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Abstract

Background: Radiation exposure of tissues is associated with inflammatory cell influx. 

Myeloperoxidase (MPO) is an enzyme expressed in granulocytes, such as neutrophils (PMN) 

and macrophages, responsible for active chlorine species (ACS) generation. The present study 

aimed to: 1) determine whether exposure to γ-irradiation induces MPO-dependent ACS generation 

in murine PMN; 2) elucidate the mechanism of radiation-induced ACS generation; and 3) evaluate 

the effect of the synthetic lignan LGM2605, known for ACS scavenging properties.

Methods: MPO-dependent ACS generation was determined by using hypochlorite-specific 3

´-(p-aminophenyl) fluorescein (APF) and a highly potent MPO inhibitor, 4-aminobenzoic acid 

hydrazide (ABAH), and confirmed in PMN derived from MPO−/− mice. Radiation-induced MPO 

activation was determined by EPR spectroscopy and computational analysis identified tyrosine, 

serine, and threonine residues near MPO’s active site.
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Results: γ-radiation increased MPO-dependent ACS generation dose-dependently in human 

MPO and in wild type murine PMN, but not in PMN from MPO−/− mice. LGM2605 decreased 

radiation-induced, MPO-dependent ACS. Protein tyrosine phosphatase (PTP) and protein serine/

threonine phosphatase (PSTP) inhibitors decreased the radiation-induced increase in ACS. 

Peroxidase cycle results demonstrate that tyrosine phosphorylation blocks MPO Compound I 

formation by preventing catalysis on H2O2 in the active site of MPO. EPR data demonstrate that 

γ- radiation increased tyrosyl radical species formation in a dose-dependent manner.

Conclusions: We demonstrate that γ-radiation induces MPO-dependent generation of ACS, 

which is dependent, at least in part, by protein tyrosine and Ser/Thr dephosphorylation and is 

reduced by LGM2605. This study identified for the first time a novel protein dephosphorylation­

dependent mechanism of radiation-induced MPO activation.
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1. INTRODUCTION

It is well known that γ-radiation is capable of ionizing atoms and molecules. In biological 

systems or in solution, ionizing radiation generates hydroxyl radicals (•OH) [1–3], which are 

believed to be the source of ionizing radiation-induced damage to cellular components, 

including lipids, proteins, and DNA [4, 5]. However, these highly unstable hydroxyl 

radicals can be scavenged by Cl− ions which are present at very high concentrations in 

physiological medium. This leads to the generation of active chlorine species (ACS) [6–9], 

among which relatively stable ClO− was suggested as the radiation-derived toxicant [6]. 

HOCl (ClO−), a potent oxidant, however, can also be produced by neutrophils containing 

activated myeloperoxidase (MPO), which catalyzes the reaction between physiologically 

present chloride ions and hydrogen peroxide (H2O2) [10]. Radiation-induced toxicity in 

normal tissues is an unwanted, but common, side effect of radiation exposure and an 

important limiting factor in radiotherapy [11]. Inflammatory responses to radiation are 

involved in tissue toxicity and MPO-containing neutrophils and macrophages are the key 

inflammatory cells recruited to exposed tissues [12]. However, the role of MPO activation 

by radiation in cells and the generation of ACS in response to radiation has never been 

studied. Indeed, the novel role of ACS in γ-radiation-induced cell damage has only been 

suggested in one publication [8]. In a recent study, we demonstrated the production of 

ACS in physiological solutions following γ-radiation and its role in radiation-induced DNA 

damage, and identified that LGM2605 scavenges ACS and protects DNA from radiation­

induced damage [13].

MPO, a member of the hemeperoxidase-cyclooxygenase superfamily, is expressed in 

neutrophils, monocytes, and some tissue macrophages, and generates HOCl during 

inflammation and infection [14]. MPO catalyzes the reaction between Cl− ions and H2O2 to 

generate a potent oxidant, HOCl [10, 14, 15]. MPO is an essential component in a number 

of pathological conditions, including cardiovascular, neurodegenerative, inflammatory and 

immune-mediated diseases [15–19]. The enzyme is involved in the innate immune response, 
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as well as in microbial killing, by generating MPO-derived oxidants. Considering the 

involvement of MPO in a large number of human diseases, there is an urgent need for 

developing a highly selective MPO inhibitor that preserves MPO activity for host defense, 

but inhibits the excessive, persistent pathophysiological activation of MPO.

We have chemically synthesized two diastereomers of secoisolariciresinol diglucoside 

(SDG) [20], known as LGM2605, and shown to be equipotent in their antioxidant, free 

radical scavenging, and DNA protective properties [20, 21]. We showed that SDG protected 

DNA from γ-radiation-induced generation of ACS in physiological saline solutions 

[13]. Most importantly, we have also shown that LGM2605 inhibits MPO activity in 

inflammatory cells [22]. Due to these characteristics LGM2605 may be a useful agent to 

prevent radiation-induced, ACS-mediated cell and tissue damage.

In the present study, we: 1) investigated the radiation-induced, MPO-dependent generation 

of ACS using a highly specific fluoroprobe, 3´-(p-aminophenyl) fluorescein (APF), for ACS 

in the presence of a highly potent MPO inhibitor, 4-aminobenzoic acid hydrazide (ABAH); 

2) elucidated the MPO-dependent mechanism of radiation-induced ACS generation using 

neutrophils from MPO−/− knockout mice; 3) elucidated the dephosphorylation-mediated 

mechanism of radiation-induced, MPO-dependent ACS generation by using protein 

tyrosine phosphatase (PTP) and protein serine/threonine phosphatase (PSTP) inhibitors; 4) 

determined the effect of LGM2605 (an ACS scavenger and MPO inhibitor) on radiation­

induced, MPO-dependent generation of ACS; 5) further elucidated the mechanism of 

radiation-induced MPO activation by determining the radiation-induced production of 

tyrosyl radical species that reflects generation of MPO intermediate Compound I using 

EPR spectroscopy; and 6) highlighted several tyrosine/serine/threonine residues whose 

phosphorylation could modulate enzyme activity through a variety of mechanisms by 

examining MPO structures and analysis of the active site cavity.

2. MATERIALS AND METHODS

2. 1. Chemicals

ACS indicator probe APF was purchased from ThermoFisher Scientific (Carlsbad, CA). 

