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 A specific tyrosine post-translational modification, called 3-nitro-tyrosine 

(nitroTyr), has been known to be present on an essential calcium signaling protein called 

calmodulin (CaM) during oxidative stress. While protein-bound 3-nitro-tyrosine has long 

been considered a biomarker of OS, it is also hypothesized to be a mechanism for protein 

signaling. However, purification of nitroTyr-CaM binding proteins has not been possible 

because the tyrosine residues on CaM could not be nitrated at the amino acid resolution. 

In this study, nitroTyr has been site-specifically incorporated into traditional tyrosine 

residues 99 and 138 using techniques of genetic code expansion. Columns of wild-type 

CaM, 99 nitroTyr-CaM, and 138 nitroTyr-CaM, were made for isolation of protein 

binding partners. In a protein extraction experiment using bovine heart tissue, myoglobin 

was found to bind preferentially to nitroTyr-CaM. Surprisingly, in vitro binding studies 

between CaM ± nitroTyr and recombinant myoglobin shows the opposite trend – WT 

CaM bound preferentially to myoglobin instead. In summary, this project demonstrated 

that pulldown of WT and nitroTyr-CaM binding partners was possible – however, teasing 

out meaningful differences in binding partners remains a challenge.  
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SECTION I: Background  

Oxidative Stress and Its Biomarkers  

The evolutionary switch to using molecular oxygen as a terminal electron 

acceptor has lead eukaryotes to evolve mechanisms to detoxify reactive oxygen 

byproducts from the cell. The basis of cytotoxicity of oxygen and its radical derivatives is 

that they are strong oxidants, highly reactive, and upsets the redox state of the cell. 

Although volatile and often toxic, animals have evolved the ability to utilize small 

oxygen-containing molecules such as nitric oxide (NO·) for signaling purposes because 

of its short half-life, high reactivity, fast diffusion, and ability to permeate cellular 

membranes1. One example of using NO· as a signaling mechanism is the process of 

dilating blood vessels to increase blood flow, and subsequently upregulate the delivery of 

oxygen to fuel aerobic respiration during strenuous exercise. 

However, the accumulation of such reactive oxygen species (ROS) and nitrogen 

species (RNS), including superoxide (O2
·-), hydrogen peroxide (H2O2), and peroxynitrite 

(ONOO-), and a transition to an oxidative cellular environment are characteristics of 

oxidative stress (OS). Oxidative-stress mediated diseases result from the improper 

oxidation of other cellular content by ROS and RNS such as DNA, lipids, and proteins. 

For this reason, OS has been shown to contribute to many human pathologies including 

amyotrophic lateral sclerosis (ALS)2, Alzheimer’s disease3, diabetes4, atherosclerosis5, 

inflammation6, cancer7, aging8, rhabdomyolysis9, mitochondrial DNA mutations10, and 

several other diseases.  

Sources of ROS can be endogenous (mitochondria, lipid peroxidation, nitric oxide 

synthase, heme-proteins via Fenton’s Reaction) or exogenous (UV light, ionizing 

Figure 1 – General scheme of the role of oxidative stress in disease and pathologies. Endogenous and 

exogenous contributions of ROS and RNS (green arrows) are listed, along with the cell’s defense 

mechanisms (antioxidants, red arrow) against ROS/RNS. Once formed, ROS can oxidize cellular contents 

such as proteins, lipids, and nucleic acids, and lead to diseases and pathologies.  
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radiation, environmental toxins). Defense mechanisms against ROS and RNS, known as 

antioxidants, include both small molecules (glutathione, n-acetyl-cysteine, vitamin A, C, 

E, free and protein-bound Cys and Met) and enzymes (catalase, peroxidase, superoxide 

dismutase) (Fig. 1)1.   

ROS and RNS can initiate oxidation of proteins in the cell and lead to chemical 

modification of amino acid side chains. These amino acid modifications are considered 

biomarkers of disease, and one specific modification we focus on is 3-nitro-tyrosine 

(nitroTyr), which arise from the reaction between tyrosine and peroxynitrite (Fig. 2). The 

addition of a nitro group to the meta position of Tyr leads to significant changes in its 

chemical properties. The pKa of the phenol -OH drops below 7 in nitroTyr, and 

essentially makes nitroTyr about 1000-fold more acidic than Tyr. A strongly negative 

charge on nitroTyr can, depending on its microenvironment, perturb protein structure and 

possibly change protein function. This can be mediated via loss of hydrogen bonding, 

introduction of negative-negative charge repulsion, stabilization of protein structure by 

making a new negative-positive charge interaction, or alteration of the chemical/physical 

properties of a protein surface. The second major difference in chemical properties 

between nitroTyr and Tyr is the pH-dependent excitation and emission profile of 

nitroTyr. Tyr emits at 303 nm, whereas nitroTyr emits an intense yellow color as a 

function of increasing pH. The major pKa drop of the -OH group of nitroTyr and 

absorbance profile are general discrepancies of the chemical properties of Tyr and 

nitroTyr.  

   

 

 

 

 

 

Another post-translational modification (PTM) similar to nitroTyr is 

phosphorylated tyrosine (phosphoTyr). Both structures are similar in size and contain a 

strongly negative charge at the para position of Tyr. Due to the unique difficulties of 

studying nitroTyr (low abundance typically in the nM to µM concentration, poor signal in 

mass spectrometry analysis, structural similarity of Tyr and nitroTyr, and lack of 

effective antibodies), its role in the cell is not entirely transparent11. In contrast to 

nitroTyr, phosphoTyr has been widely known to be a mechanism for cellular signaling in 

receptor tyrosine kinases (RTK). They function by binding extracellular molecules, 

homodimerize with other RTKs, auto-phosphorylate tyrosine residues, and then recruit 

intracellular proteins to facilitate processes such as proliferation and differentiation, cell 

Figure 2 – Structure of Tyr (left), and 3-nitro-tyrosine (right), and their major differences in chemical 

properties. 
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survival and metabolism, cell migration and cell cycle control12. With respect to 

phosphoTyr-CaM, prior studies have showed an 87 ± 16% Vmax value of erythrocytic 

plasma membrane calcium pump when compared to the WT CaM. This is important 

because an ineffective calcium pump can cause Ca2+ spikes in the cell to linger and 

improperly trigger calcium-regulated processes. The functional role of nitroTyr in the cell 

is currently not determined; however, the essentiality of phosphoTyr in cellular processes 

can give us insight into the potential importance of nitroTyr in oxidative stress.  

Free and protein-bound nitroTyr has been detected at elevated levels in different 

pathologies. A study performed in the Cleveland Clinic shows that the blood of patients 

with atherosclerosis (n=100) had a median nitrotyrosine concentration of 9.1 µM with an 

interquartile range of 4.8-13.8 µM, versus control patients (n=108) of median [nitroTyr] 

= 5.2 µM with interquartile range of 2.2-8.4 µM13. In summary, there is about 75% 

higher concentration of nitroTyr in the blood of atherosclerosis-affected group compared 

to the control.  

In studying the role of oxidative stress in Alzheimer’s disease (AD), Tohgi et al. 

compared the concentrations of nitroTyr and Tyr in cerebrospinal fluid (CSF) between 

AD-affected group (n=25) and control (n=24) group14. HPLC analysis revealed that the 

control group CSF contained approximately 1.5 ± 0.4 nM of nitroTyr, and the Tyr 

concentration ranged of 6.15 ± 0.74 µM; this resulted in a nitroTyr/Tyr ratio of 0.5 - 3.7 x 

10-4. The AD affected group had nitroTyr ranges of 11.4 ± 5.4 µM and Tyr concentration 

of 6.10 ± 0.83 µM, which raised the nitroTyr/Tyr ratio to 18.6 ± 8.7 x 10-4. In summary, 

there was a > 6-fold increase in nitroTyr concentration in patients with AD compared to 

the control; since Tyr concentrations are almost equal across AD and control group, the 

data suggests that mainly protein-bound tyrosine are nitrated.  

Investigation of Post-Translational Modification on Proteins: Shortcomings 

Many studies over the past decades have shown nitroTyr to be a clear biomarker 

for disease. Unfortunately, investigating the function of these oxidative stress PTMs on 

proteins has traditionally been difficult because there are few methods to generate and 

quantify PTM on proteins. The ability to modify one single amino acid at a specific 

residue, while mitigating side-reactions to other amino acids, poses a significant 

challenge.  

