaM to WT-eNOS in our assays [45]. We found that nitroTyr-CaM-138 

exhibits a 10% increase in activity as compared to WT-CaM and that nitroTyr-CaM-

99 exhibits a 10% decrease in activity as compared to WT-CaM. Cytochrome c 

reductase activity data also indicate that the eNOS works more efficiently with 

nitroTyr-CaM-138. When supplemented with either of the nitroTyr-CaM species as 

opposed to WT-CaM, eNOS retained more activity at 225 nM [Ca2+]free (Table 4.5). 

This indicates that the gain-of-function seen with nitroTyr-CaM-eNOS binding is 

conserved with the full-length protein. 

 

Table 4.5. Steady state rates (min-1) of WT eNOS (Bovine) with different CaMs at 
225 nM Ca2+free 

 
 

 

Table 4. Steady state rates (min-1) of WT eNOS (Bovine) with different CaMs at 2 mM Free Ca2+. 
Assays WT CaM nitroTyr-CaM-99 nitroTyr-CaM-138 Minus CaM 

NO synth (+ L-Arg) 9.0 ± 0.8 5.5 ± 0.5 12 ± 1 0 
NADPH Oxidation (+ L-Arg) 40 ± 2 27 ± 3 37 ± 3 6.0  ± 0.1 
Cytochrome c reduction 490 ± 20 460 ± 20 540 ± 40 100 ± 9 
!

Table 5. Steady state rates (min-1) of WT eNOS (Bovine) with different CaMs at 225 nM Free Ca2+. 
Assays WT CaM nitroTyr-CaM-99 nitroTyr-CaM-138 Minus CaM 

NO synth (+ L-Arg) 7.0 ± 0.6 5.0 ± 0.2 11.0 ± 0.8 0 
NADPH Oxidation (+ L-Arg) 34 ± 2 26 ± 3 41 ± 4 7.0 ± 0.1 
Cytochrome c reduction 460 ± 30 440 ± 40 520 ± 30 105 ± 7 
Coupling ratio 4.8:1 5.2:1 3.7:1  
!



 
 

 

77 

 
NitroTyr-CaM interacts with and stimulates the function of eNOS in eNOS-

expressing HEK293 cell lysate 
 In order to verify that nitroTyr-CaM interacts with eNOS while in the 

presence of WT-CaM and nitroTyr-CaM is not absorbed by other cellular CaM 

targets, we produced an HEK293 cell line stably expressing eNOS and using lysate 

from these cells showed that eNOS was co-immunoprecipitated via pulldown of the 

V5 tag on either WT- or nitroTyr-CaM (Figure 4.6). As eNOS was co-

immunoprecipitated by both WT- and nitroTyr-CaM, this indicates that nitroTyr-CaM 

interacts with eNOS in the presence of other intracellular targets of CaM. Using 

lysate from eNOS producing HEK293 cells or EA.hy926 human endothelial cells we 

were able to control both the concentration of supplemented CaM and [Ca2+]free. We 

also verified that all CaM forms were able to stimulate eNOS activity in HEK293-

eNOS lysate. As expected for eNOS we see a calcium concentration- (Figure 4.7) and 

time- (Figure 4.8) dependent increase in activity. This activity is responsive to the 

NOS inhibitor L-NAME (Figure 4.8) indicating that NO• synthesis is a result of eNOS 

activity.  Due to the presence of endogenous CaM there was a significant eNOS 

activity without the addition of exogenous CaM (Figure 4.7). As predicted from the 

increased affinity of nitroTyr-CaM-138 for eNOS at low calcium concentrations, the 

eNOS activity was stimulated to a significantly larger extent in lysate supplemented 

with nitroTyr-CaM-138 over WT-CaM (Figure 4.7), particularly at intermediate 

calcium levels (750-225 nM [Ca2+]free). 
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Figure 4.6. WT-CaM, CaM nitroTyr-99, and CaM nitroTyr-138 interact with eNOS 
protein from HEK293-eNOS and EA.hy926 cell lines.  
Western blot analysis of immunoprecipitates of V5-tagged WT-, nitroTyr99-, and 
nitroTyr138-CaM from (A.) lysates of HEK293 cells stably expressing eNOS and (B.) 
EA.hy926 human endothelial cells show that WT- and nitroTyr-CaM interact with eNOS in 
the context of the cellular milieu containing other CaM target proteins.  
 

 

 
Figure 4.7. NitroTyr-CaM stimulates production of NO• by eNOS in HEK293-eNOS 
cell lysate.  
HEK293-eNOS cell lysate was supplemented with WT- or nitroTyr-CaM and eNOS 
cofactors. The production of NO• was measured via NO• selective electrode. 
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Figure 4.8. Timecourse of NO• production from lysate of eNOS expressing HEK cells.  
The production of NO• in eNOS-expressing HEK lysate supplemented with either (A) WT-
CaM, (B) nitroTyr-CaM-99, (C) nitroTyr-CaM-138 displays time dependent NO• production 
and its dependence on EGTA, and NOS inhibitor L-NAME. The production of NO• was 
measured via NO• selective electrode. 
 

 

Discussion 
 Here we sought to address a long standing question in the field of oxidative 

stress regarding if the nitroTyr PTM can regulate protein function [115]. The 

abundant literature on the strong connection between oxidative stress and calcium 

signaling dysregulation indicates that this Ox-PTM on CaM could be contributing to 

calcium dysregulation [226]. Nitrated CaM is seen in conditions of aging and 

inflammation but it was unclear whether nitration was simply protein damage or 

played a regulatory role due to the specific Ox-PTM. The perception that these 

modifications are solely damage has evolved and the concept of redox signaling is 

well established for a number of reactive oxygen and nitrogen species [2, 227]. Since 

nitroTyr can be incorporated site-specifically using GCE, it provides a method to 

evaluate if it can regulate protein function. CaMs central role in regulating calcium 

signaling, its abundant nitration of regulatory tyrosine residues, and the potential 

presence of a cellular denitrase [27] for nitrated CaM make it an ideal candidate for 

assessing the regulatory impact of tyrosine nitration. 

 For nitroTyr-CaM to serve a regulatory role, this Ox-PTM modification needs 

to provide a gain-of-function to CaM, since only a fraction of the cellular pool of 

CaM is likely nitrated, similar to other regulatory PTMs like phosphorylation [228]. 
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There are three CaM equilibria that could shift and confer a gain-of-function to CaM 

signaling after nitroTyr modification. The first and most central potential alteration to 

CaM activity is a change in calcium binding. An increase in CaM’s affinity for 

calcium would result in increase in activity of all Ca2+-CaM dependent target proteins 

at lower calcium levels (Figure 4.9A). Second, is a shift in the equilibrium for binding 

target proteins such that nitroTyr-CaM binds a target protein at lower calcium 

concentrations, resulting in activation of target protein at lower calcium 

concentrations (Figure 4.9B). A third gain-of-function change from tyrosine nitration 

would result if nitroTyr-CaM-target protein complex increases client activity over 

that of WT-CaM-target protein complex (Figure 4.9C). 
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Figure 4.9. CaM function depends on several equilibria that may display a gain-of-
function following tyrosine nitration here indicated as A, B, and C.  
The two sites of physiological tyrosine nitration in calmodulin are shown, Tyr99 in yellow 
and Tyr138 in orange, and Ca2+ (shown as green spheres corresponding to the van der Waals 
radius). (A) A general gain-of-function occurs if apoCaM (PDB 1QX5) when nitrated 
possesses higher affinity for Ca2+ and shifts to the holoCaM (PDB 3CLN) at lower Ca2+ 
concentrations. (B) A gain-of-function may also occur if holoCaM binds to a target protein, 
like eNOS, with greater affinity (eNOS-CaM complex, PDB 1NIW). (C) Further, a gain-of-
function could occur if nitroTyr-CaM binding induces increased target protein activity.  
 

Reversible Ca2+ binding at the range of resting Ca2+ to saturating Ca2+ 

concentrations (0.1-10 μM) is at the core of CaM function, as it induces 

conformational changes resulting in exposure of hydrophobic patches and association 

with 100s of protein targets. If CaM tyrosine nitration alters Ca2+ affinity this will 

result in the most wide-reaching changes in CaM function. If Ca2+ affinity is 

increased, a general CaM gain-of-function occurs. Lower amplitude Ca2+ transients 
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would result in activation of target proteins. It has been reported that full oxidation of 

CaM methionines by hydrogen peroxide results in an unfolded apostate that binds 4 

Ca2+ ions with equal lowered affinity resulting in a mild loss-of-function [229]. This 

is not the case for nitroTyr-CaM, as CaM retains its affinity for Ca2+ following 

tyrosine nitration resulting in neither a gain- nor loss-in-function. Tyr138 serves as a 

structural coupler between the N-terminal domain and the central linker of CaM 

through hydrogen bonding with Glu82 (Figure 4.10) [230-231]. In addition, an 

investigation via NMR into a phosphomimetic CaM mutant, Tyr99Glu, did show that 

residues involved in Ca2+ binding in the C-terminal lobe were affected by this 

mutation [32]. 

 

 

 
Figure 4.10. Interactions stabilizing holoCaM conformation.  
Hydrogen bonding between glu 82 (purple) and tyr 138 (orange) is key to structural coupling 
between the N- and C-terminal lobes of CaM. Nitration of tyr 138 lowers the pKa of the 
residue resulting in a weakened hydrogen bond, lowering interlobe coupling. The carbonyl 
oxygen of Tyr 99 (yellow) involved in chelating Ca2+ in EF-hand III is also shown (ApoCaM 
structure, PDB 1QX5; Ca2+-CaM structure, PDB 3CLN; Ca2+-CaM-eNOS structure, PDB 
1NIW).  
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Tyrosine phosphorylation of CaM has been shown to impact Ca2+–dependent 

CaM signaling, including phosphoCaM-99 binding 4 times more tightly to neuronal 

NOS as compared to WT-CaM [34]. Given this its perhaps not surprising to think that 

CaM tyrosine nitration will alter CaM-eNOS affinity. Our data with WT-CaM show 

that under saturating 2 mM [Ca2+]free WT-CaM exhibits sub-nanomolar affinity for 

eNOS peptide, that CaM begins dissociate from eNOS at 100 nM [Ca2+]free, and fully 

dissociates from eNOS at 20 nM [Ca2+]free. Both nitroTyr-CaM species bind with 

identical sub-nanomolar affinities as the WT-CaM under saturating [Ca2+]free, 

however they only exhibit a slight decrease in affinity at the resting [Ca2+]free of 50 

nM. Most strikingly, nitroTyr-CaM-138 remains bound even at 20 nM [Ca2+]free, 

indicating that eNOS in the presence of nitroTyr-CaM-138 is active even under 

resting conditions. A previous study with the eNOS CaM binding domain peptide 

showed no detectable interaction between CaM and the eNOS peptide at [Ca2+]free 

<40 nM, and that eNOS was half maximally bound at a [Ca2+]free of 228 nM [224]. 