Sodium hypochlorite, sodium orthovanadate (SOV, PTP inhibitor), hMPO from human 

leukocytes, and MPO fluorometric activity assay kit were purchased from Sigma-Aldrich 

(St. Louis, MO). H2O2 was purchased from Fisher Scientific (Hampton, NH). HOCl 

concentration was documented spectrophotometrically in 10 mM NaOH at pH 12 using 

the molar extinction coefficient at 292 nm (ε292 = 350 M−1 cm−1). Dulbecco’s phosphate 

buffered saline (DPBS 1X, 21–031-CV) without calcium and magnesium was purchased 

from Mediatech Inc. (Manassas, VA). Halt phosphatase inhibitor cocktail (PTP + PSTP 

inhibitors) was purchased from ThermoFisher Scientific (Waltham, MA). Okadaic acid 

(PSTP inhibitor) was purchased from MilliporeSigma (Burlington, MA). Amplex Red 

hydrogen peroxide/peroxidase assay kit was purchased from ThermoFisher Scientific 

(Carlsbad, CA). Synthetic SDG (LGM2605) was purchased from Chemveda Life Sciences 

Pvt. Ltd. (Hyderabad, India) based on procedure developed by our group. Structures of SDG 

and protein phosphatase inhibitors are shown in Supplemental Figure 1.
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2.2. Derivation of Elicited Murine Neutrophils

To obtain murine neutrophils, wild type C57Bl/6 mice (Charles River Laboratories, 

Wilmington, MA) and MPO−/− knockout mice (B6.129X1-Mpo tm1L us/J; Jackson 

Laboratory, Bar Harbor, ME; strain of origin, 129X1/SvJ) were injected intraperitoneally 

with 2 ml of thioglycollate medium (Becton Dickinson, Franklin Lakes, NJ). After 6 

hours, belly lavage was performed with intraperitoneal instillation of 10 ml sterile 1X PBS 

containing Ca2+ and Mg2+ through a 20-gauge angiocatheter (BD Pharmingen, San Diego, 

CA). After the peritoneal cavity of the mouse was gently massaged, approximately 10 ml 

of lavage fluid was removed through the 20-gauge angiocatheter. A small aliquot of lavage 

fluid was immediately spun on a Shandon Cytospin-3 cell preparation system (Thermo 

Electron, Waltham, MA) at 1500 revolutions per minute (rpm) for 10 minutes and stained 

with a standard Hemacolor stain set protocol from MilliporeSigma (Burlington, MA) to 

confirm the presence of neutrophils in the lavage fluid. The remaining lavage fluid was 

centrifuged at 1200 rpm for 10 minutes and the pelleted cells were then suspended in DPBS, 

DPBS + SOV, DPBS + PTP + PSTP inhibitors, and DPBS + okadaic acid. ACS generation 

and murine MPO (mMPO) activity were determined as described below.

2.3. γ-Radiation-Induced Generation of MPO-Dependent HOCl and the Scavenging Effect 
of SDG (LGM2605) using hMPO and Murine Neutrophils

Myeloperoxidase from human (hMPO) or murine polymorphonuclear cells from MPO+/+ 

or −/− mice (10,000 cells/200 μl medium/well) in PBS, pH 7.4 (DPBS) with APF were 

exposed to doses of γ-radiation ranging from 0 to 25 Gy using a Mark 1 cesium (137Cs) 

irradiator (J.L. Shepherd, San Fernando, CA) at a dose rate of 1.7 Gy/min in room 

air (21% O2) at 0 °C. To determine MPO-dependent generation of ACS, experiments 

were performed in presence of a highly potent inhibitor of MPO, ABAH (100 μM). 

Phosphorylation dependence was determined in the presence of protein tyrosine phosphatase 

as well as Ser/Thr phosphatase inhibitors. The effect of LGM2605 was determined at 

various concentrations. Following radiation, the fluorescence of fluorescein, formed under 

HOCl-mediated cleavage of APF, was determined immediately. The fluorescence intensity 

for the APF probes (10 μM) was measured at excitation/emission wavelengths of 490 

nm/515 nm in a Molecular Devices Spectramax i3 (Molecular Devices, Sunnyvale, CA). 

Prior to radiation exposure and ACS measurements, cells were suspended in a medium 

containing PBS or PBS with inhibitors.

2.4. Myeloperoxidase Activity

hMPO from human leukocytes purchased from MilliporeSigma (Burlington, MA) was used 

to determine the effect of LGM2605 on MPO activity. The MPO activity was assayed, 

using the myeloperoxidase fluorometric activity kit (MilliporeSigma, Burlington, MA), as 

described by the manufacturer by determining the increase in fluorescence intensity of APF 

at 485 nm excitation/ 525 nm emission wavelengths at room temperature. MPO-dependent 

increase was determined in the presence of MPO inhibitor, ABAH (100 μM). The activity 

was determined in presence of various concentrations of LGM2605 between 0–100 μM.
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2.5. Myeloperoxidase Activity of Elicited Neutrophils from Wild type and MPO−/− Mice

The MPO activity in murine neutrophils (10,000 cells/200 μl medium/well) was assayed 

using the myeloperoxidase fluorometric activity kit (MilliporeSigma, Burlington, MA), as 

described by the manufacturer. Supernatant aliquots (50 μl) were placed in 96-well black 

clear bottom plates and mixed with 50 μl solution containing (substrate and probe) H2O2 

and APF. The final concentrations of H2O2 and APF were 50 μM and 25 μM, respectively. 

MPO-dependence was determined in the presence of the MPO inhibitor, ABAH (100μM). 

To determine the dependence of MPO activity on protein phosphorylation, experiments were 

performed in the presence of inhibitors of protein tyrosine phosphatase as well as Ser/Thr 

phosphatases. MPO activity was continuously monitored by determining the increase in 

fluorescence at excitation/emission wavelengths of 485 nm/525 nm in a Molecular Devices 

Spectramax i3 (Molecular Devices, Sunnyvale, CA).

2.6. Determination of Myeloperoxidase Activity (Peroxidase Cycle)

hMPO purified from human leukocytes (MilliporeSigma, Burlington, MA) was used to 

determine the effect of PTP and PSTP inhibitors on MPO activity. The activity was 

determined using the Amplex Red hydrogen peroxide/peroxidase assay kit (ThermoFisher 

Scientific, Carlsbad, CA) that determines H2O2 concentration based on the oxidation of 

Amplex Red to the fluorescent product resorufin. The excitation and fluorescence emission 

wavelengths were 530 nm and 590 nm, respectively. The assay was performed in the 

absence of chloride with varying concentrations of H2O2 in the presence or absence of 

PTP inhibitor (SOV, 0.25 mM) and PSTP inhibitor (okadaic acid, 100 nM). H2O2 was 

added last to initiate the reaction. Michaelis-Menten enzyme kinetics were determined 

using GraphPad Prism version 6.00 for Windows, GraphPad Software, La Jolla, CA, 

USA (www.graphpad.com). The maximum enzyme velocity (Vmax) and Michaelis-Menten 

constant (Km) were determined using the model Y = Vmax*X / (Km + X), where X 

represents the varying concentrations of H2O2.