 For one example, Smallwood et al. oxidized a protein called calmodulin (CaM) 

via peroxynitrite to investigate which Tyr residues of CaM, at sites 99 and 138, are 

preferentially nitrated using peroxynitrite (ONOO-)15. In this experiment, WT CaM and 

another CaM mutant in which all 9 methionine residues were mutated into Leu (CaM-L9) 

were treated with various ratios of ONOO-. These protein samples were subjected to 

electrospray ionization mass spectrometry (ESI-MS) after ONOO- exposure to identify 

peroxynitrite-induced PTM. These methods lead to heavily convoluted MS peaks due to 

the non-specific nature of chemically oxidizing CaM. After significant efforts in 

deconvoluting MS data, they concluded that Tyr 99 is preferentially nitrated. Using this 

example, it can be said that the investigations of PTM of proteins are limited to simple, in 
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vitro experiments that are costly, time-consuming, and lack further downstream 

applications. 

Genetic Code Expansion and non-Canonical Amino Acids 

The most ideal method to study PTMs of proteins requires 1) site-specific 

modification, 2) no side-reactions of other amino acids, and 3) a uniform population of a 

protein with a PTM of interest. Genetic Code Expansion (GCE) can achieve the three 

listed requirements by site-specifically incorporating non-canonical amino acids (ncAA) 

into a protein. By deviating from the usual toolbox of the 20 natural amino acids, it is 

possible to engineer proteins using novel amino acids with: fluorescent tags16, photo-

dissociation ability17, IR and NMR probes18; 19, post-translational modifications20, 

biorthogonal ligation ability21, metal chelation function22, and much more.   

The typical GCE experiment requires an orthogonal aminoacyl-tRNA synthetase 

(RS) and its corresponding tRNA with a CUA recognition codon (tRNACUA). Orthogonal 

RS/tRNA pairs are important because it means both molecules should only react to each 

other and not with other translational components within the cell. Additionally, the 

orthogonal RS/tRNA pair needs to be selected to accept and incorporate the desired 

ncAA and not any natural amino acids.  To complete the GCE system, a gene of interest 

must host a TAG stop codon at the site of ncAA incorporation. Therefore, when the 

ncAA is delivered into the cell, it is recognized by the orthogonal synthetase. The RS 

then aminoacylates the tRNACUA and gets decoded by the ribosome to yield a site-

specifically modified ncAA-protein (Fig. 3)23.  

Site-specifically modified proteins are important in producing physiologically 

relevant protein models; these single amino acid-modified proteins are generally 

impossible to achieve when chemically modifying proteins. Protein expressions can also 

be scaled to fit the needs of an individual, depending on a variety of downstream 

applications like affinity chromatography, structural analysis via X-ray crystallography or 

NMR, isothermal titration calorimetry, etc.  

 

Figure 3 – Schematic of unnatural amino acid incorporations into a protein of interest using the amber 

stop codon in conjunction with RS/tRNACUA pair. This results in a protein with one incorporated ncAA 

without interfering with the main polypeptide sequence. 
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Calmodulin: Structure, Function, and Oxidative Stress 

CaM is a highly conserved, 17 kDa calcium-sensing protein found mainly in 

eukaryotes. Many physiologically essential processes are regulated by CaM, including 

cell proliferation, apoptosis, protein translation, protein phosphorylation, and muscle 

contraction, ion transport, and more24. Apo-CaM is not very compact, but readily adopts 

a highly structured dumbbell shape upon binding to free calcium using its two negatively 

charged EF hand domains, which coordinates two Ca2+ ions per EF domain (Fig. 4).  

 

 

 

 

 

Ca2+- CaM binds other protein partners to relay messages based on transient 

spikes in levels of intracellular calcium. The exceptionally diverse amount of protein 

binding partners gives a range of dissociation constants (Kd) values, ranging from 10-7 to 

10-9 M25. CaM interacts with binding partners by hydrophobic amino acids that act as 

anchors rather than specific binding motifs. Therefore, CaM-binding motifs such as a “1-

5-8-14” have important hydrophobic amino acid anchors at amino acids 1, 5, 8, and 14. 

One example of a 1-5-8-14 binding interface is between CaM and the CaM-binding 

domain of endothelial nitric oxide synthase (eNOS) (Fig. 5). CaM wraps around the alpha 

helical eNOS peptide (Fig. 5, left) and can make >50 stabilizing interactions within 4 

angstroms (Fig. 5, right). The quantity and strength of each interaction contributes to the 

tight binding (KD = 2.7 ± 0.2 nM at 0.1 mM CaCl2) between CaM and eNOS26.  

Figure 4 – Apo-calmodulin (left) undergoes dynamic conformational shift upon binding to calcium (right). 

The four calcium ions are shown in gray spheres. Tyr residues are colored cyan for both structures. Apo-

CaM PDB: 1QX5; Holo-CaM PDB: 3CLN 
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Ca2+-CaM binds eNOS to regulate signaling and defense system via synthesis of 

NO. from L-arginine, NADPH, and O2 as detailed in Fig. 6. There are three isoforms to 

NOS according to the tissue type; endothelial cells express eNOS, neuronal cells express 

nNOS, and macrophage cells express a constitutively active form upon bacterial infection 

called inducible NOS (iNOS). Generally, the role of NOS in animals are to supply a 

transient dose of NO. to stimulate blood vessel dilation (eNOS), synaptic signaling 

(nNOS), and contribute to the macrophage defense system (iNOS). Within the context of 

oxidative stress, uncoupling of NOS has been shown to contribute to neurodegenerative 

and cardiovascular disease as NO levels become sustained in the body27.  

 

Figure 5 – (Left) CaM (white) binds to the CaM-binding domain of the eNOS peptide (blue). Calcium ions 

are shown as gray spheres. (Right) Potential interactions within 4 angstroms between side chains of CaM 

and eNOS peptide. CaM N-terminal interactions are shown below the peptide, and CaM C-terminal 

interactions are shown above the peptide.22 Black labels show CaM residues, while blue labels indicate 

eNOS peptide. Key hydrophobic amino acids are in pink; H-bonds and ionic interactions are labeled with 

asterisks; boxed M76 residue is in the central linker of CaM. 

Figure 6 - Reaction scheme of NO synthesis using NADPH, molecular oxygen, and eNOS. 

Nitric Oxide 
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Prior work done by PhD candidate Joseph Porter, under Dr. Ryan Mehl at Oregon 

State University, showed that 138 nitroTyr-CaM exhibited tighter binding to the 

calmodulin-binding peptide of eNOS compared to WT and 99-nitroTyr CaM at sub-

physiological calcium concentrations (Table 1). At high calcium concentrations (≥ 225 

nM), KD values between different CaM species were very similar; 225 nM was selected 

because it is generally the “activation threshold” of CaM26. Only at low calcium 

concentration (< 50 nM) does WT CaM and 99 nitroTyr-CaM lose affinity to eNOS 

peptide, while 138 nitroTyr-CaM continued to bind to the eNOS peptide. This 

observation suggests a possible gain-in-function of 138 nitroTyr-CaM by exhibiting 

tighter binding to targets. The unusually high binding affinity between 138 nitroTyr-CaM 

and eNOS peptide would also support the idea of eNOS uncoupling during oxidative 

stress. 

The lack of understanding of this nitroTyr-CaM gain-in-function is the major 

driving force for the hypothesis of this project. However, one must take caution in 

extrapolating the tight binding affinity between 138 nitroTyr-CaM and eNOS peptide to 

other binding partners as the structure of binding differs between CaM and other targets.  

  Since nitroTyr is consistently elevated in diseased states, it is important to 

determine the physiological effects of oxidized CaM because 1) it is a significant player 

in calcium signaling, 2) it directly regulates protein partners that can potentially 

contribute to OS, 3) CaM has been shown to be physiologically relevant in many 

important life and cellular processes, and 4) preliminary results show a possible gain-in-

function of nitroTyr-CaM.  

 

 

 

 

 

 

Table 1 - Dissociation constants (KD) between WT, 99, and 138-nitroTyr CaM and eNOS peptide at various 

calcium concentrations.  
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SECTION II: Hypothesis  
 Our working hypothesis is that client binding affinity and preference is altered in 

response to CaM tyrosine nitration. To test our hypothesis, CaM with and without 

nitroTyr will be used to isolate CaM binding partners from mammalian cell lysate. If a 

client protein binds more exclusively to nitroTyr-CaM compared to wild-type CaM, then 

that protein may play a physiologically important role during times of oxidative stress. 

These nitroTyr-CaM binding partners will be identified by mass spectrometry, cloned, 

and expressed in the lab. Its binding activity with CaM ± nitroTyr will then be 

investigated in vitro. Proteins that have higher affinity to nitroTyr-CaM are predicted to 

be candidates of a new calcium signaling pathway regulated by the PTM nitroTyr during 

oxidative stress. 