Based on these conditions, eNOS is almost exclusively CaM-free under resting 

conditions but is half bound at roughly a quarter of maximum intracellular [Ca2+]free, 

meaning as expected, eNOS with WT-CaM is inactive under resting conditions but 

activated following influx of calcium.  Previously, phosphorylation of eNOS at S1179 

has shown a similar regulatory effect to the activation detected following CaM 

tyrosine nitration. Following eNOS phorphorylation by Akt or PKA, CaM is able to 

bind at lower [Ca2+]free levels, effectively lowering the calcium signal required for 

eNOS activation [232]. In the same vein, nitration of CaM at tyrosine 138 provides a 

novel means of regulating CaM-target protein interactions and constitutively 

activating eNOS.  

In order to study the catalytic activity of full-length eNOS, we employed 

several kinetic measurements. Monitoring NO• production presents a direct 

measurement of the enzyme output, while monitoring NADPH oxidation provides 

information on the efficiency of the process in terms of substrate to product ratio, and 

monitoring cytochrome C reduction provides a means to assess correct electron 

transfer through the enzyme. Previous work with the phosphomimetic CaM mutation 
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Y99E showed a 40% decrease in NO• production, while the control mutation Y99Q 

only showed a 20% decrease in NO• production [32]. Due to issues with limits of 

sensitivity, eNOS assays are generally conducted under saturating [Ca2+]free levels. At 

2 mM [Ca2+]free, similar to the Y99E mutation, nitroTyr-CaM-99 resulted in a 40% 

decrease in NO• production and was less efficient with a 10% decrease in NADPH to 

NO• ratio as compared to WT-CaM. Strikingly, nitroTyr-CaM-138 was able to 

produce more NO• more efficiently than WT-CaM with a 33% increase in NO• output 

and a 62% efficiency increase. This increase in product output and increase in 

efficiency is comparable to what was seen for eNOS regulation by the 

phosphomimetic mutations S1179D or S617D [44-45]. As we do not expect the 

affinity of nitroTyr-CaM for eNOS to be altered at saturating [Ca2+]free as compared to 

WT-CaM we may be able to ascribe the change in eNOS function to a shift in eNOS 

domain dynamics [233]. Under intermediate calcium conditions (225 nM [Ca2+]free) 

both nitroTyr-CaMs retained 10% more eNOS activity than the WT-CaM indicating 

that nitration will regulate CaM to increase NO• at low calcium levels.  

 NOS enzymes are homodimers of two peptide chains composed of an N-

terminal oxygenase domain and C-terminal reductase domain with the two domains 

separated by a CaM-binding motif. During catalysis NADPH derived electrons are 

transferred into the FAD and FMN in each NOS subunit and then on to the ferric 

heme in the partner subunits of the homodimer. NOS electron transfer reactions are 

suppressed in the native state by several protein regulatory inserts including an auto-

inhibitory insert in the FMN domain. CaM binding to NOS relieves suppression of 

the electron transfer process, activating NOS. Under conditions of limited arginine 

substrate NOS has also been observed to produce superoxide through electron 

transfer to molecular oxygen [234].  

 While in vitro eNOS assays give a detailed snapshot of CaM-eNOS 

regulation, we should remain cognizant of what occurs in the context of the 

intracellular environment. CaM regulates many proteins and nitroTyr-CaM pool may 

be biased towards target proteins other than eNOS. Regulation of eNOS is also 

multifaceted and is also dependent on interactions with proteins other than CaM and 

subcellular localization. In order to approach this problem we first assessed eNOS 
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function in HEK293-eNOS lysate. We saw that supplementation with nitroTyr-CaM, 

particularly at site 138, led to significantly more eNOS activity at intermediate 

calcium levels representing a gain-of-function even in the presence of other CaM 

target proteins and other eNOS regulatory interactions.  

 In summary, our results show that tyrosine nitration of CaM at sites 99 and 

138 increase binding and activation of eNOS at lower Ca2+ concentrations than WT-

CaM. While only a subset of cellular CaM will be nitrated on tyrosine 138 at any 

given time, due to its gain-of-function this subpopulation will activate eNOS with 

reduced influx of Ca2+. The proper regulation of eNOS is important for healthy 

vascular function and the nitroTyr-CaM-eNOS gain-of-function clearly alters the 

regulatory function of CaM. What remains to be seen is whether this altered 

regulation is a component of of normal regulation in healthy intracellular function or 

dysregulation resulting in disease. 

 

Materials and Methods 
Immunoblotting 

Western blot samples were separated on 15% SDS-PAGE gels, transferred to 

PVDF membrane, blocked with 5% nonfat milk in TBST, and probed with 

antinitrotyrosine (1:500) or anticalmodulin (1:1000) primary antibodies rocking for 

16 hours at room temperature. After rinsing three times with TBST, the membranes 

were than incubated with Li-Cor IRDye 800CW Goat anti-Rabbit IgG (1:10,000) 

secondary antibody, rocking for 1 hour at room temperature, and washed three times 

for 5 minutes in TBST. The membrane was then scanned using a Li-Cor Odyssey 

9120 Imaging System. 

 

Recombinant expression of homogenous site-specifically modified nitroCaM 
The human CaM sequence was codon optimized for expression in E. coli 

(GenScript USA) and cloned into a pBad/Myc-His6 vector (Invitrogen). The protein 

was expressed via DH10B E. coli cells in autoinduction media in the presence of 100 

µg/mL ampicillin for 24 hrs, at 37 °C, shaking at 250 rpm. Cells were pelleted at 

5500 rcf then resuspended in approximately 10 mL binding/wash buffer (20 mM Tris, 

500 mM NaCl, 20 mM imidazole, pH 7.4) at 4 °C and lysed once with a 
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Microfluidics M-110P microfluidizer set at 18,000 psi. Cell debris pelleted in 

oakridge tubes at 20,900 rcf for 25 min at 4 °C. Approximately 75 mL of supernatant 

was passed through an Acrodisc 32mm syringe filter with 0.45 um Supor membrane. 

The supernatant was loaded onto a 5mL HisTrap NiNTA column at 1ml/min, washed 

with 20 mL wash buffer, and eluted with 0-100%, 30 mL linear gradient of elution 

buffer (20 mM Tris, 500 mM NaCl, 500 mM imidazole, pH 7.4) using Amersham 

Pharmacia Biotech AKTA explorer. Peak elutions were between 30-40% elution 

buffer, corresponding to 150–200 mM imidazole. The pure protein fractions then had 

CaCl2 added to a concentration of 5 mM and loaded on a 5 mL HiTrap phenyl 

sepharose column, washed with 20 mL of wash buffer (50 mM Tris-HCl, 1 mM 

CaCl2, 500 mM NaCl, pH 7.5), and eluted with 0-100%, 30 mL linear gradient 

elution buffer (50 mM Tris-HCl, 1 mM EDTA, pH 7.5). Pure peak fractions 

determined via SDS-PAGE analysis were pooled and dialyzed for 4 hrs into ITC 

buffer (50 mM Tris-HCl, 100 mM NaCl, pH 7.5) twice, fresh ITC buffer was added 

for overnight dialysis. The purified CaM was concentrated via centricon tubes (3 kDa 

MWCO) to a concentration greater than 400 uM.  

 

Expression and purification of CaM containing nitroTyr 
E. coli DH10B was transformed with pBad-CaM-(99 or 138 TAG) and pDule-

nitroTyr-5B (Addgene Plasmid #85498) [19]. Similar to WT-CaM, expression of 

nitroTyr-containing CaM was in autoinduction media containing 100 µg/mL 

ampicillin, 25 µg/mL tetracycline, and 1 mM nitroTyr. Purification of nitroTyr-

containing CaM was identical to purification of WT-CaM. 

 

Mass Spectromectry 
 Purified CaM samples were diluted to a concentration of 10 uM, desalted on 

Millipore C4 zip tips, and analyzed using an FT LTQ mass spectrometer at the 

Oregon State University Mass Spectrometry Facility. Samples included WT-CaM and 

nitroTyr-containing CaM. 
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Isothermal Titration Calorimetry (ITC) 
ITC recordings performed with a NanoITC Low Volume – 190 uL from TA 

Instruments’ (New Castle, DE), with a stir speed of 250 rpm. The ITC conditions for 

CaM- Ca2+ binding were 50 mM Tris-HCl (pH 7.5) containing 100 mM NaCl at 25 

°C. The concentration of CaM in the reaction cell was 350 µM with a volume of 300 

µL added. A solution of 10 mM Ca2+ was loaded into the ITC syringe, with injections 

of 1.0 µL of solution at 3 minute [216]. In all cases injections of titrant into the 

corresponding buffer were used to account for the heat of mixing and dilutions.  

 

Calmodulin dansylation and fluorescence measurements 
Dansyl-CaM was prepared as previously described. CaM (1 mg/mL) was 

buffer exchanged into 10 mM NaHCO3 and 1 mM EDTA (pH 10.0) at 4 °C. Thirty 

µL of 6 mM dansyl chloride (1.5 mol/mol of CaM) in acetone was added to 2 mL of 

CaM, while it was being stirred. After incubation for 12 h at 4 °C, the mixture was 

buffer exchanged into fluorescence buffer. Labeling yields were determined from 

absorbance spectra using an ε320 of 3400 M−1 cm−1 and were compared to actual 

protein concentrations determined using the Bradford method with wild-type CaM 

used as the protein standard. 