2.7. EPR Spectroscopy of γ-Irradiated MPO

EPR samples were freshly prepared. Native freeze-dried hMPO enzyme from human 

leukocytes (MilliporeSigma, Burlington, MA) was dissolved in 50 mM sodium phosphate 

buffer pH 7.4 to 1 mg/ml (12.34 μM). 230 μl of enzyme solution was transferred into five 

different tubes for five different conditions: (a) non-irradiated (0 Gy); (b) irradiated (10 

Gy); (c) irradiated (25 Gy); (d) non-irradiated + H2O2 (0 Gy); (e) irradiated + H2O2 (25 

Gy). Samples were transferred into EPR tubes and then exposed to 0 Gy, 10 Gy, or 25 Gy. 

The samples were frozen at 10 seconds after radiation in pre-cooled ethanol dry ice and 

stored in liquid nitrogen. We used a special mixer for mixing samples quickly in EPR tubes, 

which was previously described [23]. EPR spectra were recorded by a Bruker Elexsys E500 

spectrometer at X-band (9.4 GHz) using an Oxford Instrument (Abingdon, United Kingdom) 

ESR900 helium flow cryostat.

2.8. Structural Analysis of Candidate Serines, Threonines, and Tyrosines

Cavity analysis of the known structure of mature MPO (PDB code 1DNW) was performed 

using the methods of [24], using the CAVITY module which outputs all potential ligand­
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binding sites on the protein surfaces and the druggability of all detected cavities. This was 

done without including existing ligands in 1DNW and enumerated the residues contributing 

atoms to the contiguous surface of protein cavities. The calculation of the cavity volumes 

was done in Chimera, after building a surface for the identified residues, followed by 

the “measure volume” command. The per residue normalized solvent excluded surface 

area (SESA) for each serine, threonine and tyrosine in the major cavity was calculated in 

Chimera using the method of normalization described in [25]. Analyses of hydrogen bonds, 

solvent accessible surface area, as well as figure and movie preparation were performed with 

Chimera (UCSF) [26].

2.9. Statistical Analysis of the Data

All samples were evaluated in triplicate and the data obtained are presented as the mean ± 

the standard error of the mean (SEM). Data obtained from experiments evaluating various 

doses of radiation exposure and enzyme inhibition were analyzed using two-way analysis 

of variance (ANOVA) to test for the main effects of radiation dose and treatment type, 

along with the interaction between these variables, on experimental outcomes. If the overall 

F-test was statistically significant, post-hoc tests (Tukey’s honest significance tests) were 

conducted analyzing significant differences among treatment groups; both between and 

within each respective radiation dose level. All enzyme kinetic data were analyzed using 

two-way repeated measures ANOVA to test for the main effects of time and treatment, 

along with the interaction between these variables, on experimental outcomes, followed by 

Tukey’s honest significance tests if the overall F-test was statistically significant.

One-way analysis of variance (ANOVA) was used to compare various types and doses 

of MPO inhibitors, followed by post-hoc comparisons (Tukey’s honest significance tests) 

if the overall F-test was statistically significant. All analyses were performed using 

GraphPad Prism version 6.00 for Windows, GraphPad Software, La Jolla, CA, USA 

(www.graphpad.com). All tests were two-sided and statistically significant differences were 

determined at p-value < 0.05. Asterisks shown in figures indicate statistically significant 

differences between treatment groups across different levels of a particular variable (* : p 
< 0.05, ** : p < 0.01, *** : p < 0.001, and **** : p < 0.0001), while # shown in figures 

indicate statistically significant differences between treatment groups within different levels 

of a particular variable (# : p < 0.05, ## : p < 0.01, ### : p < 0.005, and #### : p < 0.001).

3. RESULTS

3.1. Radiation Induces MPO-dependent Generation of ACS

To elucidate that γ-irradiation induces MPO-dependent ACS, we exposed 1, 2, and 20 ng/

well (in 96-well black clear bottom plates) hMPO in DPBS to 0, 5, 15, and 25 Gy radiation 

exposure and the generation of ACS was determined by the cleavage of APF. Results in 

Figure 1A show that there is a radiation dose-dependent increase in fluorescein fluorescence 

and the radiation-induced increase in ACS is significantly higher at all the radiation 

doses in the presence of MPO, indicating MPO-dependent increase in ACS by radiation 

(p<0.0001). Figure 1B shows that the radiation-induced increase in fluorescein fluorescence 

is significantly decreased in the presence of MPO inhibitor ABAH (100 μM) (p<0.0001). 
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These results further demonstrate that the radiation-induced increase in ACS generation 

is MPO-dependent. Figure 1C shows that the radiation-induced MPO-dependent ACS 

generation, as a function of radiation dose, is curvilinear; the enzyme is probably getting 

partially inactivated at higher doses of radiation. The MPO-independent ACS generation was 

5-times slower compared to the MPO-dependent ACS generation, but it was linear. These 

results demonstrate that γ-irradiation induces MPO-dependent generation of ACS and also 

confirms our previous observation of radiation-induced MPO-independent component in 

physiological solutions as well [13]. These results demonstrate that γ-irradiation generates 

ACS by both MPO-dependent, as well as MPO-independent, pathways.

3.2. LGM2605 Inhibits γ-Radiation-induced, MPO-dependent Generation of ACS in 
Isolated hMPO

In our previous study, we found that LGM2605 inhibits MPO activity [27]. To investigate 

whether LGM2605 inhibits radiation-induced, MPO-dependent ACS, hMPO was exposed 

to radiation along with LGM2605, and the ACS generation was determined. LGM2605 

(10, 25, 50, and 100 μM) was added before exposure to radiation. Figure 2A shows 

that the increase in MPO-dependent ACS generation at various doses of radiation is 

significantly inhibited by LGM2605, dose-dependently (p<0.01). Importantly, the inhibition 

by LGM2605 is comparable to the inhibition by a highly selective MPO inhibitor, ABAH. 

Figure 2B shows that LGM2605 significantly decreased radiation-induced ACS generation 

in a dose-dependent manner (p<0.05). These results demonstrate that LGM2605 inhibits γ 
radiation-induced generation of ACS.

3.3. Radiation-induced, MPO-dependent Generation of ACS in Neutrophils Isolated from 
Wild Type and MPO Knockout Mice

To elucidate that γ-irradiation induces MPO-dependent generation of ACS in cells, we 

isolated elicited neutrophils from WT and MPO−/− mice. Cells were then exposed to 

γ-radiation at 0 Gy and 25 Gy in the presence of APF, and the generation of ACS was 

determined. ACS generation, as well as MPO activity, were determined in the absence, as 

well as in the presence, of the MPO inhibitor ABAH (100μM). Results in Figure 3A show 

that there is a significant increase in fluorescein fluorescence at 25 Gy as compared to 0 

Gy and that the radiation-induced increase is significantly lower in the MPO−/− neutrophils 

as compared to WT (p<0.0001). A much lower MPO activity in neutrophils from MPO−/− 

mice, as compared to WT mice, was confirmed and the results are presented in Figure 3B 

(p<0.0001). These results clearly demonstrate that the radiation-induced generation of ACS 

in mouse neutrophils is MPO-dependent.

