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Abstract

A hallmark of cystic fibrosis (CF) lung pathology is an increased susceptibility to pulmonary 

infections. Thiocyanate (−SCN) is an endogenous component of the innate immunity’s peroxidase 

system that converts −SCN to the antimicrobial agent hypothiocyanite (HOSCN). We have 

previously shown that the host thioredoxin reductase (TrxR), but not the pathogen’s TrxR, can 

selectively detoxify HOSCN thereby decreasing inflammation and oxidative stress. We tested 

whether the −SCN analog selenocyanate (−SeCN) shares these properties against several clinical 

CF bacterial isolates. We examined oxidant production from a lactoperoxidase (LPO) system using 
−SeCN as a potential substrate. The LPO system generated an oxidant similar in nature to HOSCN 

and consistent with being HOSeCN. The rate of oxidant generation using −SeCN was significantly 

less than seen for −SCN. An LPO system was used to generate HOSCN or HOSeCN and 

compared for antimicrobial activity during in situ exposure of clinical CF isolates of P. aeruginosa 
(PA), B. cepacia complex (BCC), and methicillin-resistant S. aureus (MRSA) obtained from CF 

sputum samples. Bacterial viability was assessed by colony forming units. Selective detoxification 
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of HOSeCN was determined by comparing its metabolism by mammalian thioredoxin reductase 

(TrxR) to bacterial TrxR following the consumption of NADPH. We also assessed potential 

toxicity of equivalent HOSeCN generation, which demonstrated in situ antimicrobial activity, in 

human bronchial epithelial cells with a cell viability assay. The −SeCN/HOSeCN system was 

much more potent than −SCN/HOSCN system at killing PA, BCC and MRSA isolates. The 
−SeCN/HOSeCN system was more effective at killing −SCN/HOSCN resistant isolates. 

Mammalian TrxR selectively detoxified HOSeCN whereas the bacterial TrxR enzyme showed 

little activity. Human bronchial epithelial cells exposed to equivalent flux of HOSeCN that killed 

several CF pathogens showed no decrease in viability. −SeCN may be an effective therapeutic for 

the treatment of CF lung pathogens that are difficult to treat with current antibiotics.
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Introduction

Cystic fibrosis (CF) is a genetic disorder due to loss of function mutations in the cystic 

fibrosis transmembrane conductance regulator (CFTR) protein (1). CF is characterized by 

persistent lung infection with common bacteria including Pseudomonas aeruginosa (PA), 

Burkholderia cepacia complex (BCC), and methicillin-resistant Staphylococcus aureus 
(MRSA) (2). These pathogens frequently develop broad antibiotic resistance over the course 

of clinical care. A direct role for the mutant CFTR protein in the impairment of lung innate 

immunity is not known. CFTR protein regulates apical anion transport across epithelial cells 

(3-6). Among the endogenous anions that passivate through the CFTR channel are halides 

and pseudohalide such as chloride and thiocyanate (−SCN) (7).

−SCN is generated by the detoxification of cyanide and known to originate from the diet and 

environmental factors, with a mean plasma concentration in humans of 20-50 μM (12). 
−SCN is concentrated in human saliva at 830 μM (14), as well as nasal fluid at 400 μM (13) 

and in sheep airway lining fluid at 160 μM (15). The CFTR protein is an important 
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transporter of −SCN, which has been demonstrated to be decreased in apical secretions from 

CF airway epithelial cells (4), CF animal model secretions (16), and human CF saliva (17). 

Higher −SCN levels correlate with better lung function in patients with CF (13). −SCN is 

oxidized to HOSCN by haloperoxidases (e.g., myeloperoxidase (MPO), lactoperoxidase 

(LPO)) (9) that reside in neutrophils (MPO) and in the airway lining fluid (LPO). HOSCN is 

a selective oxidant preferring low pKa thiols and selenols (RSH and RSeH) (18) and is used 

by the immune system to kill bacteria (11), fungi (19) and viruses (20, 21). We have 

previously shown that mammalian selenocysteine (Sec)-containing thioredoxin reductase 

(Sec-TrxR) can metabolize HOSCN in human lung epithelia (22). The bacterial form of 

TrxR lacks selenocysteine and cannot metabolize HOSCN and instead is inactivated by 

HOSCN (22).