 Fluorescence emission spectra were recorded using a PTI (London, ON) 

QuantaMaster spectrofluorimeter. Fluorescence measurements were taken on 50 μL 

samples consisting of dansyl-CaM (2 μM) in 30 mM MOPS, 100 mM KCl, and 10 

mM EGTA (pH 7.2) with an increasing concentration of free Ca2+. The free Ca2+ 

concentration was controlled using the suggested protocol from the calcium 

calibration buffer kit from Invitrogen. The excitation wavelength for all of the dansyl-

CaMs was set to 340 nm, and emission was monitored between 400 and 600 nm. Slit 

widths were set at 2 nm for excitation and 1 nm for emission. The relative 

fluorescence was calculated with the equation: 

Relative Fluorescence = (F − F0)/(Fmax − F0)              (4.1) 

 where F is the measured intensity, Fmax is the maximal intensity, and F0 is the 

intensity without added Ca2+. The Ca2+ sensitivities of the different dansyl-CaMs we 
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determined as the EC50(Ca2+) values, which were derived from fits of the relative 

fluorescence intensity increase upon addition of Ca2+ using the equation:  

Relative Fluorescence = ["#$%]'())
*

["#$%]'())
* +[,"-.("#$%]*

   (4.2) 

where relative fluorescence is obtained from equation 1; n is the Hill coefficient. 

 

Octet Red96 Biolayer interferometry measurements 
All BLI measurements were made on a fortéBIO (Menlo Park, CA) Octet 

Red96 system using streptavidin (‘SA’) sensors. Assays were performed in 96-well 

microplates at 37 °C. All sample volumes were 200 µL. The eNOS peptide was 

purchased from Genscript (Piscataway, NJ) homogeneously biotinylated at the N-

terminus. After loading biotinylated eNOS peptide onto SA sensors, a baseline was 

established in buffer composed of 30 mM MOPS, 100 mM KCl (pH 7.2), and varying 

free calcium concentration. Free calcium was controlled by mixing two buffers 

containing 10 mM EGTA and 10 mM Ca2+-EGTA in varying ratios. Free calcium 

concentration was calculated either from the ThermoFisher Scientific Calcium 

Calibration Kit #1 instructions or the Maxchelator program [235]. Association with 

the analyte CaM was then carried out in the same buffer for 90 seconds at CaM 

concentrations of 180 nM, 60 nM, and 20 nM. Dissociation was subsequently 

measured in buffer only over 1200 seconds. 

 

Steady-state eNOS assays 
NO• synthesis and NADPH oxidation rates were determined using the 

oxyhemoglobin assay. The NO• synthesis activity was determined by the conversion 

of oxyhemoglobin to methemoglobin using an extinction coefficient of 38 mM-1cm-1 

at 401 nm. The NADPH oxidation rates were determined following the absorbance at 

340 nm, using an extinction coefficient of 6.2 mM-1cm-1. Reaction mixtures (total 

volume 400 µl) contained 0.1 - 0.2 µM eNOS, 0.3 mM dithiotreitol, 4 µM FAD, 4 

µM FMN, 10 µM H4B, 2 mM L-Arg, 0.1 mg/ml bovine serum albumin, 2 mM CaCl2, 

0.2 mM EDTA, 2 - 5 µM CaM (WT or nitroTyr depending on the experiment), 100 

units/ml catalase, 60 units/ml superoxide dismutase, 5 µM oxyhemoglobin and 150 

mM NaCl in 40 mM EPPS buffer, pH 7.6. The reaction was initiated by adding 
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NADPH to a final concentration of 250 µM. In the assays without CaM, CaCl2 was 

omitted and EDTA concentration was increased to 0.45 mM. Cytochrome c reductase 

activity was determined by following the absorbance change for the reduction of 

cytochrome c by eNOS at 550 nm using an extinction coefficient of 21 mM-1cm-1. 

Reaction mixtures (total volume 400 µl) contained ≤ 0.01 µM eNOS, 25 µM FAD, 25 

µM FMN, 0.1 mg/ml bovine serum albumin, 2 mM CaCl2, 0.2 mM EDTA, 1.0 - 4.0 

µM CaM (WT or nitroTyr depending on the experiment), 100 units/ml catalase, 40 

units/ml superoxide dismutase, 65 µM cytochrome c and 150 mM NaCl in 40 mM 

EPPS buffer, pH 7.6. The reaction was initiated by adding NADPH to a final 

concentration of 250 µM. In the assays without CaM, neither CaM nor CaCl2 were 

added and EDTA concentration was 0.45 mM. All steady-state assays were carried 

out at 25 °C. Reported values are means ± SD of three or more determinations.  

 

Production of the stable HEK293-eNOS line 
The bovine eNOS sequence in a pcDNA3 vector and empty pcDNA3 vector 

were transfected into HEK293 cells (ATCC) using lipofectamine 2000 (Thermo 

Fischer Scientific) according to the manufacturer’s protocol. Stable HEK293 cell 

populations were selected for using G418 250 µg/mL. Expression of eNOS was 

confirmed by western blot using pan-NOS antibody (Cell Signaling Technology).  

 

Immunoprecipitation of V5-tagged WT-CaM and NitroTyr-CaM from HEK293-
eNOS cells 

ENOS was immunoprecipitated from cells (either HEK-eNOS expressing 

cells or EA.hy926 human endothelial cells) prepared in lysis buffer (50 mM Tris-HCl, 

pH 7.4, 150 mM NaCl, 1 mM EGTA, 1% Triton X-100, and 1x protease inhibitor 

cocktail). Recombinant WT- or nitroTyr-CaM was supplemented into the lysate at 

20% of the endogenous CaM concentration in the lysate along with 5 mM CaCl2. The 

lysate with recombinant CaM was incubated at 4°C overnight with 2 µl mouse anti-

V5 antibody (Invitrogen). The mixture was further incubated with 20 µl of protein 

A/G magnetic beads for 6 hours at 4°C. The magnetic beads were washed four times 

with lysis buffer containing 5 mM CaCl2, resuspended in 40 µl of Laemmli buffer, 

and incubated at 55 °C for 10 minutes.  Western blot samples were separated on 4-
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22% gradient SDS-PAGE gels, transferred to PVDF membrane, blocked with 5% 

nonfat milk in TBST, and probed with antiNOS (Pan) (1:1000) or antiV5 (1:5000) 

primary antibodies rocking for 16 hours at room temperature. After rinsing three 

times with TBST, the membranes were than incubated with Li-Cor IRDye 800CW 

Goat anti-Rabbit IgG (1:10,000) secondary antibody, rocking for 1 hour at room 

temperature, and washed three times for 5 minutes in TBST. The membrane was then 

scanned using a Li-Cor Odyssey 9120 Imaging System. 

 

eNOS-lysate reaction conditions 
Reactions to determine eNOS activity in eNOS expressing HEK293 cellular 

lysate were carried out. Lysate extracted as above was supplemented with 2 mM L-

arginine, 1 mM NADPH, 20 nM BH4 in solution containing 3 mM dithiothreitol, and 

500 nM WT- or nitroTyr-CaM. For those reactions containing Ca2+ or EGTA, they 

were supplemented with 10 mM of either, while those reactions supplemented with L-

NAME to a concentration of 1 mM. The reaction was initiated by the addition of the 

NOS cofactors listed above and incubated for 30 minutes at 37 °C. The eNOS 

reactions were carried out at a 50 µL scale in triplicate and stopped via freezing in dry 

ice.  

eNOS-activity assays 
The amount of NO• produced in lysate was measured amperometrically by an 

AmiNO700 NO• selective electrode (Innovative Instruments, Inc.) as described 

previously [236]. In a cell lysate NO• is autooxidized to its stable product nitrite. 
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Abstract 
 Tyrosine nitration has served as a major biomarker for oxidative stress and is 

present in over 50 disease pathologies in humans. While data mounts on specific 

disease pathways from specific sites of tyrosine nitration, the role of these 

modifications is still largely unclear. Strategies for installing site-specific tyrosine 

nitration in target proteins in eukaryotic cells, through routes not dependent on 

oxidative stress, would provide a powerful method to address the consequences of 

tyrosine nitration. Developed here is a Methanosarcina barkeri aminoacyl-tRNA 

synthetase/tRNA pair that efficiently incorporates nitrotyrosine in mammalian cells. 

Demonstrating the utility of this approach, we produce site-specifically nitrated 

manganese superoxide dismutase (MnSOD) and 14-3-3 in eukaryotic cells with 

encoded nitroTyr at the sites identified to form under disease conditions.  

 

Introduction 
Tyrosine nitration is an oxidative post-translational modification (Ox-PTM) 

that has served as a biomarker of oxidative stress present in a variety of human 

diseases including neurodegeneration, atherosclerosis, and cancer [7]. Many proteins 

contain sites of nitration, however the consequences of most of these modifications of 

these sites remain unexplored. Progress in this field has been hampered because Ox-

PTMs are installed differently than standard direct enzyme catalyzed PTM 

installation. Ox-PTMs like nitrotyrosine (nitroTyr) are installed through the reaction 

of protein with cellular reactive oxygen species (ROS) and reactive nitrogen species 

(RNS). The chemical methods to install Ox-PTMs on proteins results in modifications 

to many susceptible amino acids generating a complex mixture of proteins, which 

makes it not possible to understand the impact of a specific modification [211]. 

Genetic code expansion (GCE), using orthogonal aminoacyl-tRNA 

synthetase/tRNACUA (aaRS/tRNA) pairs, allows for the direct co-translational 

installation of a diverse array of non-canonical amino acids (ncAAs) [14]. This 

method allows for the synthesis of recombinant proteins containing defined PTMs, 

providing insights into how these modifications regulate protein structure and 

function [237]. 
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A GCE system has been developed for the incorporation of nitroTyr and used 

to show the functional consequences of this modification on proteins in vitro [19, 22]. 