3.4. LGM2605 Inhibits γ-Radiation-induced, MPO-dependent Generation of ACS in Murine 
Neutrophils

Next, we investigated whether LGM2605 inhibits radiation-induced MPO-dependent ACS 

generation in murine neutrophils. Elicited neutrophils isolated from WT mice were exposed 

to radiation (0 Gy or 25 Gy) with or without LGM2605, and ACS generation was 

determined. LGM2605 was added prior to radiation exposure. MPO dependence was 

determined in the presence of MPO inhibitor, ABAH (100 μM). Figure 4A shows that 

LGM2605 dose-dependently decreased radiation-induced ACS (p<0.0001). Figures 4B 
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shows the LGM2605 dose-dependent decrease of ACS generation as percent of control 

(in the absence of LGM2605) (p<0.0001). These results demonstrate that LGM2605 inhibits 

γ-radiation-induced generation of ACS in murine neutrophils.

3.5. γ-Radiation-Induced, MPO-Dependent Generation of ACS in Murine Neutrophils is 
Mediated by Protein Dephosphorylation

To elucidate that the γ radiation-induced MPO-dependent generation of ACS is mediated by 

protein dephosphorylation, we isolated elicited murine neutrophils, as a source of MPO, in 

DPBS, and DPBS with PTP inhibitor (SOV), DPBS with PSTP inhibitor (okadaic acid) and 

PTP+PSTP phosphatase inhibitors (Halt phosphatase inhibitors). The cells were exposed to 

radiation (0 Gy or 25 Gy), and ACS generation was determined. The protein phosphatase 

inhibitors were present before irradiation. The results show that the radiation-induced ACS 

generation is significantly decreased in the presence of protein phosphatase inhibitors for 

PTP (Figure 5B), PSTP (Figure 5C) and PTP+PSTP (Figure 5A) (p<0.0001). This indicates 

that phosphorylation at either Tyr or Ser/Thr residues can decrease ACS generation. The 

inhibition was cumulative and larger in the presence of both PTP and PSTP inhibitors. 

Figures 5A, 5B, and 5C also show MPO-dependent ACS generation at 0 Gy. Figures 5D, 5E 

and 5F show the data as percent of control (at 25 Gy) in absence of inhibitors. In presence 

of inhibitors for both PTP and PSTP, there is up to a 60% decrease in radiation-induced ACS 

generation. These results demonstrate that protein phosphorylation status affects radiation­

induced, MPO-dependent ACS generation in murine neutrophils, and phosphorylation of 

MPO seems to inhibit the MPO activity, which is not known previously. These results 

demonstrate that radiation-induced, MPO-dependent ACS generation in murine neutrophils 

is mediated by protein dephosphorylation. This is a unique and novel observation that has 

not been reported elsewhere.

3.6. Role of Protein Dephosphorylation in MPO Activity of Murine Neutrophils

To elucidate the role of protein dephosphorylation in mMPO activity in murine PMN, 

cells were harvested and suspended in DPBS, DPBS + PTP inhibitor SOV, DPBS + PSTP 

inhibitor (okadaic acid) and in DPBS + PTP and PSTP inhibitors, and mMPO activity 

was determined. Results show a statistically significant inhibition of mMPO activity in 

presence of protein phosphatase inhibitors, indicating that protein phosphorylation results in 

decreased mMPO activity (Figure 6A) (p<0.05). Figure 6B shows the results as percent of 

control activity (without inhibitors) in presence of protein phosphatase inhibitors. Data with 

the MPO inhibitor ABAH are shown in Supplemental Figure 2. These results demonstrate 

that mMPO activity in murine neutrophils is enhanced by protein dephosphorylation. 

Dephosphorylation dependence of MPO activity in the presence of protein tyrosine 

phosphatase is shown in Supplemental Figure 3. The results show that MPO activity was 

significantly increased by PTP treatment (p<0.0001). The initial slope increased by 60% 

following PTP treatment indicating that MPO activity is dephosphorylation-dependent.

3.7. Role of Protein Dephosphorylation in Peroxidase Cycle of MPO in Murine Neutrophils

To further elucidate the role of protein tyrosine dephosphorylation or protein serine/

threonine dephosphorylation specifically on the peroxidase catalytic activity of MPO, we 
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performed peroxidase cycle activity in absence of chloride (to prevent chlorination cycle) in 

the medium. The activity was performed in PB, PB + SOV and PB + okadaic acid. Figure 7 

shows the peroxidase cycle activity under control and with inhibitors. SOV (PTP inhibitor) 

completely blocks the H2O2-dependent increase in enzyme activity at varying concentrations 

of H2O2 (Figure 7B and 7D). In contrast, okadaic acid (PSTP inhibitor) appears to activate 

the peroxidase cycle (Figures 7C and 7D). Data with 0 μM H2O2 are shown in Supplemental 

Figure 4. The results show a 98.6% decrease in Vmax in presence of SOV (Vmax = 1.02 

± 0.15 × 106 RFU without SOV compared to 1.52 ±1.77 × 104 RFU with SOV) (Figure 

7D). There was no activity even under high concentrations of H2O2, indicating that SOV 

completely blocks H2O2 accessing to the active site of MPO. In presence of okadaic acid, 

the Vmax values were similar (Vmax = 1.18 ±0.10 × 106 RFU with okadaic acid as 

compared to Vmax = 1.02 ± 0.15 × 106 RFU in control). The Km values were lower in 

the presence of okadaic acid (Km = 0.80 ± 0.57 μM H2O2 with okadaic acid as compared 

to Km = 4.63 ± 2.38 μM H2O2 in control). The results indicate that dephosphorylation of 

Ser/Thr may not be required for catalytic activity of the peroxidase cycle of MPO with H2O2 

as a substrate. These results indicate that protein tyrosine phosphorylation more specifically 

interferes with the MPO catalytic activity using H2O2 as a substrate.

3.8. EPR Spectroscopy of γ-Irradiated hMPO

Since the peroxidase cycle of MPO involves tyrosine radical formation, we determined 

generation of tyrosine radical species in hMPO using EPR Spectroscopy. MPO solution was 

divided into five groups: (a) non-irradiated (0 Gy); (b) irradiated (10 Gy); (c) irradiated (25 

Gy); (d) non-irradiated + H2O2 (0 Gy); (e) irradiated + H2O2 (25 Gy). Results presented 

in Figures 8A and 8B show the EPR spectra of hMPO under the above five conditions. 

The results show an increase in tyrosyl radical formation at 10 and 25 Gy exposure group. 