SECTION III: Methods  
CaM and nitroTyr-CaM Design and Expression 

His-tagged WT-CaM or TAG-interrupted CaM constructs in the pBAD vector 

(NcoI/XhoI cut sites) were transformed into DH10B electrocompetent cells. Cells 

producing nitroTyr-CaM also contain a pDULE plasmid containing an orthogonal tRNA 

synthetase and tRNA pair. Cells were rescued with SOC for 1 hr at 37oC, then plated onto 

LB agarose plates containing ampicillin (100 µg/mL) (to select for pBad) and tetracycline 

(25 µg/mL) (to select for pDULE), and incubated overnight at 37oC. Colonies were 

selected and grown in suspension culture with 2XYT. Cell stocks were made with 800 µL 

cells and 200 µL 80% glycerol, and stored in the -80oC. CaM overexpression was 

initiated via arabinose-based induction media for 24 - 30 hrs at 37oC. Cultures were 

pelleted at 5500 rcf for 15 mins., re-suspended in Talon Wash buffer (94 mM Na2HPO4, 

39 mM NaH2PO4, and 150 mM NaCl), and microfluidized at 18,000 psi. The resulting 

lysate was centrifuged at 20,000 rcf for 20 mins., and to it was added 350 µL of cobalt 

resin per 400 mL of culture prior to being rocked for 1 hr. in 4oC. To elute CaM from the 

column, three 1-mL fractions of Talon Elution buffer (Talon Wash buffer plus 250mM 

imidazole) were passed through the column and then collected. CaM fractions were 

stored in 4oC for future use. NitroTyr-CaM expression and purification method used the 

same procedure for WT-CaM. The only exception includes the addition of freshly 

solubilized nitrotyrosine to a final concentration of 1mM in the culture media. The purity 

of CaM and CaM-nitroTyr variants was verified using 15% acrylamide SDS-PAGE, and 

protein concentration was determined by BCA reagent with BSA standard.  

eNOS Biosensor Design and Expression 

A pET30a based calmodulin binding biosensor, BSGPER150-175 (a kind gift 

from Dr. Quang-Kim Tran, University of Des Moines) was modified for creation of the 

BSeNOS biosensor. A gene (Integrated DNA Technologies) containing the eNOS CaM 

binding domain sequence flanked by KpnI and BshTI restriction sites (5’-

ggtacctggatgagcttcgaccgctacatcgccctggccagggccatgcgctgcagcctgttccgcaccaagcaccacgcccg

gaccggt-3’). The BSGPER150-175 was restriction digested alongside the eNOS gene 

with KpnI and BshTI (Thermo Scientific). The resulting products were purified via 

agarose gel electrophoresis and gel purification kit (Thermo Scientific). The pure 

products were ligated with T4 DNA ligase (Invitrogen) and chemically transformed into 

BL21DE3 E. Coli, rescued in SOC for 1 h at 37°C, shaking at 250 rpm, plated on LB 
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agar supplemented with 50 mg/mL kanamycin, and allowed to grow overnight at 37°C. 

Colonies were picked into 2XYT supplemented with 50 µg/mL kanamycin and grown 

overnight at 37 °C, shaking at 250 rpm. The resulting plasmids were miniprepped 

following kit instructions (Thermo Scientific) and verified by DNA sequencing 

(Genscript). Expression of BS eNOS utilized a manual induction method with 0.5 mM 

IPTG, shaken at 250 rpm for 24 – 30 hrs., and then purified using the same method as 

WT CaM. In order to prevent BS eNOS from forming precipitates, it is necessary to keep 

the samples cool while in storage and in use.  

Coupling CaM to NHS-Activated Resin 

NHS-activated Sepharose 4 Fast Flow resin beads (GE Healthcare Life Sciences) 

were washed with excess 1mM cold HCl, drained, and coupled to CaM ± nitroTyr in 

Talon Elution buffer (PBS, 250 mM imidazole, pH 8.3). Samples were rocked at RT for 3 

- 4hrs, then residual functional groups were blocked with 0.1 M Tris, pH 8.5 at 4oC 

overnight. The resin was transferred to a column and washed with alternating 0.1 M Tris 

pH 8.5 buffer then 0.1 M acetate, 0.5 M NaCl, pH 4.5 buffer for 3 cycles. Lastly, the 

resin was equilibrated with and stored in buffer A (30 mM MOPS, 0.1 M KCl, pH 7.5) at 

4oC until use.  

Purification of eNOS Biosensor using CaM and nitroTyr-CaM Columns 

100 µL of CaM resin was added to a new Eppendorf tube, and to it was added 47 

µg of eNOS Biosensor (BS eNOS). The protein mixture was adjusted to 2 mM CaCl2, and 

the solution was rocked for 1 hr at room temperature. The reaction mixture was then 

transferred to a column, washed with Wash buffer (buffer A, 2 mM CaCl2), then eluted 

with Elution buffer (buffer A, 50 mM EGTA). SDS-PAGE of elution fractions correctly 

identified a 57 kDa band that corresponds to the MW of BS eNOS.  

Calibration of Free Calcium Sensor FURA-2 

1 mg of FURA-2 was 

dissolved in 1.33 mL of 

fresh DMSO (final 

concentration 1 mM), 

vortexed for 30 mins. prior 

to placing in 20 µL aliquots, 

and stored in a light-

impermeable bag at -20oC. A 

Zero Calcium buffer (10 mM 

EGTA, 30 mM MOPS, 0.1 

M KCl, pH 7.20) and 39 µM 

Free Calcium buffer (10 mM 

CaCl2, 10 mM EGTA, 30 

mM MOPS, 0.1 M KCl, pH 

7.20) were used to calibrate 

the fluorescent profile of 

FURA-2. FURA-2 was 

diluted to 1 µM in 2 mL Zero 

Calcium buffer, and its 

excitation profile was 

Table 2 – Concentration of free calcium for FURA-2 calibration. 

Buffer components are listed in materials and methods.  
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analyzed between 250 – 450 nm (emission of 508 nm). Next, subsequent steps include 

titrating Free Calcium buffer to achieve higher concentration of free calcium (table 2) 

into the cuvette and then recording each respective excitation spectrum. Statistical 

analysis to determine the calibration variables of the Grynkiewicz equation is detailed in 

Grynkiewicz et al.28 To determine the calcium concentration of cell lysate, 1 µL of 50 

µM FURA-2 was added to a mixture of 5 µL lysate and 44 µL buffer A solution. The 

samples were gently rocked for up to 1 minute prior to an excitation scan as detailed 

above. The corresponding 340 and 380 nm fluorescent value were inputted to the 

Grynkiewicz equation to solve for free calcium.  

Affinity Chromatography of Calmodulin Binding Partners in Cell Lysate 

Frozen tissue fragments were thawed and weighed with a balance (12 ± 0.5g per 

50 mL lysis buffer). Adipose tissue were removed prior to being pulverized using a 

mortar and pestle under liquid nitrogen into a fine powder. Powdered tissue was 

transferred to lysis buffer (buffer A, 1% Triton X-100, 5 μM aprotonin, 100 μM 

leupeptin, 10 μM E-64, 1 mM PMSF, 100 nM Ca2+) and rocked for 1.5 hrs at 4oC. To 

achieve 100 nM calcium, online software Ca-EGTA Calculator v1.3 was used with 

parameters pH = 7.5, T = 25oC, Z = 0.165, [EGTA] = 0.010 M. Samples were centrifuged 

at 20,000 rcf for 20 mins. at 4oC and the supernatant was retrieved, pooled, and split into 

six equal aliquots of 15 mL. Half of the aliquots adjusted to 11 mM to achieve 1 mM free 

calcium concentration. Afterwards, 200 μL of CaM ± nitroTyr resin was incubated with 

the cell lysate (rocked, room temperature, 1 hr). 

Post-incubation, lysate was transferred to a column where flow-through gets 

collected. Columns were washed with respective Wash buffer (buffer A, 1 mM CaCl2 or 

100 nM CaCl2). For example, high-calcium incubation is washed with high calcium wash 

buffer. CaMBP are then serially eluted three times (300 µL) with Elution buffer (buffer 

A, 100 mM EGTA). The fourth elution (500 µL) is added to the resin and stored in 4oC 

overnight. All elution fractions were stored at 4oC until SDS-PAGE analysis. This 

purification scheme is outlined in Fig. 7.  