This orthogonal pair based on a tyrosyl-RS/tRNA from the methanogenic archaeon 

Methanocaldoccus janaschii is orthogonal in E. coli and as such has been used to 

produce a number of site-specifically nitrated proteins for functional studies [22-24]. 

The ability to site-specifically install nitroTyr and structural analogues in mammalian 

cells would facilitate an understanding of the structural and functional consequences 

of this modification. Unlike approaches that manipulate levels of ROS and RNS, that 

modify many amino acids on many proteins, alternative methods like GCE directly 

address the consequences of site-specific nitration. The nitroTyr-RS/tRNA pair 

previously used to incorporate nitroTyr in E. coli is not orthogonal in eukaryotic cells 

necessitating a new system for studies in mammalian cells. The pyrrolysine RS/tRNA 

pair from several species of methanogenic archaea has emerged as a particularly 

useful platform for GCE as it allows for the evolution of new aaRSs in E. coli and 

application of the evolved aaRS/tRNA in bacterial and eukaryotic cells [160]. It is 

anticipated that a system to genetically encode nitroTyr in eukaryotic cells will be 

broadly applicable to the many different proteins nitrated in vivo. 

 The mitochondrial antioxidant enzyme manganese superoxide 

dismutase (MnSOD) is known to be nitrated in several chronic inflammatory diseases 

including chronic organ rejection, arthritis, and tumorigenesis [238].  Exposure of 

recombinant MnSOD to peroxynitrite resulted in a dose-dependent decrease in 

enzymatic activity and simultaneous increase in tyrosine nitration of MnSOD [239]. 

Expression of site-specifically nitrated MnSOD will allow us to determine the 

consequences of the production of specific nitroTyr-MnSOD species for 

mitochondria and cells. 

14-3-3 proteins are a family of phospho-binding proteins that regulate many 

major cellular functions. The dynamics of the 14-3-3 interactome have been shown to 

be important as a stress-adaptive signaling hub in cancer. Regulation of 14-3-3 by 

PTMs is important for the adaptive mechanisms that orchestrate tumor cells’ response 

to a variety of environmental conditions including hypoxia and chemotherapy [240]. 

Proteomic studies have uncovered the presence of nitroTyr on all seven members of 
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the 14-3-3 family both under normal conditions and under conditions of increased 

oxidative stress [241-243]. While the exact role tyrosine nitration for these processes 

is unknown, the ability to genetically encode tyrosine nitration allows us to directly 

observe the differences in the interactome of nitrated 14-3-3. 

 Here we develop a pyrrolysine aaRS/tRNA pair that can encode 

nitroTyr, and the structural analogue 3-nitrophenylalanine (3-nitroPhe). We 

characterize the efficiency and fidelity of this aaRS/tRNA pair using ncAA-sfGFP 

expressed in mammalian cells. We demonstrate the utility of this approach by 

producing the physiologically nitrated proteins, MnSOD and 14-3-3, in mammalian 

cells and verify the site-specific nitration in vivo. This technology opens up the ability 

to determine the impact of tyrosine nitration on protein interactomes in vivo and on 

transmembrane proteins only amenable to study in mammalian cells.  

 

Results 
Selection of an aminoacyl-tRNA synthetase specific for nitroTyrosine and 3-

nitrophenylalanine. 
  To identify an orthogonal Methanosarcina barkeri pyrrolysyl tRNA 

synthetase/tRNACUA pair (MbPylRS/tRNA) able to incorporate nitroTyr in response 

to an amber codon, we screened a library of MbPylRS variants in which five active-

site residues were randomized to all 20 amino acids (L270, Y271, L274, N311, C313) 

[244]. After a single round of positive selection in the presence of nitroTyr or 3-

nitroPhe and a round of negative selection against canonical amino acids, 48 colonies 

were assessed for their efficiency in suppressing an amber stop codon (TAG) 

interrupted sfGFP at amino acid site 150 (sfGFP-150TAG) in the presence of nitroTyr 

and 3-nitroPhe. Simultaneously, the ability of the selected synthetases to discriminate 

against canonical amino acids was assessed by expressing the sfGFP-150TAG in the 

absence of ncAA. The top 16 performing clones, as based on their efficiency and 

fidelity, were further evaluated a larger scale in the presence of 1 mM nitroTyr and 1 

mM 3-nitroPhe. Sequencing of these 16 clones revealed 14 unique RS sequences 

(Supporting table S5.1). Of these clones, the selected mutant MbPylRS “F4” 

efficiently incorporated nitroTyr and showed remarkable permissivity for 3-nitroPhe 

compared to the other mutant MbPylRSs (Supporting Figure 5.1), and was chosen for 
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use in mammalian cells. While the F4 MbRS efficiently encoded nitroTyr in E. coli, 

when tested for incorporation of nitroTyr and 3-nitroPhe in HEK293T cells only 3-

nitroPhe was efficiently incorporated (Supporting Figure 5.2). In order to select an 

MbRS that would efficiently incorporate nitroTyr in eukaryotic cells the entire pool 

of library members left after the first round of positive and negative selection were 

subjected to two more rounds each of positive and negative selections. The most 

efficient mutant MbPylRS from these rounds of selection “A7” incorporated nitroTyr 

in E. coli but was not permissive to 3-nitroPhe (Figure 5.1). The A7 MbRS/tRNA pair 

possesses comparable efficiency and fidelity for nitroTyr incorporation in E. coli as 

compared to the previously evolved Methanocaldococcus jannaschii tyrosyl-tRNA 

synthetase/tRNA pair (Mj-RS 5b) [19]. The MbPylRS/tRNA pair possesses the added 

utility of usage in eukaryotic cells [14, 245] potentially allowing the study of nitroTyr 

in its native cellular context. To that end we set out to apply this system to the first 

genetically encoded Ox-PTM in eukaryotic cells.  
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Figure 5.1. Noncanonical amino acids used in this study and characterization of 
synthetase hits from library selection.  
(A) Structures of nitroTyr and the 3-nitroPhe incorporated via genetic code expansion in this 
study. (B) Assessment of fluorescence normalized to optical density at 600 nm for cells 
expressing the sfGFP150TAG gene along with each of the synthetase variants identified from 
the selection process. Cultures were expressed in the presence of 1 mM nitroTyr (black), 3-
nitroPhe (light gray), in the absence of ncAA (dark grey). The two MbRSs characterized in 
this study were compared against the previously developed Methanocaldococcus jannaschii 
tyrosyl aminoacyl-tRNA/tRNA pair for nitroTyr (5b MjRS). In the case of the WT sfGFP 
sample the sfGFP-150TAG gene was replaced with a WT sfGFP gene.  
 

 
Expression of site-specifically incorporated nitroTyr proteins in eukaryotic cells  

As background mis-incorporation of structural analogues of canonical amino 

acids in translation can be toxic to cell growth, we determined the maximum 

allowable concentration of nitroTyr for HEK293T cell viability. We found that 

nitroTyr did not display significant toxicity at concentrations up to 0.3 mM at 48 

hours after treatment, but cell viability was compromised when media was 

supplemented with 1 mM nitroTyr (Figure 5.2). Based on the toxicity profile for 

nitroTyr on HEK293T cells, future experiments were conducted using 0.3 mM 

nitroTyr in the media.  

 

F4 M
bRS

A7 M
bRS

5b
 M

jR
S

W
T sf

GFP
0

5000

10000

15000

N
or

m
al

iz
ed

 F
lu

or
es

ce
nc

e 
(a

u)

3-nitroTyr

3-nitroPhe

Minus ncAA

Aminoacyl-tRNA synthetase

NH2 COOH

OH

NO2

NH2 COOH

NO2

3-nitrotyrosine

3-nitrophenylalanine

A B



 
 

 

97 

 
Figure 5.2. HEK293T cell viability assay with nitroTyr.  
HEK293T cells were incubated for 48 h with nitroTyrosine and the cell viability was 
measured using CellTiter Glo assay kit (Promega). The data was normalized to vehicle 
control and fitted to a curve using non-linear regression method using GraphPad Prism 5. 
Based on these results the media in which HEK cells are grown can be supplemented up to 
0.3 mM with nitroTyr without significant toxicity. 

 

We hypothesized that we could take advantage of the highly efficient F4-

MbRS/tRNA pair selected for incorporation of nitroTyr in E. coli and use it for 

incorporation of nitroTyr in mammalian cells. To test this, we cloned a human codon 

optimized version of the F4 synthetase and tRNA into a pAcBac1 mammalian 

expression vector and in a separate pAcBac1 vector we cloned a sfGFP-TAG150 

(Supporting Figure 5.3). To our surprise, when transfected into HEK293T cells, the 

F4-MbRS and tRNA pair could only efficiently incorporate 3-nitroPhe but not 

nitroTyr (Supporting Figure 5.2). We reasoned that more stringent selection steps 

may yield nitroTyr-MbPylRS/tRNA pairs that can more efficiently incorporate 

nitroTyr at the lower concentrations needed in mammalian cells. After generation and 

characterization of the A7-MbRS, it was codon optimized for mammalian expression 

and incorporated into the the pAcBac1 plasmid. The A7-MbRS with lower efficiency 

but improved fidelity in E. coli did support robust incorporation of nitroTyr in 

mammalian cells only in the presence of 0.3 mM nitroTyr as shown by fluorescence 

microscopy and fluorescence of crude cell lysate (Figure 5.3). 
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Figure 5.3. Expression of nitroTyr-containing sfGPF in HEK293T cells.  
HEK293T cells were transfected for 48 h with A7 RS pAcBac1 and sfGFP-TAG-150 
pAcBac1 using Lipofectamine 2000 (Thermofisher) in the presence (B and D) or absence (A 
and C) of 0.3 mM nitroTyrosine. Fluorescence images (A and B) and phase contrast images 
(C and D) were captured using EVOS FL cell imaging system (Thermofisher). Scale bar, 1 
mm. (E) Cell lysates were prepared in modified RIPA buffer (20 mM Tris-HCl, pH 7.4, 150 
mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 1 mM EDTA, 1 mM EGTA, 2 
mM sodium orthovanadate, 10% glycerol, 1x protease inhibitor cocktail), and fluorescence 
was measured using Synergy2 multi mode plate reader (Bio-Tek) using 485/20 nm excitation 
filter and 528/20 nm emission filter set. 
 