There is no tyrosyl spectra at 0 Gy. Presence of H2O2 did not affect the results. These 

results identify radiation-induced generation of tyrosyl radicals and confirm their radiation 

dose-dependent generation. The tyrosyl radical generation by radiation may modify the 

MPO protein by intermolecular and intramolecular bi-tyrosine formation, and result in 

altered MPO activity post radiation exposure. These results demonstrate radiation-induced 

dose-dependent activation of hMPO, a novel finding that has not been reported elsewhere.

4. DISCUSSION

In a recent study, we have demonstrated that γ-irradiation produces ACS in physiological 

solutions [13]. ACS were scavenged by SDG, the main lignan in whole grain flaxseed. 

Considering the extensive use of radiation therapy in >50% lung cancer patients, the current 

study was designed to identify if radiation exposure induces MPO-dependent generation of 

ACS in inflammatory cells. We have also examined the effect of synthetic SDG (LGM2605) 

on radiation-induced, MPO-dependent generation of ACS. The important findings of this 

study are that: 1) γ-irradiation enhanced MPO-dependent generation of ACS by 5 times 

in hMPO and murine neutrophils; 2) radiation-induced, MPO-dependence of ACS was 

confirmed using MPO knockout mice; 3) SDG (LGM2605) decreased the radiation-induced, 

MPO-dependent generation of ACS in hMPO and murine neutrophils; 4) radiation-induced 

ACS generation is protein Tyr and Ser/Thr dephosphorylation-mediated; 5) MPO activity 
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was Tyr and Ser/Thr dephosphorylation-dependent in non-irradiated cells; and 6) EPR 

studies identified a radiation induced generation of tyrosyl radical species in MPO and the 

generation was radiation-dose dependent.

Considering the extensive use of radiation therapy in lung cancer patients worldwide, the 

significance of radiation-induced, MPO-dependent generation of ACS and ACS-induced 

damage to cellular components, including DNA, would be a novel and predominant 

mechanism of radiation damage. In addition, the results demonstrate that LGM2605 

prevented the radiation-induced, MPO-dependent ACS generation. Since LGM2605 

decreases radiation-induced, MPO-dependent generation of ACS as shown in the present 

study, the potential role of LGM2605 as a therapeutic agent appears highly significant for 

preventing radiation damage in cancer patients undergoing radiation therapy.

We have previously demonstrated the antioxidant and radioprotective characteristics of the 

synthetic SDGs (R,R and S,S diastereomers) by assessing their potential for scavenging free 

radicals and preventing γ-radiation-induced damage to plasmid DNA (pBR322) and calf 

thymus DNA [20, 21], as well as in a mouse model of thoracic radiation damage using 

the whole grain dietary flaxseed [28–31]. Furthermore, we have shown that SDG scavenges 

radiation-induced ACS generated in MPO-independent and MPO-dependent mechanisms.

MPO generates HOCl that kills invading microorganisms by oxidative damage [32]. HOCl 

modifies adenine nucleotides resulting in formation of chloramines that appears to be a 

major mechanism of neutrophil-mediated toxicity [33–35]. An increased and persistent 

activation of MPO-H2O2-Cl− system may lead to tissue damage by modifying lipids, 

nucleobases of DNA and proteins by chlorination, nitration, and oxidative reactions. MPO 

is expressed in neutrophils, monocytes, and tissue macrophages and is a key factor in 

cardiovascular, neurodegenerative, inflammatory, and immune-mediated diseases [36–39].

Our finding is that radiation-induced, MPO-dependent ACS generation is affected by the 

phosphorylation status of MPO, and both protein tyrosine or protein Ser/Thr phosphatase 

inhibitors attenuate the MPO’s radiation-dependent ACS generation ability. Dependence 

of MPO’s activity on protein tyrosine or protein Ser/Thr phosphorylation has not been 

mentioned before. In addition, radiation-induced, MPO-dependent ACS generation has not 

been shown before to be mediated, at least in part, by protein tyrosine and protein Ser/Thr 

phosphorylation. Considering the role of MPO in cell death and in innate, as well as 

acquired, immunity, our findings are highly significant.

Radiation-induced ACS generation was significantly decreased by PTP inhibitor in 

murine neutrophils indicating the dependence of ACS generation on protein tyrosine 

dephosphorylation. These results indicate that protein tyrosine and serine/threonine 

dephosphorylation yields higher (full) MPO activity and radiation-induced increased ACS 

generation. Considering the structure of the MPO molecule, there are 11 tyrosines: 1 in 

the small subunit whereas 10 in the large subunit. There are two pairs of tyrosine and 

serine residues (470 Tyr, 472 Ser, 473 Tyr; 714 Ser, 715 Tyr), where Tyr and Ser residues 

are adjacent or in close vicinity [40]. We propose that tyrosine and serine phosphorylation/

dephosphorylation can regulate MPO catalytic activity and radiation-induced, MPO­
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dependent ACS generation. Most probably, the tyrosine phosphorylation of MPO-mediates 

radiation-induced ACS generation and serine phosphorylation on a neighboring Ser 

interferes with tyrosine phosphorylation. This may be due to a steric hindrance created by 

the bulky phosphate groups and thereby affecting radiation-induced ACS generation or vice 

versa. Results presented here on the effect of protein tyrosine and protein serine/threonine 

phosphatase inhibitors indicate that protein tyrosine phosphorylation blocks the access of 

H2O2 to the active site of MPO, whereas serine phosphorylation activates the cycle, further 

indicating the role of phosphorylation in regulation of MPO activity. Serine phosphorylation 

may be inhibitory to the chlorination cycle, as okadaic acid inhibits the overall reaction of 

HOCl generation (Figure 6).

Using EPR spectroscopy, we have identified radiation-induced generation of tyrosyl radical 

species in MPO. The radiation-induced increase in tyrosyl radical formation was dose­

dependent. The presence or absence of H2O2 did not affect tyrosyl radical formation. 

In MPO-catalyzed reaction, MPO Fe(III) is converted by H2O2 to MPO-Fe (IV)=O (the 

Compound I intermediate) (Figure 9), which is reduced by two-electron reduction by Cl− 

to generate HOCl in the chlorination cycle. As in the present study, the experiment was 

performed in the absence of Cl−, the MPO-Fe (IV)=O (Compound I) is reduced by tyrosine 

(a molecule that competes for the same site as Cl−) in a single electron reduction to 

compound II and then another one-electron reduction to native MPO-Fe (III). The rate 

constant for tyrosine oxidation for the MPO Compound I reaction is comparable to that of 

its reaction with Cl− [41–43]. The generation of tyrosyl radical in our experiments reflects 

the generation of Compound I, MPO-Fe (IV)=O, during radiation. EPR spectrum of a 

spin-trapped radical in MPO compound I generated in presence of H2O2 has been reported 

and suggested that it might be a Tyr radical [44].