Figure 7 - Purification scheme of CaM binding proteins. Orange sphere represents the NHS-activated 

resin, and yellow star on CaM represents nitroTyr at two different sites on CaM.  
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Proteins from the elution fractions are precipitated by addition of four parts ice-

cold acetone to one part elution, and chilled at -20oC for 30 mins. Protein pellets were 

centrifuged at 20,000 rcf for 5 mins. at 0oC followed by aspiration of acetone supernatant. 

The pellet was re-suspended in 15 µL of 1X loading buffer (100 mM Tris pH 6.8, 4% 

SDS, 20% glycerol, 2% β-mercaptoethanol, 25 mM EDTA, 0.04% bromophenol blue) 

and heated at 97oC for 10 minutes before loading onto 12% polyacrylamide mini gels. 

Electrophoresis apparatus was set to run at 180V for 1hr, and the gel transferred to a 

clean glass container. ProteosilverTM Plus Silver Stain Kit (Sigma-Aldrich) was used for 

protein visualization.  

Mass Spectrometry 

 Gels were placed on clean saran wrap, and individual bands were excised with a 

razor. A blank control band was also sliced from the adjacent empty lane as a negative 

control. Slices were inserted into new 1.5 mL Eppendorf tubes, filled with 1 mL MQ 

H2O, and sent to mass spectrometry center of Fred Hutchinson Cancer Research Center.  

Myoglobin Design and Expression 

 CaM gene from pBad vector was excised using the NcoI/XhoI cut sites and 

purified. Newly received myoglobin (Myo) gene was PCR amplified, and Gibson 

assembly reactions were initiated by addition of 1 µL Myo gene, 1 µL pBad backbone, 3 

µL H2O, 15 µL Gibson Master Mix. Recombinase reactions were initiated with 1 µL 

Myo gene, 1 µL pBad backbone, 6 µL H2O, 1 µL 10X buffer, and 1 µL recombinase. 

Replacement of water with Myo gene acts as a negative control.  

Full-length plasmids were transformed into DH10B cells via calcium 

chloride/heat shock method by mixing 5 µL of the Gibson or Recombinase product with 

65 µL of calcium chloride competent cells and then chilled on ice for 30 mins. The cells 

were heat shocked at 42oC water bath for 45 secs., and then back on ice for 2 mins. Cells 

were rescued with 1 mL SOC (2XYT/10 mM MgSO4/22.2 mM glucose) shaking at 250 

rpm at 37oC. The cells were plated on agar plate with 100 µg/mL ampicillin using 50 µL 

and 950 µL of cells., and then incubated at 37oC overnight. Colonies were selected and 

re-suspended in 100 µL of water, in which only one half gets pelleted, heated at 100oC, 

and then the Myo gene was PCR-amplified to check for proper ligation to the plasmid. 

Cells with the plasmid containing the Myo gene were grown in 5-mL LB medium, and -

80oC cell stocks were made (800 µL cells, 200 µL of 80% glycerol). The rest of the LB-

grown cells were mini-prepped (Qiagen), and sequenced (GenScript).  

Myo overexpression and purification followed the same methods as 

overexpression and purification of CaM. To ensure that each Myo protein is bound with 

an iron atom, the media was supplemented with 0.1 mM FeCl3 9 hrs. post-inoculation 

(OD about 0.5). Products were desalted into buffer A via PD-10 column.  

Calmodulin-Myoglobin in vitro Binding Assay – Affinity Chromatography  

100 µL of WT or nitroTyr-CaM resin were incubated with 50 µg of either human 

or bovine myoglobin in the presence of 1 mM Ca2+ in a 500 µL reaction volume. After 

rocking at room temperature for 1 hr., the mixture was transferred to a 10-mL column 

and washed with two column volumes with buffer A/1 mM Ca2+. Ca2+ dependent binders 
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of CaM were eluted with four fractions of 500 µL of buffer A/100 mM EGTA., and 10 

µL of each fraction were ran on an SDS-PAGE.  

Calmodulin-Myoglobin in vitro Binding Assay – Native PAGE  

12 µM of calmodulin was incubated with 24 µM of bovine myoglobin in buffer A 

in the presence of 1 mM calcium chloride. The 50 µL reaction volume was incubated at 

room temperature between 1 – 2 hours. After incubation, 50 µL of 2X Native PAGE 

Laemmli buffer was added to the solution, and 20 µL was ran on a native PAGE gel 

(supplemented with 1 mM calcium chloride, replaced MQ H2O with equal volume of 

SDS) using native running buffer (25 mM tris, 1.92 M glycine, pH 8.5).  

Calmodulin-Myoglobin in vitro Binding Assay – Size Exclusion Chromatography 

 Calmodulin and myoglobin were individually concentrated using a 3K MWCO 

centrifugal concentrator for 15 mins. at 4oC. Purified calmodulin (1 mg) and bovine 

myoglobin (0.5 mg) were mixed in buffer A/1 mM calcium chloride to a final volume 

between 380 – 460 µL. After incubation period of 1 hour, the CaM-Myo mixture was 

subjected to SEC on a Superdex 200 10/300 GL column. An A280 was used for tracking 

presence of protein elution, A409 was used for tracking the presence of myoglobin, and 

A430 was used for tracking presence of BS eNOS.  

SECTION IV: Results  

CaM Expression and Purification 

The overexpression of CaM was facilitated by the protein expression vector pBad. 

The fidelity of the nitroTyr synthetase was confirmed via test expressions with and 

without adding nitroTyr into the media. The media without nitroTyr yielded a truncated 

CaM at about 10 kDa, while the media in the presence of ncAA resulted in expression of 

full-length CaM (Supplementary Fig. 1). A typical 1 L expression volume, using 5 mL of 

nickel NTA resin, yields a purity of > 90% for WT and nitroTyr calmodulin (Fig. 8), and 

produces 364 mg of WT CaM, 320 mg of 99 nitroTyr-CaM, and 305 mg of 138 nitroTyr-CaM. 

Mass spectrometry analysis showed the correct MW of WT CaM (Supplementary Fig. 

2A) and the corresponding mass shift of nitroTyr-CaM by 45 Da due to the extra -NO2 

group on either Tyr 99 or 138 (Supplementary Fig. 2B).  

 

 

 

 

 

Figure 8 – 5 µg of purified CaM ± 

nitroTyr. Each species of CaM seems to 

be > 90% pure.  
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CaM Binds eNOS Biosensor at Low Ca2+ Concentration 

Once the function of CaM resins columns was verified (described in the 

discussions), the differential binding affinity between CaM to BS eNOS at various free 

calcium concentrations was tested. The calcium indicator FURA-2 was used to assess the 

free calcium concentration of the supernatant after CaM-BS eNOS binding. In each 

reaction, there is about a 10 – 13 nM discrepancy between the theoretical and observed 

free calcium concentration of each binding environment (Table 3). Once BS eNOS was 

eluted off the CaM ± nitroTyr column, the elution samples were concentrated on a 3K 

MWCO column, and ran on an SDS-PAGE (Fig. 9). In the presence of 20 nM free 

calcium, BS eNOS exclusively bound to the nitroTyr-CaM columns, but not the WT 

CaM column. To our surprise, no protein was present when free calcium concentration 

was 50 nM (data not shown). In contrast to Joseph Porter’s observation, the 99 nitroTyr-

CaM retained binding affinity for BS eNOS at 20 nM free calcium.  

Theoretical 

free [Ca2+] 

(nM) 

WT 

CaM 

(nM) 

99 

nitroTyr 

CaM 

(nM) 

138 

nitroTyr 

CaM 

(nM)  

20  6.72 6.93 7.79 

50  39.9 41.78 40.5 

   

 

 

 

 

 

 

 

 

 

  

 

 

Table 3 – Theoretical versus observed calcium 

concentration in the supernatant of the in vitro 

binding solution between CaM and BS eNOS. 

Figure 9 - BS eNOS eluted from CaM ± 

nitroTyr at 20 nM free calcium concentration.  



14 
 

Purification of CaM-Binding Protein in Bovine Heart Lysate  

 CaMBPs were isolated from 25.81 g of bovine heart in 100 mL of lysis buffer, 

and eluted in 3 fractions. The free calcium concentration of the low-calcium lysis buffer 

is 101 ± 8 nM (mean ± stdev) as determined by FURA-2, which agreed with the target of 

achieving 100 nM. The low-calcium CaMBP (Fig. 10, left) elution displayed very similar 

binding candidates across all species of CaM, while the high-calcium CAMBP elution 

(Fig. 8, right) revealed an extra 16 kDa band present mainly in the nitroTyr-CaM elution 

series. Although there was an enrichment in the 51 kDa (in the 99 nitroTyr-CaM lanes) 

and 26 kDa (in the WT CaM lanes) protein bands in the high-calcium elution, they are 

inconsistently enhanced in further gels (data not shown).  