Optimization of conditions for efficient incorporation of nitroTyrosine in mammalian 
cells 

To perform efficiently the orthogonal translational components require 

maintenance at certain levels with respect to each other [246]. Our two vectors for co-

transfection contain 4 copies of the Pyl tRNA and a CMV-driven sfGFP-150TAG on 

plasmid 1, and 4 copies of the Pyl tRNA and a CMV-driven MbRS on plasmid 2 

(Figure 5.4A). We first sought to optimize the ratio of these two vectors by 

transfecting different ratios of plasmid 1 and 2 in HEK293T cells, assessing 

suppression efficiency in the presence and absence of 0.3 mM nitroTyr. Flow 

cytometry analysis of these cells indicates that a ratio of ~32:1 of the sfGFP-

TAG150/MbRS is optimal for nitroTyr-containing sfGFP expression (Figure 5.4B, 

Supplementary Figure 5.4). After optimizing the ratio of the plasmids we next tested 

the utility of appending a strong nuclear export sequence (NES) to the N-terminus of 

the MbRS. Others previously identified a putative nuclear localization sequence 

(NLS), which improperly traffics the synthetase to the cell nucleus [247]. Addition of 
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a strong NES to the MbRS resulted in a significant enhancement of amber codon 

suppression efficiency in HEK cells [247]. In our hands appending this strong NES to 

our A7 MbRS resulted in a modest but significant 1.8-fold increase in amber codon 

suppression efficiency (Figure 5.4C).  

 

 
Figure 5.4. Optimization of the expression of nitroTyr-containing protein in HEK293T 
cells.  
(A) Two plasmids were co-transfected for expression of nitroTyr-containing protein in 
HEK293T cells. The first plasmid (P1) contains 4 copies of the Pyl tRNA, downstream of 
either a U6 or H1 RNA pol. III promoter and sfGFP-150TAG, downstream of the CMV 
promoter. The second plasmid (P2) contains 4 copies of the Pyl tRNA, downstream of either 
a U6 or H1 RNA pol. III promoter and A7 Mb PylRS, downstream of the CMV promoter. (B) 
Assessment of production of nitroTyr-containing sfGFP based on the ratio of plasmid 
containing tRNA and sfGFP-150TAG (P1) to plasmid containing tRNA and A7 Mb RS (P2). 
Increasing the ratio of tRNA and sfGFP-150TAG to A7 Mb RS increases nitroTyr-containing 
sfGFP production shown here by flow cytometry. (C) Appending an N-terminal nuclear 
export sequence (NES) to the A7 Mb PylRS increases production of nitroTyr-containing 
sfGFP. 
 

Characterization of nitroTyrosine-containing protein in mammalian cells 
Using the optimized nitroTyr incorporation machinery, we sought to confirm 

stable incorporation of nitroTyr by mass spectrometry. We confirmed that the 

incorporated nitroTyr was not reduced to 3-aminotyrosine. HEK293T cells were co-

transfected at the optimal ratio of 32:1 sGFP-150TAG pAcBac1 to NES-A7 MbRS 

pAcBac1 and grown for 48 hours in the presence of 0.3 mM nitroTyr. Following 

expression of nitroTyr-sfGFP, the cells were washed twice with PBS, lysed via 
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sonication in PBS containing protease inhibitor cocktail, and the sfGFP-150 nitroTyr 

was purified from the clarified cell lysate via TALON metal affinity chromatography. 

The mutant protein was characterized by ESI-q-TOF analysis, which revealed the 

correct mass (expected mass: 29232 ± 1 Da; measured mass: 29236 ± 1 Da) as 

compared to purified WT sfGFP (expected mass: 29141 ± 1 Da; measure mass: 

29142 ± 1 Da) (Figure 5.5).  

 

 
Figure 5.5. ESI-MS spectra of purified sfGFP expressed in HEK cells.  
(A) ESI-MS spectra of GFP-wild-type and (B) ESI-MS spectra of sfGFP 150-nitroTyr. 

 
 

Expression of site-specifically modified MnSOD and 14-3-3 
 To demonstrate the utility of our GCE for proteins known to be nitrated under 

physiological conditions we expressed site-specifically nitrated MnSOD and 14-3-3 

in HEK293T cells. To do this we cloned MnSOD and 14-3-3 C-terminal monomeric-
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EGFP fusion proteins into the pAcBac1 plasmid (Figure 5.6A). C-terminal EGFP 

fusions have been used for both MnSOD and 14-3-3 as a way to track intracellular 

expression and localization [248-250]. These plasmids were co-transfected into 

HEK293T cells with the NES-A7 MbRS pAcBac1 plasmid. The nitroTyr-dependent 

expression of TAG mutants of both MnSOD and 14-3-3 was demonstrated by flow 

cytometry using the C-terminal mEGFP tag (Figure 5.6B). In both cases, reserving 

nitroTyr from the media resulted in the same level of fluorescence as for the 

untransfected control cells. In the presence of 0.3 mM nitroTyr the TAG mutants of 

MnSOD and 14-3-3 expressed at 10-30% of the WT constructs, consistent with 

expression level of TAG-interrupted sfGFP. We further demonstrated that the GFP 

fluorescence was specific to the production of the proteins of interest by in gel 

fluorescence. A protein of the same size as the WT construct is only evident in the 

lysate of the sample supplemented with nitroTyr (Figure 5.6C).  

 

 

 
Figure 5.6. Expression of site-specifically nitrated MnSOD and 14-3-3 in HEK293T 
cells. 
(A) MnSOD and 14-3-3 expression constructs. The gene of interest (either MnSOD or 14-3-
3) was fused via a flexible gly-ser linker to monomeric enhanced green fluorescent protein 
containing a C-terminal twin strep, V5, and 6x His tags to aid in detection and purification. 
(B) Flow cytometry data of HEK cells transfected with either WT or TAG mutants of the 
MnSOD or 14-3-3 mEGFP fusion proteins. Fluorescence for the TAG mutants was detected 
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only in the presence of nitroTyr. The numbers on the bars represent fold-increase of 
fluorescence used to calculate the RFU. (C) In gel fluorescence of HEK cell lysate 
demonstrating the specific GFP signal resulting from the MnSOD and 14-3-3 mEGFP fusion 
proteins. 
 

Discussion 
Many reports have proposed the functional importance of tyrosine nitration on 

proteins involved in cell signaling, metabolism, and cellular structure but there is no 

effective way to evaluate which sites of tyrosine nitration have a cellular effect [251-

256]. The standard approach to identify these modifications is to immunoblot for the 

nitroTyr modification and the site of modification is then pinpointed via mass 

spectrometry. Generally, the site(s) of tyrosine nitration are mutated to phenylalanine 

and the cells are exposed to the same conditions that caused the original modification. 

The comparison of activity between the tyrosine- and the phenylalanine-containing 

protein can show that removing a site of tyrosine nitration ablates the effect originally 

seen. This approach is not always feasible however, as conversion of tyrosine(s) to 

phenylalanine(s) may adversely affect protein function. A method to site-specifically 

install nitroTyr is necessary in order to unequivocally demonstrate the impact of a 

particular site of nitration on protein and cellular function. Genetic code expansion 

has been used previously to genetically encode nitroTyr into proteins expressed 

recombinantly in E. coli [22-24, 122]. Production of these site-specifically nitrated 

proteins allowed researchers to show for the first time that a single nitroTyr 

modification alters the activity of certain proteins in vitro. To enable studies of 

nitroTyr modifications on eukaryotic cellular function, we evolved a pyrrolysyl-

aaRS/tRNA pair by performing selections for nitroTyr in E. coli. After validating the 

efficiency and fidelity of this pair in E. coli, we produced a human codon optimized 

version of the MbRS for mammalian cell studies. The nitroTyr-MbRS/tRNA pair was 

cloned into the pAcBac1 vector along with a TAG-interrupted sfGFP to demonstrate 

efficient, site-specific incorporation of nitroTyr in HEK293T cells.  

 The optimized eukaryotic nitroTyr-MbRS/tRNA was used to express site-

specifically nitrated MnSOD and 14-3-3 in mammalian cell culture. MnSOD nitrated 

at tyrosine 34 is implicated in several chronic inflammatory disease. Previous work 

has indicated that nitrated MnSOD directly leads to the onset of these diseases. The 
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site-specific modification of this protein in mammalian cells provides the ability to 

investigate the impact of this modification on mitochondrial and cellular function, and 

will clarify the role of this modification in the onset of diseases. 

It has been well established that the β isoform of human 14-3-3 is nitrated on 

tyrosine 130 in vivo [241-243]. While the impact of tyrosine nitration at this site is 

unknown, based on available structural data, our hypothesis is that nitration at site 

130 will ablate 14-3-3-client interactions. Site-specific encoding of nitroTyr into 14-

3-3, enabled here, can be used to test how nitration of 14-3-3 alters protein 

interactions via immunoprecipitation of nitroTyr-130- and WT-14-3-3 expressed in 

HEK293T cells. As this modification is genetically encoded we also have the ability 

to move the site of nitration around on the protein to provide controls to show the 

site-specific effect of this modification. In addition, we will be able to replace the 

modification with nitroPhe to contrast the effect from nitroTyr at this site. We expect 

that a similar pulldown method can be employed with other client-interacting 

proteins, like Hsp90, to show the nitroTyr-dependent alteration to interacting 

partners. The development of the eukaryotic nitroTyr-MbRS/tRNA system will also 

provide access to the investigation of the many reported nitrated membrane channel 

proteins, which are largely intractable to study in E. coli. We anticipate that extension 

of this approach will provide significantly increased clarity on the effect of the 

nitroTyr modification on proteins in mammalian cells.   

 

Materials and Methods 
Antibodies and Reagents 

α-nitroTyrosine (Millipore (Upstate), Cat# 06-284). nitroTyrosine was 

purchased from Alfa Aesar (#A11018). 3-nitrophenylalanine was purchased from 

Peptech (#AL280).  