The radiation-induced increase in the generation of tyrosyl radicals in MPO might result in 

intermolecular, as well as intramolecular, di-tyrosine formation [42, 45] and subsequently 

affect MPO activity. In addition, radiation generated tyrosyl radicals may lead to the 

formation of tyrosine derivatives, including 3-chlorotyrosine and 3-nitrotyrosine, and lipid 

radicals [15, 46, 47]. Furthermore, in comparison to tyrosine-OH that reduces Compound I, 

phosphorylated tyrosine may not participate in reduction of Compound I. Therefore, tyrosine 

phosphorylation of the protein would result in decreased levels of tyrosyl radical formation. 

Our proposed mechanism of radiation-induced, MPO-dependent generation of HOCl and of 

tyrosyl radical, and the role of tyrosine dephosphorylation is presented in Figure 9. Figure 

9 shows the proposed mechanism of radiation-induced, MPO-dependent ACS generation 

without protein tyrosine phosphatase (PTP) inhibitor (Figure 9A) and with PTP inhibitor 

(Figure 9B). In Figure 9A, steps 1, 3 and 5 show the peroxidase cycle of MPO reaction; 

Step 2 shows the chlorination cycle of MPO reaction. Step 1 shows the two-electron 

oxidation of native MPO-Fe (III) to compound I (MPO-Fe(IV)=O Por.+ (also suggested as 

to be MPO-Tyrosyl radical, MPO-Tyr). Steps 3 and 4 (in absence of any reducing agent) 

show generation of tyrosyl radical production, while generating Compound II intermediate, 

using intermolecular, as well as intramolecular, MPO-tyrosine residues. These two are one­

electron reduction of Compound I to Compound II and subsequently to native MPO-Fe(III). 

Step 2 shows two-electron oxidation of Cl− that results in production of HOCl. In Figure 9B, 
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steps 5 and 6 (identical to Step 1 and 2 in Figure 9A) do not proceed in the presence of PTP 

inhibitor. Step 7 shows that PTP inhibitor blocks dephosphorylation of phosphorylated MPO 

to non-phosphorylated native MPO, thus resulting in increased tyrosine-phosphorylated 

MPO. Figures 9C and 9D show MPO-Tyr-OH and MPO-Tyr-phosphorylated structures.

Protein tyrosine phosphorylation is a critical event that controls a number of oncogenic 

signaling pathways of cell proliferation, apoptosis, migration and invasion [48, 49]. In 

fact, several PTPs are tumor suppressors [50–52]. The first proteotypic member of the 

PTP family is PTP1B whose crystal structure provided the basis for understanding the 

mechanism of action of PTPs [53, 54]. PTPs and dual specificity phosphatases (DSPs) share 

the same mechanism of action and have a conserved catalytic motif HC(X)5R [48, 55]. 

The catalytic cysteine residue sits at the bottom of the catalytic cleft. In addition, there is 

an aspartate residue essential for the two-step mechanism of action of PTPs. Mutations at 

these residues (cysteine to serine, or aspartate to alanine) abolished PTP activity. Radiation­

induced, MPO-dependent generated HOCl can interact with the cysteine residue [56] of the 

protein phosphatase and inhibit the first step of the dephosphorylation reaction resulting 

in increased phosphorylation of tyrosine residue in MPO. Thus, HOCl can downregulate 

MPO activity by phosphorylation of tyrosine and serine residues. Results presented here 

in the presence of protein phosphatase inhibitors support this idea. In present studies, the 

presence of PTP and PSTP inhibitors, even at highest concentrations, only partially inhibited 

the radiation-induced ACS generation indicating that MPO dephosphorylation is, in part, a 

mechanism of radiation-induced MPO activation.

In our studies, radiation-induced HOCl could modify the active site cysteine residue 

of PTP leading to inactivation of the enzyme, which, in turn, would increase tyrosine 

phosphorylation of MPO. Redox-based regulation of PTPs has been established. In the 

presence of PTP inhibitor, the increased tyrosine phosphorylation is associated with a 

decrease in radiation-induced ACS generation. These results demonstrate that radiation­

induced ACS generation is tyrosine phosphorylation-mediated. The opposing effect of 

PTP and PSTP inhibitors on H2O2 active site of MPO indicates that tyrosine and serine 

phosphorylation may modulate and regulate MPO activity. A mechanism of PTP regulation 

by PSTP-specific phosphorylation is well known. This covalent modification regulates PTP 

in a negative manner as in case of PTP-PEST when phosphorylated on Ser 39/Ser434 

by protein kinase A or protein kinase C. Of course, the effect of tyrosine or serine 

phosphorylation/dephosphorylation on function of MPO will be residue and site specific.

To understand which specific residues are located in a position able to modulate catalysis of 

hMPO, we conducted a structural analysis of candidate serines, threonines, and tyrosines. In 

the portion of the protein of known structure (PDB code 1DNW) there are 29 threonines, 

30 serines, and 15 tyrosines for a total of 74 sites capable of phosphorylation. Of these 

74 residues, only 11 are known to be phosphorylated by phospho-proteomics studies (see 

Table 1 and Supplemental Table 1) [57]. A careful mapping of these candidate residues on 

the known MPO structure could highlight the potential mechanisms where phosphorylation 

might inhibit enzyme activity.
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Cavity analysis [24] of the MPO structure found in PDB accession code 1DNW reveals 

only one major cavity of 8,567Å3, the one containing the active site heme. All other cavities 

are below a volume of 2700 Å3, and deemed to have no appreciable ligand/drug binding 

capacity. It is most probable that all substrate entry and product exit occur on the same 

distal side of the heme through this main cavity. The 95 residues that line this cavity are 

shown in Supplemental Table 2. Among these 95 residues are 4 serines (149,179,240,241), 

5 threonines (100,117,238,329,337) and 2 tyrosines (296,334), which are at the base of the 

cavity on the proximal side (see Figures 10A and 10B). All but two (T329 and S337) of the 

serines/threonines are located on the distal side of the heme. When examining the location of 

these residues within this cavity, it is possible to envision at least three mechanisms whereby 

phosphorylation could inhibit the activity of MPO.

The first mechanism could be that phosphorylation introduces a steric hindrance that 

restricts substrate access to the active site heme. The residue whose phosphorylation would 

be the most likely to restrict substrate access to the distal heme cavity is T238 (see Figures 

10B and 10C). A second mechanism could involve disruption of heme position in relation 

to active site residues required for catalytic activity, such as H95 and H336. T238 along 

with two nearby serines 240 and 241 could be phosphorylated in a cooperative manner 

just after translation and prior to MPO maturation and heme addition. Phosphorylation 

at 240 or 241 would be expected to adversely affect the exact positioning of adjacent 

E242/C243 residues that are subsequently covalently linked to the heme (see Figure 10B). 