 To further investigate the identity of the 16 kDa band, 380 µL of elution 1-3 (1.14 

mL total) was pooled, acetone precipitated, and then ran on a 12% gel followed by silver 

stain. The gel band was excised using a clean razor, and sent to Fred Hutchinson Mass 

Spectrometry center in Seattle, WA.  

 

  

 

 

 

 

 

 

Figure 10 – CaM binding partners from bovine heart lysate. Numbers under CaM species indicate 

sequential elutions. Left) Low-calcium (100 nM) binding environment, Right) High-calcium (1 mM) 

binding environment.  
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CaM Binding Partner Hits 

 Mass spectrometry analysis yielded several candidates for the identity of the 16 

kDa protein enriched in the nitroTyr-CaM elutions (Table 4). The table is arranged based 

on each hit’s peptide sequence match (PSM) score – the number of times a peptide 

sequence in an MS run matches a protein/peptide sequence in a database – with respect to 

the nitroTyr elutions (described in the discussions). The second column displays MW of 

the potential candidates, and the third column shows possible binding site within the 

protein sequence as determined by the online software Calmodulin Target Database. 

Parenthesized numbers flanking the calculated CaM binding domain indicate amino acid 

position of that specific protein.  

 

Possible Hits WT 

CaM 

PSM 

Score 

99 

nitroTyr-

CaM 

PSM 

Score 

138 

nitroTyr-

CaM 

PSM 

Score  

MW 

of 

Target 

(kDa)  

Possible Binding Site 

Myoglobin 4 22 24 17.1 (68)TVLTALGGILKKK(80) 

Calmodulin 16 31 18 17.0 - 

Keratin, type II 

cytoskeletal 71  

14 26 23 57.4 - 

Troponin C, slow 

skeletal and 

cardiac muscles 

1 10 10 18.4 - 

Myosin regulatory 

light chain 2, 

ventricular/cardiac 

muscle isoform 

0 6 0 18.9  (2)APKKAKKRAGGANSNVFSM(20) 

Keratin, type I 

cytoskeletal 25  

10 16 14 49.3 - 

Bovine Serum 

albumin 

4 9 4 69.3 - 

Hemoglobin 

subunit alpha 

0 4 4 15.2 (6)ADKTNVKAAWGKVGAHAGEY(25) 

Peptidoglycan 

recognition 

protein 1 

0 3 3 21.0 (29)SRGKWGALASKCSQRLR(45) 

Table 4 – Candidates of protein that represents the 16 kDa band enriched in the nitroTyr-CaM elution. 

Bolded hit indicates highest probability of being the correct protein that correlates with the 16 kDa band.   
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Myoglobin Cloning and Expression  

Human and bovine myoglobin (HMyo and BMyo, respectively) sequences were 

extracted from Uniprot protein database, and their respective genes were ordered (IDT). 

Upon arrival, forward and backward primers were used to amplify the gene (Fig. 11, left), 

and then inserted into the pBad vector via Gibson Assembly/recombinase method. 

However, experiments from this point on will only include the recombinase-treated 

group. After transformation into DH10B cells via calcium chloride/heat shock method, 

preliminary data from colony PCR showed successful insertion of HMyo on three of 

three colonies, while there was insertion of BMyo on two of three selected colonies (fig. 

11, middle). The colony without the BMyo gene was omitted for further downstream use. 

After sequencing (Genscript), myoglobin was expressed and purified following the same 

procedure of WT CaM. Pure myoglobin was then buffer exchanged into buffer A (30 

mM MOPS, 0.1 M KCl, pH 7.5) and its purity was assessed with 15% SDS-PAGE (Fig. 

11, right) via PD-10 columns before performing binding assays between calmodulin-

myoglobin in vitro. Sequences of HMyo and BMyo are in Supplementary Figure 3.  

 

    

 

 

 

 

 

 

 

 

 

Figure 11 – Left) PCR amplification of human and bovine myoglobin (HMyo and BMyo, respectively) 

gene. Middle) Colony-PCR of HMyo and BMyo of post-transformed cells. Right) Purified and desalted 

fraction of HMyo and BMyo.  
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CaM and Myoglobin in-vitro Binding Assay – Affinity Chromatography 

 Similar to the initial pulldown experiment to purify CaM binding proteins, 50 µg 

of purified Myo was incubated with the WT and nitroTyr-CaM columns. The WT CaM 

column bound and eluted both the eNOS BS (as the positive control) and BMyo (Fig. 12, 

left). On the contrary, nitroTyr-CaM column did not bind BMyo, and only weakly bound 

the eNOS BS (Fig. 12, right). The preferential binding of myoglobin to WT CaM, but not 

to nitroTyr-CaM, is in contradiction to the initial pulldown experiment.  

 

CaM and Myoglobin in-vitro Binding Assay – Native PAGE 

Assuming that a protein complex between CaM and Myo occurs, then the protein 

complex is expected to have an increase in apparent mass in a native-PAGE gel 

compared to the free protein in solution. To 

investigate this, 12 µM of CaM were incubated 

with 24 µM BMyo under 1 mM CaCl2 for 1 hr 

at room temperature. After the incubation 

period, 10 µL of the reaction mixture was ran 

on a native PAGE gel (supplemented with 1 

mM calcium chloride) using native running 

buffer (25 mM tris, 1.92 M glycine, pH 8.5) 

and stained with coommassie blue (Fig. 13).  

Fig. 13 showed WT CaM bound to the 

eNOS biosensor, but did not have a mass-

shifted band – this phenomenon is explained in 

the discussions. However, binding activity 

could be inferred by the lack of free CaM. 

Extrapolating from the amount of free 

calmodulin, it can be suggested that the WT 

CaM again bound more preferentially to bovine 

myoglobin, but not nitroTyr-CaM.  

Figure 12 - Elution profile of affinity chromatography between calmodulin (on resin) and myoglobin (free). 

Each gel contains purified fractions of HMyo and eNOS BS in the first two lanes. The WT CaM column 

(left) bound more to BMyo than the HMyo, and eluted BS eNOS as expected. 99 and 138 nitroTyr-CaM did 

not bound to any Myo, and had weak binding to BS eNOS. 

Figure 13 –Native PAGE of purified WT CaM, 

BMyo, eNOS BS on the left three lanes. The 

right bar indicates bovine myoglobin mixed 

with respective CaM ± nitroTyr. Positive 

control is WT CaM + eNOS BS.  
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CaM and Myoglobin in-vitro Binding Assay – Size Exclusion Chromatography 

 

 A SEC run of pure WT CaM (1 mg, Fig. 14A) in 1 mM CaCl2 show elution of 

protein as a single A280 peak (orange). BMyo (0.5 mg, Fig. 14B) in 1 mM CaCl2 show 

elution of protein as a single peak with a shoulder in both A280 (orange) and A409 

(gray). Fig. 14C is a SEC of eNOS biosensor (0.5 mg) mixed with WT CaM (1 mg) in 1 

mM CaCl2 and tracked using A280 (orange) and A430 (gray). Lastly, Fig. D, E, and F 

shows SEC run of 0.5 mg BMyo added to 1 mg of WT CaM, 99 nitroTyr-CaM, and 138 

nitroTyr-CaM (respectively) in 1 mM CaCl2, and monitored using A280 (orange) and 

A409 (gray). In Fig. D, E, and F, the A409 signal (indicating Myo presence) was 

subtracted from the baseline SEC run using pure Myo.  

 

Figure 14 - SEC of pure CaM (1 mg, sub-figure A), Myo (0.5 mg, sub-figure B), WT CaM plus eNOS BS 

(0.5 mg eNOS BS, 1 mg WT CaM, sub-figure C), and CaM ± nitroTyr plus BMyo (1 mg CaM ± nitroTyr, 

0.5 mg BMyo, sub-figure D, E, F).  

A B 

C D

 

E F 
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Pure WT CaM (MW of 18.9 kDa) was eluted off the column at 15.9 mL, while 

purified bovine myoglobin (MW of 18 kDa) eluted off the column at 17.5 mL with a 

noticeable shoulder at 15.9 mL. Since the left shoulder of pure bovine myoglobin can 

lead to a false positive of complex formation, the A280 and A409 values of CaM with 

Myo were subtracted from pure myoglobin. The CaM-eNOS BS dimer complex 

(calculated MW of 76 kDa) was cleanly separated from leftover free calmodulin which 

eluted at 16.5 mL.  