 

nitroTyr tRNA-Synthetase Selection 
The library of aminoacyl-tRNA synthetases was encoded on a kanamycin (Kn) 

resistant plasmid (pBK, 3000 bp) under control of the constitutive Escherichia coli 

GlnRS promoter and terminator. The aminoacyl synthetase library (D3-library) was 

randomized as follows: Leu270, Tyr271, Leu274, Asn311, and Cys313 were 
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randomized to all 20 natural amino acids. The library plasmid was moved between cells 

containing a positive selection plasmid (pREP-pylT) and cells containing a negative 

selection plasmid (pYOBB2-pylT). 

The positive selection plasmid, pREP-pylT (3700 bp), encodes a mutant 

Methanosarcina barkeri pyrrolysyl-tRNA synthetase (MbPylRS), an amber codon-

disrupted chloramphenicol acetyltransferase, an amber codon-disrupted T7 RNA 

polymerase that drives the production of green fluorescent protein, and the tetracycline 

(Tet) resistance marker. The negative selection plasmid, pYOBB2-pylT (7000 bp), 

encodes the mutant pyrrolysyl-tRNACUA, an amber codon-disrupted barnase gene 

under control of an arabinose promoter and rrnC terminator, and the chloramphenicol 

(Chlor) resistance marker.  pREP-pylT electrocompetent cells and pYOBB2-pylT 

electrocompetent cells were made from DH10B cells carrying the respective plasmids 

and stored in 100 μL aliquots at −80 °C for future rounds of selection. 

The synthetase library in D3-library (800 ng) was transformed by 

electroporation into 100 uL of DH10B cells containing the positive selection plasmid, 

pREP-pylT.  To ensure complete coverage of the library, ten transformations were 

performed.  All transformations were pooled and rescued for 75 minutes at 37°C and 

250 RPM’s.  The resulting pREP-pylT/D3-Library-containing cells were used to 

inoculate 1 L of LB with 50 μg/mL Kn and 25 μg/mL Tet with shaking at 37 °C. The 

cells were grown for 18 hours to saturation, then 6 ml were drawn to inoculate 300 mL 

of LB.  Once the culture reached an OD of 2.4, the cells were pelleted at 5000 RCF for 

5 minutes, resuspended in 10 ml of 2xYT and 2.5 mL of 80% glycerol and stored at 

−80 °C in 1 mL aliquots for use in the first round of selections. 

For the first positive selection, 2 mL of pREP-pylT/D3-Library cells were 

thawed on ice before addition to 1.2 L of room temperature 2×YT media containing 50 

μg/mL Kn and 25 μg/mL Tet. After reaching saturation (18 h, 250 rpm, 37 °C), a 6 mL 

aliquot was used to inoculate 300 ml of LB.  Once the culture reached an OD of 2.4, 

200 μL aliquot of these cells were plated on eleven 15 cm LB-agar plates containing 

25 μg/mL Kan, 12.5 μg/mL Tet, and 40 μg/mL chloramphenicol (Cm). The positive 

selection agar medium also contained 1 mM of nitroTyr. After spreading, the surface 

of the plates was allowed to dry completely before incubation (37 °C, 15 h). To harvest 
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the surviving library members from the plates, 10 mL of 2×YT was added to each plate. 

Colonies were scraped from the plate using a glass spreader. The resulting solution was 

incubated with shaking (60 min, 37 °C) to wash cells free of agar. The cells were then 

pelleted, and plasmid DNA was extracted. For the first positive selection a Qiagen 

midiprep kit was used to purify the plasmid DNA. For all other plasmid purification 

steps a Qiagen miniprep kit was used to purify the plasmid DNA. The smaller D3-

Library plasmid was separated from the larger pREP-pylT plasmid by agarose gel 

electrophoresis and extracted from the gel using the Qiagen gel extraction kit. 

The purified D3-Library was then transformed into pYOBB2-pylT -containing 

DH10B cells. A 100 μL sample of pYOBB2-pylT electrocompetent cells was 

transformed with ≈100 ng of purified D3-Library DNA. Cells were rescued in 1 mL of 

SOC for 90 minutes (37 °C, 250 rpm) and the entire 1 mL of rescue solution was plated 

on three 15 cm LB plates containing 40 μg/mL Chlor, 50 μg/mL Kan, and 0.2% L-

arabinose. After 18 hours, cells were scraped from plates and D3-Library plasmid DNA 

was isolated in the same manner as described above for positive selections.  

In order to evaluate the success of the selections based on variation in synthetase 

efficacy (as opposed to traditional survival/death results), the synthetases resulting 

from the selection rounds were tested with the pALS plasmid. This plasmid contains 

the sfGFP reporter with a TAG codon at residue 150 as well as pyrrolysyl-tRNACUA. 

When a Library plasmid with a functional synthetase is transformed with the pALS 

plasmid and the cells are grown in the presence of the appropriate amino acid on 

autoinduction agar, sfGFP is expressed and the colonies are visibly green. 

Three microliters of each library resulting from the first negative round of 

selection was transformed with 100 μL of pALS-containing DH10B cells. The cells 

were rescued for 1.25 hr in 1 mL of SOC (37 °C, 250 rpm). 250 μL and 25 μL of cells 

from each library were plated on autoinducing minimal media with 50 μg/mL Kan, 25 

μg/mL Tet, and 1 mM ncAA. Plates were grown at 37 °C for 24 hours and then allowed 

to maturate at room temperature for an additional 24 hours.  

Autoinducing agar plates were prepared by combining the reagents in 

Supplementary table S5.3A with an autoclaved solution of 4.5 g of agarose in 400 mL 

water. Sterile water was added to a final volume of 500 mL. Antibiotics were added to 
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a final concentration of 25 µg/mL Tet and 50 µg/mL Kan. Plates were poured in 

duplicate for with/without 1 mM ncAA. 

Visually green colonies were selected from the plates and used to innoculate a 

96-well plate containing 0.5 mL per well non-inducing media (Supplementary table 

S5.3B, with sterile water added to a final volume of 500 mL) with 50 μg/mL Kan, 25 

μg/mL Tet. 48 colonies were selected from plates containing 1 mM nitroTyr and 24 

colonies were selected from plates containing 1 mM 3-nitroPhe. After 18 hours of 

growth (37 °C, 300 rpm), 10 μL of the 96 concentrated cell cultures were used to 

inoculate 0.45 ml expressions of autoinduction media (Supplementary table S5.3A, 

with sterile water added to a final volume of 500 mL) containing 50 μg/mL Kn, 25 

μg/mL Tet. Four 96-well expressions (37°C, 300 RPM) were performed, containing 

either nitroTyr, 3-nitroPhe, or were not supplemented with ncAA. Fluorescence 

measurements of the cultures were collected 36 hours after inoculation using a 

BIOTEK® Synergy 2 Microplate Reader. The emission from 528 nm (20 nm 

bandwidth) was summed with excitation at 485 nm (20 nm bandwidth). Samples were 

prepared by diluting suspended cells directly from culture 4-fold with phosphate buffer 

saline (PBS). Results of fluorescence measurements are shown in Supplementary 

Figure 1. 

 

Mass Spectrometry Analysis 
Purified protein was diluted to 100 μM, desalted and concentrated using EMD 

Millipore C4 resin ZipTips, and analyzed using an FT LTQ mass spectrometer at the 

Mass Spectrometry Facility at Oregon State University.  

 

Construction of pAcBac for Expression of Nitro-tyrosine-containing Proteins in 
Eukaryotic Cell Culture 

The pAcBac1.tR4-MbPyl plasmid encoding 4 copies of Pyl tRNA and a 

CMV/BGH cassette for expression of an RS or protein of interest in human cells was 

a gift from Peter Schultz (Addgene plasmid # 50832) [50]. In order to generate a 

human codon optimized version of the A7 nitroTyr MbRS, the WT human codon 

optimized MbRS (a kind gift from Jason Chin) was amplified with primers (pJET1.2 

for and P194T rev, for primer sequences see Supporting table S5.2), (P194T for and 
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L282 rev), (L282R for and N319G/C321N rev), and (N319G/C321N for and pylRS 

rev) in separate reactions. The purified PCR products from the above reactions were 

mixed at an equimolar ratio and PCR amplified with pJET1.2 for and pylRS rev to 

yield the entire A7 MbRS. In order to generate a human codon optimized version of 

the F4 nitroTyr MbRS, the WT human codon optimized MbRS was amplified with 

primers (JP1 and JP2), (JP3 and JP4), and (JP5 and JP6) in separate reactions. The 

resulting PCR pieces were assembled via PPY-based SLiCE reaction [257] into a 

CMV-BGH-cassette-containing pUC19 plasmid and the F4 MbRS was sequence 

verified. To construct the pAcBac1-sfGFP and pAcBac1-MbRS, WT or TAG 150 

sfGFP was PCR amplified with primers (JP7 and JP8), the human codon optimized 

A7 or F4 MbRS was PCR amplified with primers (JP9 and JP10), and the resulting 

products were inserted downstream of the CMV promoter between the EcoRI and 

NheI restriction sites in pAcBac1. 

 

Eukaryotic Cell culture and viability assessment 
HEK293T cells were gift of Colin Johnson at Oregon State University. The 

cells were maintained in Dulbecco’s modified Eagle’s media (Corning) supplemented 

with 10% fetal bovine serum (VWR) and penicillin/streptomycin (Corning). 

Subculture of cells was done twice a week using trypsin/EDTA (Corning). HEK293T 

cells were plated in a white 96-well plate (Greiner) at a density of 3,000 cells per well 

and incubated for 48 h with 3-Cl-Tyr (ArkPharm AK-50086), 3-Br-Tyr (ArkPharm 

AK-82171), or vehicle at concentrations indicated in the figure. Cell viability was 

measured using CellTiter Glo assay kit (Promega) according to the manufacturer’s 

protocol. The luminescence signal was recorded using TR717 microplate 

luminometer (Berthold) and WinGlow software (Berthold). The data was normalized 

to vehicle control and fitted to a curve using nonlinear regression method in 

GraphPad Prism 5 software (GraphPad Software).  