Any alteration in C243 position would phenocopy mutations like C243M that lead to a 

decrease in oxidation of chloride and bromide [58]. To prevent such inactivation, the action 

of phosphatases might be required. There is precedent for PTP1B regulation of a precursor 

protein by dephosphorylation during biosynthesis in the endoplasmic reticulum [59]. Even 

though T117 is near the top of the cavity opening, its phosphorylation is not likely to 

sterically hinder substrate access to the heme cavity (see Figure 10C).

A third mechanism of inhibition could occur through phosphorylation of the two tyrosines 

(296,334) on the proximal side of the heme at the base of the cavity (see Figure 10A), 

which are known to be hydrogen bonded to each other. Phosphorylation of either tyrosine 

would alter Y334 position which is on the opposing face of the same helix that anchors 

the catalytic H336. The exact position of H336 and its interactions with the heme iron are 

central to the MPO catalytic mechanism. H336 participates with two other residues (N421, 

R333) in a proximal side triad [60]. It is already known that disruption of this triad, by 

mutation of N421 to Asp decreased the rate at which H2O2 reacted to form Compound I, 

eliminated oxidation of chloride, and markedly decreased oxidation of bromide and tyrosine. 

Phosphorylation of the either tyrosine on the opposing side of the H336 helix would be 

expected to have the same negative effect on MPO catalytic activity. Also the role of these 

two tyrosine residues in radiation induced increase of ACS formation and peroxidase activity 

could involve radiation enhanced tyrosyl radical formation of di-tyrosine cross-links. This 

would be consistent with their close proximity to each other, and the EPR result showing 

radiation induced tyrosyl radical formation in Figure 9.

In summary, we have demonstrated that γ-radiation induces MPO-dependent generation 

of ACS in hMPO and murine neutrophils. Radiation-induced, MPO-dependent ACS 
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generation was confirmed using neutrophils from MPO knockout mice. (LGM2605) 

decreased the radiation-induced, MPO-dependent generation of ACS. The radiation-induced, 

MPO-mediated ACS generation in part was protein Tyr and Ser/Thr dephosphorylation­

mediated. The MPO activity in murine neutrophils was affected by Tyr and Ser/Thr 

dephosphorylation status. EPR studies identified a radiation-dependent generation of tyrosyl 

radical species in MPO and the radiation-induced tyrosyl radical generation was dose­

dependent. In light of our previous findings that radiation-induces ACS in physiological 

solution (MPO-independent manner) [13], our current findings that radiation induces ACS 

generation by MPO-dependent manner implicate that γ-irradiation generates ACS by both 

MPO-independent and MPO-dependent pathways. LGM2605 has known radioprotecting 

and ACS scavenging properties and acts as an inhibitor of MPO [22], which make it a useful 

protective agent from radiation toxicity.

The residues that line the major active site cavity and have been shown to be phosphorylated 

in vivo are listed (Ser/S, Thr/T, Tyr/Y). The top of the table shows residues that are on the 

distal side of the heme and the bottom lists those on the proximal side. The first column uses 

common literature numbering (used throughout this manuscript), which does not account 

for the signal peptide and the first 166 residues in the nascent polypeptide. The Uniprot 

numbering column does account for these leader residues, which are not present in the 

coordinates shown in Figure 10 (PDB code 1DNW). The fifth column lists the location with 

respect to the active site heme (above, below, etc.) taken from the views show in Figure 10 B 

and 10C. The sixth column shows the per residue normalized solvent excluded surface area 

(SESA) and was calculated using the method of normalization described in the Materials & 

Methods. The final column provides comments on the location and specific roles of each 

candidate residue.
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ABBREVIATIONS

ABAH 4-aminobenzoic acid hydrazide, MPO inhibitor
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ACS active chlorine species

ANOVA analysis of variance

APF 3´-(p-aminophenyl) fluorescein

ClO− hypochlorite anion

DSP dual specificity phosphatase

EPR electron paramagnetic resonance

H2O2 hydrogen peroxide

hMPO human myeloperoxidase

HOCl hypochlorous acid

LGM2605 synthetic SDG

LPS lipopolysaccharide

mMPO murine myeloperoxidase

MPO myeloperoxidase

•OH hydroxyl radical

PBS phosphate-buffered saline

PMN polymorphonuclear neutrophils

PSTP protein serine/threonine phosphatase

PTP protein tyrosine phosphatase

RPM revolutions per minute

RFU relative fluorescence units

ROS reactive oxygen species

SDG secoisolariciresinol diglucoside

SEM standard error of the mean

SESA solvent excluded surface area

SOV sodium orthovanadate, PTP inhibitor
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HIGHLIGHTS

• LGM2605 inhibits radiation-induced MPO-dependent ACS generation in 

MPO and neutrophils.

• Radiation-induced ACS generation is, in part, mediated by Tyr and Ser/Thr 

dephosphorylation.

• In non-irradiated cells, MPO activity is dependent on Tyr and Ser/Thr 

dephosphorylation.

• Dephosphorylation is a novel mechanism of radiation-induced MPO-mediated 

ACS generation.

• LGM2605 is a promising potential attenuator of radiation-induced 

chlorination damage.
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Figure 1: γ-Radiation Induces MPO-dependent Generation of ACS
Figure 1A shows the effect of various doses of γ-radiation ranging from 0–25 Gy on ACS 

generation using different concentrations (1–20 ng/well) of MPO. Figure 1B shows the 

MPO activity-dependence of radiation-induced ACS generation using MPO inhibitor ABAH 

(100 μM) and MPO (20 ng/200 μl medium/well). Figure 1C shows the kinetic pattern of 

radiation-induced MPO-dependent and MPO-independent ACS generation as a function of 

radiation dose. Asterisks shown in figures indicate statistically significant differences from 0 

Gy (**** : p < 0.0001), while # shown in figures indicate statistically significant differences 
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from 0 ng MPO (A), MPO (B), and MPO + PBS (C) (# : p < 0.05, ## : p < 0.01, and #### : 

p < 0.001).
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Figure 2: LGM2605 Decreases γ-Radiation-induced, MPO-dependent Generation of ACS, In 
Vitro
Figure 2A shows the effect of LGM2605 (100 μM) on radiation-induced, MPO-dependent 

generation of ACS in the presence of MPO inhibitor ABAH (100 μM). Figure 2B shows 

the effect of various doses of LGM2605 on radiation induced, MPO-dependent generation 

of ACS. Asterisks shown in figures indicate statistically significant differences from 0 Gy 

(* : p < 0.05, *** : p < 0.001, and **** : p < 0.0001), while # shown in figures indicate 

statistically significant differences from MPO (A) and MPO + LGM2605 (0 μM) (B) (# : p < 

0.05, ## : p < 0.01, ### : p < 0.005, and #### : p < 0.001).
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Figure 3: Radiation-induced, MPO-dependent Generation of ACS in Neutrophils from Wild 
Type and MPO Knockout Mice
Figure 3A shows the effect of γ-radiation on MPO-dependent ACS generation in elicited 

neutrophils from wild type and MPO−/− knockout mice in the presence of MPO inhibitor 