SECTION V: Discussion  

Expression of CaM  

 To verify the fidelity of the nitroTyr synthetase, test expressions were used to 

confirm that no natural amino acid is incorporated into the nitroTyr-CaM (Supplementary 

Figure 1). In a 5-mL expression, CaM expressions were facilitated with and without 

nitroTyr in the medium. If the synthetase only recognizes the natural amino acid, then the 

media without nitroTyr will only translate a truncated CaM stopping at the TAG sites 99 

or 138. In this project, the media without nitroTyr yielded no full-length CaM, while the 

media supplemented with nitroTyr produced full-length CaM.  

The expression of CaM was facilitated by the pBad vector using an arabinose 

promoter, while the incorporation of nitroTyr into 99 or 138 TAG-CaM included a 

nitroTyr synthetase in the constitutively active pDULE vector. After purification of WT 

CaM and nitroTyr-CaM, protein concentrations were determined by BCA assay, and 

protein purity was determined by SDS-PAGE using 15% acrylamide. Typically, a 1 L 

culture yields 364 mg of WT CaM, 320 mg of 99 nitroTyr-CaM, and 305 mg of 138 

nitroTyr-CaM. When 5 µg of purified protein is separated on an SDS-PAGE, all species 

of CaM are usually > 90% pure. Only pure proteins proceed to be covalently linked to 

NHS resin. Furthermore, the 45 Da mass difference between nitroTyr-CaM and WT CaM 

correlates with the extra -NO2 group on nitroTyr – indicating successful incorporation of 

nitroTyr on CaM without other amino acid modifications (Supplementary Figure 3).  

Verifying the Function of CaM Columns 

Once CaM is coupled to the NHS resin, the resin’s functional integrity was tested 

by incubating 47 µg of eNOS biosensor to 100 µL of resin in 150 µL total volume. Since 

the KD of the eNOS peptide binding to CaM is in the low nanomolar range, a final 

concentration of BS eNOS at 5.45 µM is sufficient for CaM binding. Calcium chloride 

was added to the CaM-BS eNOS mixture to a final concentration of 1 mM, and the vessel 

was rocked for 1 hr. at room temperature. The resin is then washed with buffer A (30 mM 

MOPS, 0.1 M KCl, pH 7.5) with 1 mM CaCl2 to remove nonspecific binders while also 

preserving the calcium-bound state of CaM. The eNOS biosensor is eluted from the 

column using buffer A with 100 mM EGTA.  
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Fig. 15 shows the SDS-PAGE 

of each process in the above protocol 

using WT and 99 nitroTyr-CaM resin. 

The solution after binding CaM to 

eNOS biosensor (P-inc.) showed only 

residual amount of eNOS biosensor – 

indicating it was in excess of CaM 

along with other lighter protein bands. 

As the washes progressed, 

contaminating proteins were washed 

out. The eNOS biosensor client was 

then eluted from the column in the 

elution fractions (red box) in a 

calcium-dependent manner, and was 

about > 95% purity. This assay 

supports the idea that CaM was successfully coupled to the NHS resin, while also 

retaining its function by binding and eluting eNOS biosensor in the presence and absence 

of calcium. The principles of this assay will be used to purify WT and nitroTyr-CaM 

binding partners in mammalian cell lysate.  

CaM Binds eNOS FRET Biosensor at Low Ca2+ Concentration 

 BS eNOS was purified using WT and nitroTyr-CaM resin at 20 nM free calcium 

to determine the preferential binding activity to nitroTyr-CaM but not to WT CaM. 

According to Fig. 9, the gel shows that both nitroTyr-CaM bound to BS eNOS, while BS 

eNOS did not elute off the WT CaM column. However, preliminary work from Joseph 

Porter showed that only 138 nitroTyr-CaM bound to the BS eNOS, while 99 nitroTyr-

CaM lost binding capabilities at 20 nM free calcium concentration. It is possible that 

there is an intrinsically different binding affinity of 99 nitroTyr-CaM to the CaMBD of 

eNOS peptide (used by Mr. Porter) and eNOS Biosensor (used in this project) at 20 nM 

free calcium. Furthermore, the elution of these samples was concentrated using a 

centrifugal concentrator prior to SDS-PAGE. Since physically different samples could be 

concentrated differently, this could explain the unusually large protein band in the elution 

of 99 nitroTyr-CaM versus 138 nitroTyr-CaM.  

Purifying CaM-Binding Partners from Bovine Heart Tissue 

Bovine heart tissue was thawed from -80oC storage, then excised using a clean 

razor. For each pulldown experiment, a 1:4 ratio of bovine heart (in grams) to lysis buffer 

(in milliliters); in this specific experiment, 25.8 g of tissue was added to final volume of 

100 mL lysis buffer containing 100 nM free calcium. The tissue was pulverized using a 

mortar and pestle under liquid nitrogen for thorough lysis of cells contributed by multiple 

mechanical stresses (normal, compressive, shear) and several cycles of temperature 

change between -195oC (liquid nitrogen) to room temperature (25oC). Once pulverized, 

the powdered form of the tissue contains high surface area exposure to the lysis buffer for 

effective protein extraction. Afterward, the mixture was rocked at 4oC for 1 hr., and then 

Figure 15 - Testing the function of CaM resin by affinity 

chromatography of the eNOS biosensor. Left side indicates 

using WT CaM resin, while right side shows 99 nitroTyr-

CaM resin. P-inc. is the solution after mixing CaM and BS 

eNOS together for 1 hr.   
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centrifuged. When the lysate has been equally aliquoted for each CaM species, the high-

calcium lysate aliquot (containing 10 mM EGTA) was adjusted to 1 mM free calcium via 

adding 11 mM CaCl2.  

In this experiment, both low calcium (100 nM free calcium) and high calcium (1 

mM free calcium) binding environments were sampled to investigate if Ca2+ 

concentration can alter binding partners between WT and nitroTyr-CaM. Low calcium is 

defined as using 100 nM free Ca2+  because the threshold concentration of Ca2+ for WT 

CaM activation is 225 nM26. By undershooting that limit, WT CaM is not expected to 

bind any proteins. Furthermore, prior work showed that nitroTyr-CaM could retain 

binding affinity to a client at < 225 nM of calcium. This setup is designed to isolate 

nitroTyr-CaM binders but not WT CaM by exploiting possible differential client binding 

affinity given by tyrosine nitration.   

After the lysate has been aliquoted, CaM resin was added to the lysate aliquot, 

rocked at room temperature for 1 hr., and then transferred to gravity columns. Each CaM 

resin was washed with 33 mL of buffer A/100 nM or 1 mM CaCl2/0.05% Triton X-100, 

and eluted with three fractions  (300 µL, room temperature) and one fraction (500 µL, 

4oC, overnight) using buffer A/100 mM EGTA/0.05% Triton X-100 prior to SDS-PAGE 

treatment. Elution samples were subjected to acetone to remove insoluble SDS-potassium 

complexes and achieve less-streaky gel lanes.  

Interestingly, the elution profile of WT and nitroTyr-CaM with low calcium 

concentration were nearly identical. However, this result was in contrast with Joseph 

Porter’s in vitro binding assay; the WT CaM lost affinity to the eNOS peptide, but 

nitroTyr-CaM retained client binding activity. This result of pulldown experiment could 

be explained if there was a lack of binding activity across all WT and nitroTyr-CaM. The 

inability for CaM to bind to client proteins at such low calcium concentration would 

mean that the protein bands in the pulldown experiment could be nonspecific binders.  

The high calcium binding partners of CaM showed some differences depending 

on the state of tyrosine nitration. The most obvious discrepancy is the extra 16 kDa band 

in both 99 and 138 nitroTyr-CaM elution. The intense band color could correlate with 

either very high protein content, or that specific protein is intrinsically acidic because 

silver nitrate have higher binding affinity to acidic amino acids prior to development29. 