Selenocyanate (−SeCN) is a chemical analog of endogenous −SCN. Substitution of selenium 

for sulfur in a compound usually results in a more chemically reactive compound (23). We 

hypothesized that −SeCN is treated by the body in a similar manner as −SCN and will be 

converted by haloperoxidases to a more potent antimicrobial oxidant, presumably 

hyposelenocyanite (HOSeCN), while keeping its ability to be selectively detoxified by the 

host Sec-TrxR.

Materials and Methods

Sources of Purified Enzymes

Recombinant mouse mitochondrial thioredoxin reductase (Sec-TrxR2) was produced from 

semisynthesis as described previously (24). Recombinant thioredoxin reductase (Cys-TrxR) 

and thioredoxin (Trx) from E. coli was purchased from Cayman-IMCO. Bovine milk 

lactoperoxidase (LPO), glucose oxidase (GOX) from Aspergillus, and catalase from bovine 

liver were purchased from Sigma.

Generation of HOSCN and −SeCN-derived oxidant

KSeCN and NaSCN were purchased from Sigma-Aldrich. HOSCN and −SeCN-derived 

oxidant were generated as described previously with modifications (25). Briefly, reaction 

solutions contained bovine LPO (38.7 nM), −SeCN (1 mM) or −SCN (1 mM), glucose (6 

mM), and increasing amounts of glucose oxidase (GOX). Reactions were stopped by 

addition of catalase (1000 U/ml). HOSCN or the −SeCN-derived oxidant concentrations 

were determined as described below. For kinetic studies, reactions were carried out in 

Eppendorf tubes and time points taken for HOSCN or −SeCN-derived oxidant 

determinations using a double beam spectrophometer (UV-2501PC, Shimadzu, Kyoto, 

Japan). For bulk generation of HOSCN or the −SeCN-derived oxidant the following 

procedure was used, briefly, 6.5 mM of NaSCN or KSeCN and 60 units/mL LPO were 

prepared in 10 mM PBS, pH 7.4, then pulsed with approximately 1 mM (final) hydrogen 

peroxide seven times over an equal number of minutes (for LC-MS experiments, LPO 

concentration was 12 U/ml and PBS pH was 6.7). After 7 minutes, 1000 units/mL catalase 

was added to remove excess peroxide. The solution was centrifuged at 14,000 × g for 5 

minutes at 4°C in a 10-kDa cutoff filter to remove proteins and diluted in a known 

concentration of 2-nitro-5-thiobenzoate (−NTB). HOSCN or the −SeCN-derived oxidant 
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concentrations were determined by formation of 5,5’-dithiobis(2-nitrobenzoic acid (DNTB) 

and the loss of signal at A412 (ε = 14,150 M−1 cm−1) (26). This procedure yielded 1-2 mM 

HOSCN or the −SeCN-derived oxidant that was stable on ice for at least 15 minutes.

Detection of HOSCN and −SeCN-derived oxidant by HPLC

HOSCN and −SeCN-derived oxidant was detected using HPLC with electrochemical 

detection. Using reversed-phase chromatography with 5mM tetrabutylammonium bisulfate 

as an ion-pairing agent in a mobile phase containing 3% acetonitrile at pH 7, oxidation 

products of −SCN and −SeCN were detected and separated. Electrochemical potentials at 

500 mV and 1600 mV were applied to identify the peaks, using a CoulArray electrochemical 

detector (ESA) attached in series to a boron-doped diamond (BDD) electrode (ESA). 10 μL 

of the sample was injected into a system with a flow rate of 1 mL/min and the column at 

27°C. Under these conditions, HOSCN elutes at 3.25 min, −SCN elutes at 6.05 min, −SeCN-

derived oxidant elutes at 6.46 min, and −SeCN elutes at 9.93 min.