ABAH (100 μM). mMPO activity in elicited neutrophils from wild-type and MPO knockout 

mice is shown in Figure 3B. Asterisks shown in figures indicate statistically significant 

differences between treatment groups from 0 min (**** : p < 0.0001), while # shown 

in figures indicate statistically significant differences from 25 Gy (WT) (A) and WT (B) 

(#### : p < 0.001).
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Figure 4: Radiation-induced, MPO-dependent Generation of ACS in Murine Neutrophils: Effect 
of LGM2605
Figures 4A and 4B show the effect of γ-radiation on MPO-dependent ACS generation in 

the presence of MPO inhibitor ABAH (100 μM) and the effect of LGM2605 in murine 

neutrophils. Figure 4B shows the effect of LGM2605 on MPO-dependent ACS generation as 

percent of control (value in the absence of LGM2605). Asterisks shown in figures indicate 

statistically significant differences between treatment groups from 0 μM LGM2605 (**** : p 
< 0.0001).
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Figure 5: Radiation-induced, MPO-dependent Generation of ACS in Murine Neutrophils: Effect 
of Protein Phosphatase Inhibitors
Figures 5A, 5B, and 5C show the effect of γ-radiation on ACS generation in the presence 

of MPO inhibitor ABAH (100 μM) in murine neutrophils in the presence of: PTP+PSTP 

inhibitors, PTP inhibitor (SOV), and PSTP inhibitor (okadaic acid). The dotted line 

represents the mean fluorescein fluorescence level with 25 Gy exposure in the absence of 

any MPO inhibitor. Figures 5D, 5E, and 5F show the effect of protein phosphatase inhibitors 

as percent of control. Inhibitors were added prior to radiation exposure. Asterisks shown in 

figures indicate statistically significant differences from baseline, where no enzyme inhibitor 

was added (*** : p < 0.001 and **** : p < 0.0001).
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Figure 6: Dephosphorylation-Dependence of MPO Activity in Murine Neutrophils: Effect of 
Protein Phosphatase Inhibitors
Figure 6A show the effect of protein phosphatase inhibitors on MPO activity in murine 

neutrophils in the presence of PTP+PSTP inhibitors (0.25x), PTP inhibitor (SOV, 0.25 mM) 

and PSTP inhibitor (okadaic acid, 50 nM). Figures 6B shows the percent of MPO activity. 

Asterisks shown in figures indicate statistically significant differences from the MPO-only 

group (* : p < 0.05, *** : p < 0.001, and **** : p < 0.0001).
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Figure 7: Dephosphorylation-Dependence of Peroxidase Cycle of MPO in Murine Neutrophils
Figure 7 shows the effect of protein phosphatase inhibitors on Peroxidase Cycle of MPO 

activity in murine neutrophil controls (Figure 7A), in the presence of PTP inhibitor, SOV 

(1.0 mM) (Figure 7B), in the presence of PSTP inhibitor, okadaic Acid (100 nM) (Figure 

7C), and peroxidase cycle activity at various concentrations of H2O2 in the presence of 

protein phosphatase inhibitors (Figure 7D).
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Figure 8: EPR Spectra of Radiation-induced Tyrosyl Radical Species in hMPO
Figure 8A shows the EPR spectra of hMPO for 0 Gy, 10 Gy, and 25 Gy radiation exposure.

Figure 8B shows hMPO spectra for 0 Gy + H2O2 and 25 Gy + H2O2.
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Figure 9: Proposed Mechanism of Radiation-induced, MPO-Dependent Generation of ACS: Role 
of Tyrosine Dephosphorylation
Figure 9 shows the proposed mechanism of radiation-induced, MPO-dependent ACS 

generation without protein tyrosine phosphatase (PTP) inhibitor (Figure 9A) and with PTP 

inhibitor (Figure 9B). Figures 9C and 9D show MPO-Tyr-OH and MPO-Tyr-phosphorylated 

structures.
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Figure 10: Proximal and Distal Sides of the Active Site Cavity of Myeloperoxidase
Figure 10A shows the proximal side of the active site of hMPO (PDB code 1DNW). The 

proximal triad amino acids His336, Arg333 and Asn421 are shown directly underneath 

the heme portrayed in purple ball-and-stick representation. Nearby in gray ball-and-stick 

representation are Tyr334 and Tyr296, and their potential hydrogen bonding interaction 

(dephosphorylated form) is shown. Green spheres mark the position of Ser/Thr residues 

(enlarged -OH position) labeled with corresponding residue number according to literature 

numbering (see Table 1). Figure 10B shows the distal side of MPO active site cavity. The 

two residues liganding the heme iron, His95 and His336, are shown as sticks, as well as 

cyanide and thiocyanate ligands shown in yellow and blue ball-and-stick just above the heme 

iron. Heme (purple), Fe (orange), Tyr (gray ball-and-sticks) and Ser/Thr residues (large 

green spheres). Figure 10C shows the distal side of the active site cavity from the same 

angle as Figure 10B but adding the surface representation of the cavity to view the relative 

placement of residues in the active site with respect to the buried heme catalytic center.

Mishra et al. Page 32

Biochim Biophys Acta Gen Subj. Author manuscript; available in PMC 2021 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mishra et al. Page 33

Table 1:

Residues in the Major Active Site Cavity that Could Be Phosphorylated

Lit No. Uniprot 
No.

Known 
Phosphosite

Side of 
Heme

Near Active 
Site

Surface 
Access Comments

T100 T266 Yes Distal Yes 0.82 Very close to Heme propionate group

T117 T283 Yes Distal At top 
opening

0.79
Phosphorylation unlikely to sterically block 
distal cavity, but could repel negatively charged 
substrates

S149 S315 Yes Distal Yes 0.42 Distal cavity candidate; hydrogen bonds to R424 
that in turn hydrogen bonds to Heme COOH

S179 S345 Yes Distal No 0.63 Near Ca2+ binding site

T238 T404 Yes Distal Yes 1.05
Distal candidate; hydrogen bonds to H95 and 
R239; phosphorylation would directly block 
substrate access

S240 S406 Yes Distal Above 0.14 Perhaps important for positioning E242/C243 that 
covalently link Heme

S241 S407 Yes Distal Above 0.42 Perhaps important for positioning E242/C243 that 
covalently link Heme

Y296 Y462 Yes Proximal Below 0.54 Prime proximal side candidate, not accessible; 
phosphorylation could alter heme position

T329 T495 Yes Proximal Below 0.80 Back wall of the active site; phosphorylation 
could distort active site

Y334 Y500 Yes Proximal Below 0.31
Prime proximal side candidate; phosphorylation 
could affect active site heme configuration and 
redox chemistry

S337 S503 Yes Proximal Below 0.21 Proximal deep part of cavity
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