Although other protein bands may be more or less enhanced across each CaM species, 

the protein bands were inconsistently enhanced between gels. An extra protein band that 

appears exclusively in the nitroTyr-CaM elution leads us to believe that that protein is 

involved in oxidative stress signaling with CaM. Therefore, all the elution samples were 

pooled together, ran on an SDS-PAGE, and the 16 kDa band was excised for 

identification via mass spectrometry.  
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Mass Spectrometry and Calmodulin Target Database Results 

Mass spectrometry of the single 16 kDa band yielded over 100 possible protein 

candidates – referred as “hits” from now on. To increase the likeliness of finding a 

meaningful hit, the peptide sequence match (PSM) score of each hit were sorted. Briefly, 

the PSM score is the number of times a sample in a MS run matches a protein sequence 

in a protein database. Although the PSM score is not quantitative, it does give some 

rough idea of relative protein abundance in the sample. PSM scores were analyzed by 

subtracting the PSM score of all hits in nitroTyr-CaM to WT CaM, and then sorted by 

most negative to most positive score. Thus, the most negative score would indicate higher 

levels of protein in the elution of nitroTyr-CaM.  

After sorting the list of hits by the PSM score, Myo showed about 6-fold higher 

score in nitroTyr-CaM elution compared to the elution of WT CaM. However, Myo is an 

unusual candidate because it is not a known client of CaM. Therefore, further evidence, 

such as possible binding domains, is required to verify the possibility of a CaM-Myo 

binding interaction.  

 The online software Calmodulin Target Database (CTD) was used to determine 

possible binding domains of CaM on Myo. The CTD program utilizes the primary 

sequence of a peptide. It searches and scores the likeliness of a CaM binding domain via 

two requirements: 1) propensity for a region to be alpha helical, and 2) specific spacing 

between key hydrophobic amino acids. Each amino acid is scored on a scale of 0 to 9, in 

which a score of 0 would predict that a region is not a CaM binding domain (CaMBD), 

while a stretch of 10-26 amino acids with score of 9s would predict that a region is likely 

a CaMBD.  

Analysis of the Myo peptide sequence suggests a possible binding region between 

amino acids 68 and 80 (corresponding to the sequence of TVLTALGGILKKK). 

However, this region of Myo does not reveal a lot of room or flexibility for docking of 

CaM. Furthermore, all the hydrophobic amino acids are oriented toward the core of the 

protein and not solvent-accessible. The physical constraints presented on Myo contrast 

with the canonical binding models of CaM, which are usually an exposed alpha helical 

domain. The structure of the possible CaM binding domain (CaMBD) in Myo is unlike 

any canonical CaMBDs. However, Myo was selected for further investigations because 

of the strong results in the the pulldown experiments, encouraging mass spectrometry 

results, and ease of protein expression in vitro.  

The second most likely candidate of the 16 kDa protein band was bovine CaM. 

Although CaM correlates with the mass of the band, CaM is not not known to form 

homodimers in vivo. However, CaM homodimers have been documented in non-

biologically relevant environments of 1:1 acetonitrile to water plus 1% formic acid30. The 

enrichment of bovine CaM could be explained by column-CaM binding to a partner that 

has high stoichiometry for other CaM molecules. This complex, such as a polymer or 
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cardiac muscle fiber, would then be carried through the purification process along with 

bovine CaM. When the column was eluted with EGTA, it can lead to an enrichment of 

bovine CaM on the gel. However, PSM scores for WT CaM (16), 99 nitroTyr-CaM (31), 

and 138 nitroTyr-CaM (18), does not support the previous observation of preferential 

binding to nitroTyr-CaM.  

Myoglobin Cloning and Purification 

Myo cloning was initiated by excising CaM from pBad vector using NcoI and 

XhoI. The human and bovine Myo gene and vector were recombined using both Gibson 

Assembly and Recombinase method, then transformed into DH10B cells using calcium-

chloride/heat shock method. Cells were rescued with SOC for 1 hr. and plated on LB agar 

overnight. Colony PCR of three colonies with human and bovine Myo shows successful 

ligation in all three human Myo, but only two out of three colonies contained bovine 

Myo. The Myo-containing colonies were sent to sequencing (Genscript) and propagated 

in LB prior to making frozen cell stocks.  

Protein overexpression methods was identical to WT CaM production. To ensure 

each Myo protein expressed contains an iron atom, the media was supplemented with 0.1 

mM FeCl3 9 hrs. post-inoculation (OD ~ 0.5). It should be noted that adding iron 

chloride to freshly inoculated cells can lead to cell death. Interestingly, the color of the 

culture can be inconsistent and ranges from bright red to dark brown; this is likely a 

change in oxidation state in the iron of Myo because Fe(II) is bright red, while Fe(III) is 

brown. A 1 L expression of Myo, using 750 µL cobalt resin, yields about 10 mg of 

human Myo, and 13 mg of bovine Myo. When 5 µg of purified protein is loaded to SDS-

PAGE, both human and bovine Myo are about 80% pure.  

In vitro Binding Assays – Affinity Chromatography 

In vitro binding assays yielded mixed results for binding activity between CaM 

and Myo. The affinity chromatography assays utilized CaM columns to purify HMyo and 

BMyo. The WT CaM columns successfully washed away non-CaM binders, and eluted 

the positive control BS eNOS and BMyo, suggesting possible binding activity in the 

presence of calcium, although HMyo was only weakly present in the elution fractions. 

The difference in binding affinity across different species of Myo was interesting because 

sequence similarity between BMyo and HMyo are about 85% similar, with no difference 

in the calculated CaMBD. Furthermore, the low level of BS eNOS in the elution fraction 

of nitroTyr-CaM columns indicate that the experiment should be repeated. The inability 

for both BMyo and HMyo to bind to the WT CaM column could be associated with the 

intrinsic inconsistencies in hand-operated column chromatography. Also, the lack of 

protein present in the elution fractions using nitroTyr-CaM columns requires the 

procedure to be repeated before any conclusive results can be determined.  
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In vitro Binding Assays – Native PAGE 

A native-PAGE assay was performed by mixing CaM ± nitroTyr and BMyo, 

running the mixture on a gel supplemented with 1 mM CaCl2, and then looking for a 

mass shift of the dimer complex. According to Fig. 13, the lack of an upshifted band in 

the positive control BS eNOS can be due to calmodulin’s low isoelectric point (about 4). 

If there is complex formation, then there would be an increase in negative charge upon 

formation of the BS eNOS-CaM dimer; subsequently, the added electrophoretic force 

imparted by complexation with CaM can “pull” BS eNOS down the acrylamide gel, 

rather than upward. Since native-PAGE also separate proteins based on size, there was a 

noticeable discrepancy of distance traveled between free BS eNOS (57.5 kDa) and the BS 

eNOS-CaM dimer (76.4 kDa). Fortunately, binding activity between CaM and BS eNOS 

could be inferred by the lack of free calmodulin in the presence of calcium.  

If binding activity could be inferred by the lack of free CaM, then WT CaM 

bound to BMyo more preferentially than nitroTyr-CaM. However, this trend would 

conflict with the initial pulldown experiment, where an extra 16 kDa protein bound more 

preferentially to nitroTyr-CaM than WT CaM. It is possible that the difference between 

the pulldown experiment and the in vitro native-PAGE  

In vitro Binding Assays – Size Exclusion Chromatography 

WT CaM consistently eluted from the SEC column at 15.9 mL (Fig. 14A). The 

weak absorbance of WT CaM in the SEC run is due to CaM’s two tyrosine and no 

tryptophan, leading to a relatively low 280 nm extinction coefficient of 2980 M-1 cm-1 31. 

By using an absorbance of 0.78, extinction coefficient of 2980 M-1 cm-1, path length of 1 

cm, MW of CaM as 18,900 Da, and 400 µL as sample volume, then total CaM content 

would be 2 mg, which would be twice the calculated amount of CaM added. Pure WT 

CaM was supplemented with 1 mM CaCl2 during the entire procedure to ensure the 

binding environment is similar to the CaM-BMyo binding environment.    

Myo was monitored in the SEC column via absorption maxima of A280 and 

A409 32 (Fig. 14B). When running 0.5 mg of pure Myo through the SEC column, it eluted 

as a single peak with a weak left shoulder. To prevent any false positives on complex 

formation with CaM, the absorption values of pure Myo was subtracted from all 

subsequent CaM-Myo SEC runs. The SEC of pure Myo was also supplemented with 1 

mM CaCl2.  

An ideal SEC profile would show elute a dimer complex first, and then the 

monomeric proteins at later fractions. This was apparent in the positive control, where 

CaM-eNOS BS dimer eluted at 14 mL, as monitored using absorption maxima of A280 

and A43033, while leftover monomeric CaM was eluted at 16.5 mL (Fig. 14C). The SEC 

profile of CaM-BMyo mixtures at 1 mM CaCl2 contain two closely spaced A280 peaks 

(Fig. 14 D – F). The first A280 peak corresponded to a negative A409 value, suggesting 

the presence of protein but lack of Myo. The second A280 peak aligned with an A409 

peak, suggesting the presence of a mixture of free Myo and some free CaM. This makes 

sense because both CaM and Myo are similar in size (between 17 – 18 kDa). SEC data 
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rejected complex formation between WT or nitrated calmodulin with BMyo, assuming 

that complex formation is slow (and not highly transient) in comparison to the time scale 

of the SEC experiment. 