 

Flow cytometry 
HEK293T cells were dissociated into single cells by trypsin/EDTA and 

washed twice with PBS. Cells were resuspended in PBS and subjected to flow 

cytometry. Twenty thousand events were collected using CytoFlex (Beckman 
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Coulter) and CytExpert software (Beckman Coulter). Dead cells and cell aggregates 

were excluded from analysis by gating and doublet discrimination. The ratio and 

mean fluorescence intensity of GFP positive or negative populations were calculated 

using FlowJo v10 software (FlowJo).  

 

Eukaryotic ncAA-protein mass spectrometry 
HEK293T cells were transfected as described in transfection and imaging. 

Cells were washed twice with PBS and resuspended in PBS containing 1x protease 

inhibitor cocktail (Thermo Fisher Scientific). Cells were sonicated three times for 10 

sec each time using Fisher dismembrator model 60 with microprobe. Lysed cells were 

centrifuged for 10 min at 21,000 x g at 4°C. The supernatant was used for purification 

of expressed sfGFP protein using TALON metal affinity chromatography. Purified 

protein was concentrated to 30 μL via spin concentrator, desalted and further 

concentrated using EMD Millipore C4 resin ZipTips, and analyzed using an FT LTQ 

mass spectrometer at the Mass Spectrometry Facility at Oregon State University.  

 

In gel fluorescence 
Lysate of HEK293T cells transfected with MnSOD or 14-3-3 mEGFP fusion 

in Laemmli buffer without heating was separated on a 12% SDS-PAGE gel. The gel 

was imaged using the UV transilluminator on a ChemiDoc XRS+ (Biorad).  
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Supporting Table S5.1. Sequences of M. barkeri 3-nitrotyrosine synthetase hits. 
 

Mb Pyl RS 

hit 
Leu270 Tyr271 Leu274 Asn311 Cys313 Off Site 

D1 Leu Tyr Leu Ser Cys I215V/I285V 

B2 Leu Tyr Leu Ser Cys  

C2 Leu Tyr Leu Ser Ala  

B3 Phe Tyr Leu Ser Cys E330G 

E3 Leu Tyr Leu Ser Cys N401T 

H3 Leu Tyr Leu Cys Ala  

A4 Leu Tyr Leu Ser Ser  

D4 Leu Tyr Leu Cys Cys  

E4 Phe Tyr Leu Cys Cys T269A 

F4 Leu Tyr Leu Ser Ser  

G4 Leu Tyr Leu Cys Ser  

C5 Leu Tyr Leu Gly Ser  

B6 Gln Tyr Leu Gly Thr  

E6 Leu Tyr Leu Gly Thr  

A7 Leu Tyr Arg Gly Asn P186T 
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Supporting Figure 5.1. Results of initial screening of synthetase hits from library 
selection. 
Assessment of fluorescence from culture expressing the sfGFP150TAG gene along with each 
of the 14 unique M. barkeri pyrrolysyl synthetase variants identified from the selection 
process. Cultures were expressed in the presence of 1 mM 3-nitroTyr (black), 1 mM 3-
nitroPhe (light grey), or in the absence of ncAA (dark grey).  
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Supporting Figure 5.2. TAG suppression by the F4 synthetase/tRNA pair in HEK293T 
cells.  
(A) HEK293T cells transfected for 48 hours with sfGFP-150TAG pAcBac1 and F4 
synthetase/tRNA in media supplemented with the indicated amount of ncAA were imaged on 
an EVOS FL imaging system. In the panel labeled sfGFP WT, a pAcBac1 containing the WT 
sfGFP gene was used in place of the sfGFP-150TAG pAcBac1. (B) The relative level of 
sfGFP fluorescence at each concentration of ncAA is quantified based on flow cytometry 
data.  
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Supporting Figure 5.3. pAcBac1 expression vector maps.  
(A) pAcBac1-MbPylRS. (B) pAcBac1-sfGFP TAG 150. 
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Supporting Table S5.2. DNA oligomers used to construct eukaryotic expression 
vectors. 
 Primer Sequence 

pJET1.2 for 5’ CGACTCACTATAGGGAGAGCGGC 3’ 
P194T for 5’ CGGGAGCTGGAAACCGAGCTGGTGA 3’ 
P194T rev 5’ TCACCAGCTCGGTTTCCAGCTCCCG 3’ 
L282R for 5' CTGTACAACTACAGGCGGAAACTGG 3' 
L282R rev 5' CCAGTTTCCGCCTGTAGTTGTACAG 3' 

N319G/C321N 
for 

5’ GTTTACAATGGTGGGCTTTAACCAGATGGGCAGCGG 
3’ 

N319G/C321N 
rev 

5’ CCGCTGCCCATCTGGTTAAAGCCCACCATTGTAAAC  
3’ 

pylRS rev 5’ GACTCGAGCGGCCGCCACTGTG 3’ 
JP1 5’-

TAAACTTgctagcgccGCCACCATGGACTACAAGGACGACG
ACGACAAGG 
ACAAGAAA-3’ 

JP2 5’-caggtagttgtaAAAGGCgggggccagc-3’ 
JP3 5’-gctggcccccGCCTTTtacaactacctg-3’ 
JP4 5’-cccatctggcaaaaGCAcaccattgtaaactc-3’ 
JP5 5’-gagtttacaatggtgTGCttttgccagatggg-3’ 
JP6 5’-

CAGCGGGTTTAAACGGGCCCTCTAGTCATCACAGGTTG
GTGCTGATGC 
CGTTGTAGTAGC-3’ 

JP7 5’-
CTGTGTGCTAGCgccgccaccATGGTTTCTAAAGGTGAAGA
ACTTTTTACTGG-3’ 

JP8 5’-
ctgcaaGAATTCTTAGTGGTGATGGTGGTGATGAGTAGAA
TCCAGTCCC-3’ 

JP9 5’-
TAAACTTgctagcGCCACCATGGCGTGTCCGGTTCCTTTGC
AGTTGCCTCC-3’ 

JP10 5’-
AGTggagaattcTCATCACAGGTTGGTGCTGATGCCGTTGTA
GTAGCTCTCGC-3’ 
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Supporting Figure 5.4. Flow cytometry analysis of TAG suppression in eukaryotic cells 
varying the ratio of tRNA to synthetase.  
(A) HEK293T cells transfected with varying ratios of A7 synthetase/tRNA and sfGFP-
150TAG pAcBac1 were analyzed by flow cytometry. The GFP axis shows GFP fluorescence 
and the PE axis shows PE fluorescence, a negative control. (B) The ratio of GFP positive 
population shows the fraction of cells expressing GFP at a level that is higher than the 
background. (C) The mean fluorescence intensity (MFI) of the cells is shown as a function 
the ratio of tRNA to MbRS. (D) The relative level of total GFP fluorescence was calculated 
by multiplying the ratio and MFI of each population.  
 
 
 
 
Supporting Table S5.3. Media used in selections and expressions. 
 A) Autoinducing 

Media 
B) Noninducing 
Media 

5% Aspartate, pH 7.5 25 ml 25 ml 
10% Glycerol 25 ml --- 
25 x 18 amino acid mix 20 ml 20 ml 
25 x M-salts 20 ml 20 ml 
Leucine (4 mg/ml), pH 
7.5 

5 ml 5 ml 

20% Arabinose (w/v) 1.25 ml --- 
1 M MgSO4 1 ml 1 ml 
40% Glucose 625 ul 6.25 ml 
Trace Metals 100 ul 100 ul 
 Fill to 500 mL with sterile water 

 

 

A

B C D



 
 

 

115 

Chapter 6 

 

Concluding Discussion and Outlook 
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Conclusion and Outlook 
 

All of the studies presented in this dissertation highlight the use of GCE to 

address the role of the PTM, nitroTyr, in biological systems. Below, I detail the 

highlights and potential impacts of the work described here, both in terms of the 

specific alteration to CaM regulatory function resulting from tyrosine nitration and 

the application of GCE to studying tyrosine nitration in general. Then, I will suggest 

future directions that I feel are warranted based on the studies presented here and the 

existing body of literature on nitroTyr and GCE.  

 

Impacts and Highlights of Reported Work 
Reviewing the use of genetic code expansion for the study of oxidative post-

translational modifications 
 A major roadblock to studying the effects of Ox-PTMs on protein function is 

the ability to generate pure site-specifically modified Ox-PTM protein. GCE has 

emerged as a way to study many of the regulatory PTMs like phosphorylation, 

acetylation, and ubiquitination [237]. Work in the Mehl lab previously has generated 

a system to genetically incorporate nitroTyr. Throughout this process it became clear 

that the development of GCE tools will rely both on those from the GCE field and the 

oxidative stress field. NitroTyr serves as a paradigm for the development of GCE 

tools to study Ox-PTMs – nitroTyr presence resulting from oxidative stresss was 

identified in biological samples, a GCE system was developed to incorporate this 

ncAA, the oxidative stress field embraced the use of this tool, and to address more 

challenging problems refinement of the GCE system was necessary. In our review we 

wanted to highlight this paradigm as well as the strengths and weaknesses of GCE for 

the study of Ox-PTMs so that those in the oxidative stress field have a clearer idea of 

what GCE requires and has to offer.  

 

Improving the M. jannaschii tyrosyl-aaRS/tRNA pair by suppressor tRNA mutants 
 At its core, GCE requires the addition of orthogonal systems to translation. 

Largely these systems are aaRS/tRNA pairs that must be orthogonal to all of the 

cellular aaRS/tRNA pairs and must recognize an ncAA. In nature these three 

component systems co-evolve optimizing both orthgonality and efficiency 
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simultaneously. These systems have been selected such that the aaRS recognition of 

the amino acid is connected to tRNA recognition through long range allosteric 

modulators. This means that each time an active site is altered to accept a new ncAA 

the tRNA or the portions of the aaRS interacting with the tRNA need to be altered or 

the system will sacrifice orthogonality and efficiency. Over the course of its 15-year 

development the GCE field has relied on the original suppressor tRNA selected for 

incorporation of the first ncAA into recombinant protein in E. coli. It has become 

clear, based on production of ncAA-containing protein, that there are notable 

inefficiencies in the translational apparatus for incorporation of ncAAs. We were able 

to show that in vitro enzyme assays of aaRS/tRNA pair kinetics correlate to in vivo 

ncAA-containing protein expression. This allowed us to show that some of the 

mutations made to the M. jannaschii tRNATyr in order to make it orthogonal in E. coli 

are not required for orthogonality and deleterious to function. While we were 

studying this in the context of the incorporation of nitroTyr, these insights are 

generalizable. There are M. jannaschii GCE systems for incorporating a diverse range 

of chemical functionality like bioorthogonal reactive handles, photocrosslinkers, or 

PTMs into proteins, all of which can be incorporated more efficiently employing our 

novel tRNA uncovered in this work.  

 

Tyrosine Nitration on Calmodulin Regulates Calcium Sensing and Response 
 A major question in the oxidative stress field is whether tyrosine nitration can 

regulate protein function? The calcium regulatory protein CaM is known to be 

nitrated on both tyrosines in vivo. Here I have shown that nitration of either of these 

tyrosines results in altered Ca2+-dependent regulation of eNOS function. Nitration of 

CaM at tyrosine 99 results in increased binding to eNOS at low physiological Ca2+ 

levels and lower production of NO•, while CaM nitrated at tyrosine 138 exhibits a 

similar increased affinity for eNOS at low Ca2+ levels but it stimulates eNOS to 

produce more NO• than WT CaM. I recapitulated these results for nitro-CaM-138 in 

HEK-eNOS cell lysate, indicating that the pool of nitrated CaM can activated eNOS 

at low Ca2+ levels in the cell. This constitutes a clear gain-of-function alteration to 

Ca2+-dependent activation of eNOS signaling by the installation of nitroTyr on CaM. 
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Genetically encoded tyrosine nitration in mammalian cells 
 A clear need to study Ox-PTMs in the context of an entire cell exists in the 

oxidative stress field. To that end, I developed the first eukaryotic cell compatible 

methods for site-specific installation of nitroTyr into proteins. This involved evolving 

an orthogonal nitrotyrosyl-PylRS/tRNA pair in E. coli, producing a human codon 

optimized version in a eukaryotic expression vector, and transfecting it into human 

cells. This system was validated using sfGFP and shown to contain the native Ox-

PTM, nitroTyr, using mass spectrometry. To demonstrate the generality of the 

nitroTyr-MbRS/tRNA pair, I applied this system to the expression of the 

physiologically nitrated proteins MnSOD and 14-3-3.  

 

Directions of Future Research 
 While we have developed several tools for probing the effect of tyrosine 

nitration on protein structure and regulation of protein interactions, there are still 

refinements to be made and new areas to be explored. In particular we have outlined 

new Ox-PTMs that may be addressed in the future by GCE, pinpointed inadequacies 

in the M. jannaschii GCE system that need to be addressed, and uncovered features 

associated with CaM nitration that require further investigation. There are many 

directions that this research can be taken, here I describe several that are of particular 

interest. 

 New GCE systems for incorporating Ox-PTMs 
 If we look at the majority of the Ox-PTMs previously encoded via GCE, they 

are almost all tyrosine derviatives, likely because of the early adoption of the M. 

jannaschii tyrosyl-aaRS-tRNA pair, which was amenable to evolution for 

incorporating tyrosine derivative ncAAs. An exciting development in the past few 

years is the development of designer aaRS-tRNA pairs, specifically ‘liberated’ E. coli 

trypotophanyl- and tyrosyl-aaRS-tRNA pairs, which can be evolved in E. coli and 

applied in eukaryotes [71, 258]. These systems function by importing either a 

tryptophanyl- or tyrosyl- aaRS-tRNA pair from yeast into E. coli, thus liberating the 

E. coli aaRS-tRNA pair for evolution. One tryptophan Ox-PTM has been 

incorporated via the liberated tryptophanyl-aaRS-tRNA pair [71] and likely this 
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system can be further evolved to incorporate many of the other tryptophan Ox-PTMs. 

Given the interest in cysteine and methionine Ox-PTMs, similar systems for 

incorporating these families of Ox-PTMs could be generated in an analogous fashion 

in the future.  

 Many Ox-PTMs are inherently unstable and difficult to isolate and handle. 

GCE presents ways to address these problems through genetically encoding 

chemically-caged or photocaged stable Ox-PTM precursors. 

 

Evolving the M. jannaschii tyrosyl-tRNATyr for more efficient GCE 
Our work characterizing the in vitro kinetics of the evolved M. jannaschii 

tyrosyl-aaRS-tRNA variants has clearly shown that affinity of the aaRS for the tRNA 

is compromised in the evolution process [259]. Likely this is because natural 

aaRS/tRNA/aa systems co-evolve, while GCE systems have been evolved piecemeal. 

In order to match the levels of efficiency displayed by natural translation we will need 

to address this. We will likely need to create libraries of both tRNA and aaRS mutants 

at sites predicted to influence aaRS-tRNA interactions and select mutants with 

increased efficiency. Successive rounds of selection using either the aaRS or tRNA 

library punctuated by assessment by in vitro assays will allow us to further pinpoint 

the inefficiencies of this system. If this method of development proves successful for 

the M. jannaschii system it will likely be amenable to application to the pyrrolysyl-

aaRS-tRNA pair and the other designer orthogonal systems mentioned above. 

 

The impact of calmodulin tyrosine nitration 
 While it is clear that CaM is nitrated in vivo, it remains challenging to assess 

the cellular- and tissue-level localization of this modification and under what 

conditions it forms. A major challenge for the detection of nitroTyr-CaM is the poor 

sensitivity of the commercially available nitroTyr antibodies for this Ox-PTM 

protein. Using pure nitroTyr-CaM produced using GCE, between 200 and 500 ng are 

required in order to detect this Ox-PTM on a western blot with the best-performing 

(for nitroTyr-CaM) commercial nitroTyr antibody. A good antibody for detecting this 

Ox-PTM-protein would be able to detect on the order of 10-100 pg nitroTyr-CaM. 

The current commercial nitroTyr antibody sensitivity is not amenable for detection of 
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nitroTyr-CaM in endogenous tissue samples. Elise Van Fossen in the Mehl lab is 

working to overcome this limitation by generating new recombinant antibodies [260] 

and camelid nanobodies [261] for nitroTyr CaM in collaboration with the Jim Wells 

and the Recombinant Antibody Network, and the OSU College of Veterinary 

Medicine. The generation of recombinant antibodies or nanobodies specific for 

nitrated CaM would open up many avenues for tracking the production and 

localization of this Ox-PTM modified protein in vivo both in situ and via western blot 

from specific tissues.  

 While it is striking that eNOS produces both of the chemical species, O2
•- and 

•NO needed to generate ONOO-, which nitrates CaM, the specifics of how much 

nitration actually occurs are unknown. As calcium alters the conformation adopted by 

CaM, I would predict that the presence of calcium may affect the stoichiometry of 

Tyr99 and Tyr138 nitration. Further, the interaction of CaM with eNOS may 

influence this stoichiometry as well. As the sites of nitration differentially regulate 

eNOS function it will be important to determine in more detail these stoichiometries 

either by assaying CaM following in vitro eNOS reactions or isolating CaM 

associated with eNOS in vivo via mass spectrometry.  

 In collaboration with Kelsey Kean in the Karplus lab at OSU we have 

preliminary structural data on both WT- and nitroTyr-CaM-138 in complex with the 

eNOS CaM binding domain peptide. These structural characterizations do not 

particularly illuminate the differences in regulation seen from the Ox-PTM. As the 

dynamics of the CaM-eNOS interaction are particularly important for protein 

function, likely methods to characterize this interaction in more dynamic 

environments will yield more information. In the past both NMR [32, 220] and cryo 

EM [233] have been employed to characterize the interaction. In particular cryo EM 

has provided significant insights into the effect of CaM on full length eNOS sampling 

different conformations and have helped describe how mutations in NOS affect 

protein function [233].  

 We are also seeking to extend our findings with nitroTyr-CaM and eNOS, and  

investigate the phenotype in tissue or a whole organism. Genetic code expansion has 

been shown to work in several different tissues and organisms [262]. The Mehl lab 
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has been working to employ GCE in zebrafish, which will prove useful as a model 

system to investigate the phenotype of the nitroTyr-CaM-eNOS interaction in vivo. 

This will also allow us to investigate the global effect of CaM tyrosine nitration in the 

organism. While this system is still in development, GCE in zebrafish has been 

shown to work by others and this will likely play a key part in determining the 

regulatory effect of tyrosine nitration in the future. 

 

Genetically encoding nitroTyr in mammalian cell culture 
 While we have demonstrated that specific incorporation of nitroTyr into 

proteins in HEK cells, we would like to have access to other cell types and tighter 

control over ncAA-protein protein in mammalian cell culture. Several methods have 

been developed to address these issues in mammalian cell culture, and even for 

application in isolated tissues. These methods include viral delivery of GCE 

machinery [50, 246] and methods for generating stable cell lines [263]. We are 

exploring these possibilities as a way to investigate tyrosine nitration in more 

challenging proteins like transmembrane proteins and more challenging cell lines like 

neuronal cell types, which will be key for the application of GCE in mammalian cell 

culture. 

 

Concluding remarks 
In this dissertation I have presented a series of research projects surrounding 

the effect of the Ox-PTM, nitroTyr. I described the development of GCE systems 

with which to study this modification and how we can employ these systems to begin 

to address the role of this modification in regulation. These studies contribute not 

only to the understanding how tyrosine nitration alters the regulation of a particular 

protein (e.g. CaM) but also that we should be cognizant of the role of tyrosine 

nitration may play in regulating other cellular functions. It is my hope that the reader 

can appreciate not only the difficulty inherent in studying Ox-PTMs but also the 

power of GCE to overcome some major hurdles for determining the role of 

modifications like nitroTyr in biology.  
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