In vitro Binding Assays 

Taking into consideration the results from the in vitro binding studies, the 

interaction between CaM ± nitroTyr and myoglobin could not be confidently determined. 

Surprisingly, these findings were in contradiction to our initial finding that Myo 

preferentially bound nitroTyr-CaM. This difference in data could be explained by the 

oxidation state of Myo. Myoglobin (with Fe(II)) gives animal tissues its bright red color. 

The reason the tissue turns brown over time is the oxidation of the iron to Fe(III). The 

different oxidation state of myoglobin affects could possibly affect structure, and thus 

ability to bind to CaM. In summary, the oxidation state of myoglobin in the cow heart 

tissue could have been the reduced form (Fe(II)) compared to the E. Coli-expressed 

myoglobin (Fe(III)), and this difference may affect binding between CaM and Myo.   

The inconsistent binding of calmodulin to myoglobin could also be explained by 

the high protein concentration of both CaM and Myo in the experimental setup. The 

concentration of CaM in cardiac myocytes is 6 µM34, while the concentration of Myo in 

type 1 skeletal muscle in the human heart is 0.70 ± 0.09 mM35. Extreme deviation from in 

vivo protein concentrations may result in artifacts of protein-protein interaction. For 

example, in the native-PAGE experimental setup, [CaM] was twice the concentration in 

vivo (12 µM), while [Myo] was almost 30-fold less concentrated in vivo (24 µM). In the 

SEC run, [CaM] = 129 µM (21.5X greater in vivo), while [Myo] = 72 µM (~10X less in 

vivo). The lack of strong confirmation of binding activity between CaM and Myo can be 

interpreted as either nonspecific binding, or possibly low-affinity interaction.  

 All in vitro binding studies between CaM and Myo assumed that complex 

formation relies on slow dissociation of the complex. In other words, if binding activity is 

transient, then our binding studies would be unable to detect ephemerally-formed CaM-

Myo complex. On the contrary, dissociation constants from Mr. Porter’s work were 

derived from a direct equilibrium measurement.  
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SECTION VI: Conclusion  

 The working hypothesis in this project was that nitrotyrosine on calmodulin is a 

specific signaling mechanism in oxidative stress. Since calmodulin is mainly a second 

messenger in the cell, rather than an enzyme, nitrotyrosine is thought to alter the binding 

partner profile of CaM. To investigate this hypothesis, nitrotyrosine has been site-

specifically incorporated into calmodulin at natural tyrosine sites 99 and 138, and binding 

partners of CaM ± nitroTyr were isolated from bovine heart tissue. The goal was to 

investigate and identify any differences in binding partners between the WT and 

nitroTyr-CaM. 

One 16 kDa protein that bound more preferentially to the nitroTyr-CaM column 

was identified to be myoglobin. In vitro binding tests using affinity chromatography, 

native-PAGE, and SEC, between CaM and Myo were performed to evaluate if the initial 

pulldown experiment - which showed preferential binding of Myo to nitroTyr-CaM - was 

correct. Surprisingly, the in vitro binding tests seems to contradict the initial pulldown 

experiment – there was weak binding between WT CaM and BMyo. Our hypothesis was 

that nitroTyr-CaM would have differential binding partner profiles compared to WT 

CaM. However, the current data using nitroTyr-CaM affinity columns to identify high 

affinity binders from bovine tissue was inconclusive. One improvement to this project, 

inspired from Kulej et al.,  is to elute CaM partners using on-bead tryptic digest, which 

can yield almost 3 times more protein than using just EGTA based buffer36. This 

procedure could help capture many more clients regardless of the client’s strong or weak 

binding affinities to CaM. To reduce nonspecific binding of proteins, a more stringent 

wash protocol was used in the same study by washing CaM columns with 450 mM salts.  

This project paved the path of the typical workflow in a pulldown experiment, and 

also showed possible improvements upon this experiment. One improvement for this 

project will include a doubly nitrated tyrosine residues at sites 99 and 138 on CaM for all 

future experiments. Since its in vivo relevance has not been characterized, to our 

knowledge, by any group it is an open avenue to explore with minimal risk and possible 

reward. Also, addition of a protein-less NHS beads as a negative control for the pulldown 

experiment would help the investigator rule out proteins that stick nonspecifically to NHS 

beads and aid in identifying meaningful CaM binding partners. To broaden the scope of 

finding more CaM binding partners, exploring different proteins using other tissue types 

is essential. One example would be to use lungs because it is a tissue that is more 

susceptible to oxidative stress due to direct exposure to oxygen and environmental toxins. 

Another tissue to explore would be the liver because its structure is less 

compartmentalized and more homogeneous and, in principle, lead to more replicable 

experiments. In conclusion, finding a true and meaningful difference in CaM binding 

partners with respect to tyrosine nitration is a goal that is yet to be achieved. However, 

the experimental setups and methods in this work will be a springboard for successors of 

this project to achieve these goals.  
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SECTION VIII: Supplemental Figures   
 

 

 

 

 

 

 

 

 

 

 

Supplementary Fig. 1. Expression of CaM with and without unnatural amino acid 3-

nitrotyrosine. Yellow boxes are truncated CaM, while red box indicates full-length CaM.  
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Supplementary Fig. 2. Mass spectrometry data of WT (A), and 99 and 138 (B) nitroTyr-CaM. MW of WT 

CaM is 18934 Da, while MW of 99 and 138 nitroTyr-CaM is 18979. The extra -NO2 group on both 99 and 

138 nitroTyr-CaM are responsible for the 45 Da mass shift.  
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TGGGCTAACAGGAGGAATTAACCATGGGTTTGTCAGATGGGGAATGGCAGT

TGGTGTTAAATGTATGGGGTAAGGTGGAAGCCGATATCCCTGGACATGGTCA

GGAGGTTCTGATTCGCTTGTTTAAAGGACACCCAGAAACTTTGGAAAAGTTT

GATAAATTTAAGCACCTGAAGAGTGAGGACGAAATGAAGGCGAGCGAGGAT

TTAAAAAAACATGGGGCAACTGTCTTGACAGCCCTGGGAGGAATTTTAAAAA

AGAAAGGCCACCACGAAGCCGAGATCAAACCCCTGGCTCAGTCACATGCGA

CCAAGCACAAGATTCCAGTCAAGTATTTAGAGTTTATTTCCGAATGTATCATT

CAAGTATTGCAATCGAAGCACCCGGGAGACTTTGGGGCCGACGCTCAGGGAG

CGATGAACAAAGCATTAGAGTTGTTCCGTAAAGATATGGCCTCGAACTATAA

GGAATTGGGATTCCAAGGTAGCGGCCACCACCATCACCACCACTAATAACTC

GAGATCTGCAGCTGGTACCATATGGGAA 

 

TGGGCTAACAGGAGGAATTAACCATGGGCCTTAGTGATGGAGAATGGCAAC

TGGTGTTAAATGCCTGGGGTAAAGTGGAAGCGGACGTGGCTGGACATGGGCA

AGAAGTGCTGATCCGTTTATTTACTGGACACCCAGAAACGCTTGAAAAGTTC

GACAAATTCAAGCACTTGAAAACAGAGGCAGAGATGAAAGCGTCGGAAGAC

TTGAAGAAGCATGGCAACACGGTCTTGACGGCACTTGGGGGTATCTTGAAAA

AGAAAGGGCATCACGAGGCTGAGGTAAAGCACTTAGCCGAGTCACACGCTA

ACAAGCACAAAATCCCGGTCAAATACCTGGAGTTCATTTCGGATGCAATCAT

TCATGTTTTGCACGCGAAGCATCCTAGCGACTTTGGTGCAGATGCGCAGGCG

GCTATGTCCAAAGCGTTAGAGCTTTTTCGCAATGACATGGCCGCTCAATATAA

AGTTTTAGGTTTTCACGGCTCAGGCCACCACCATCACCACCACTAATAACTC

GAGATCTGCAGCTGGTACCATATGGGAA 

 

Supplementary Fig. 3. DNA sequence of human Myoglobin (top) and bovine myoglobin 

(bottom). Green indicates start codon; red indicates stop codon; bolded bases indicate 

NcoI (CCATGG) and XhoI (CTCGAG) cut sites.  

 

 