HOSCN or the −SeCN-derived oxidant identification by mass spectrum analysis

HOSCN or the −SeCN-derived oxidant were generated and quantified as described above, 

then diluted to 10 μM in PBS. Negative controls were matched samples that had not been 

treated with hydrogen peroxide, and were diluted by the same factor as the oxidant-

containing samples. The samples were extracted with two volumes of ice-cold LC-MS grade 

acetonitrile (MillporeSigma, St. Louis, MO, USA) with brief vortexing and 30 minutes 

incubation on ice before centrifugation at 20,627 g at 4 °C for 10 min. The extracts were 

then transferred to autosampler vials and held at 4 °C prior to injection and liquid 

chromatography of 2.5 μl sample injected into a SeQuant ZIC-HILIC 150 × 2.1 mm column 

with 3.5 μm particle size and 100 angstrom pore size, and a 20 × 2.1 mm matching guard 

column (MillporeSigma, Burlington, MA, USA). Mobile phases were LC-MS grade water 

(Phase A) or acetonitrile (Phase B) with 0.1% formic acid run at a flow rate of 0.25 ml/min 

and a column temperature of 40 °C. Each run started with equilibration at 10% A for 8.3 

minutes. A 17.5 minute gradient from 10% to 80% A began concurrent with sample 

injection (2.5 μl), followed by a 7.5-minute hold. Eluate was introduced to a Q Exactive HF 

(Thermo, Waltham, MA, USA) mass spectrometer via a HESI-II source held at −2.7 kV. In 

some experiments the initial volume corresponding to column void was diverted to waste (up 

to 1.56 min). Quadrupole scanning was set to 50-500 m/z with AGC target of 1e6, a 

maximum injection time of 200 ms, and an Orbitrap resolving power of 120,000. Intensity 

data were extracted from Xcalibur v. 4.1 (Thermo, Waltham, MA, USA) using a 5 ppm mass 

accuracy window for all ions and graphed in R v. 3.5.3 using ‘ggplot2’ package version 3.0.

Hydrogen peroxide assay

Hydrogen peroxide was measured using a calibrated hydrogen peroxide electrode connected 

to a free radical analyzer (WPI, Sarasota, FL). Briefly, reactions with glucose (6 mM) and 

increasing concentrations of glucose oxidase (GOX, 10-100 mU/mL) in PBS were incubated 

for 2 hours at room temperature to determine GOX generation of hydrogen peroxide. 

Separate reactions containing GOX plus the full peroxidase system (LPO 38.7 nM) with 
−SCN (1mM) or −SeCN (1mM) were also incubated at room temperature for 2 hours to 

determine residual hydrogen peroxide leftover from peroxidase reaction. Hydrogen peroxide 
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electrode was calibrated with a 6-point hydrogen peroxide standard curve. Hydrogen 

peroxide concentrations of standards were determined using extinction coefficient A240 = 

43.6 M−1 cm−1 (27) and data was plotted as the mean of two replicates.

HOSCN and HOSeCN Oxidoreductase Assay

Reaction mixture contained 75 nM mammalian Sec-TrxR2 or bacterial Cys-TrxR and 200 

μM NADPH in PBS at room temperature. Reactions were started with addition of HOSCN 

or HOSeCN. Baseline rates without enzyme were subtracted from total activity. Activity was 

based on change in NADPH A340 (ε= 6220 M−1 cm−1) (28).

Enzyme Kinetics

Oxidoreductase activity in vitro was fit to the Michaelis-Menten kinetic equation: Y = 

Vmax[S]/(Km + [S]). Data were fit using least squares method with Prizm 5 Software 

(GraphPad).

Mammalian Cell Culture

Human bronchial epithelial cells (16HBE14o-) were maintained in DMEM supplemented 

with FBS (Cellgro), 100 nM methylselenocysteine (Sigma), and penicillin-streptomycin 

(Cellgro). Cells were grown in submerged conditions to approximately 85% confluence in 

24-well plates (Falcon). Cell viability was determined by the lactate dehydrogenase (LDH) 

assay 24 hours after the beginning of exposure as described previously (29).

Bacterial Strains and Culture

Most bacterial isolates were obtained from the National Jewish Clinical Laboratory that 

were originally isolated from sputum samples obtained from individuals with cystic fibrosis. 

Some BCC cystic fibrosis clinical isolates were obtained from Dr. LiPuma’s CF repository 

(University of Michigan). All bacteria species were identified or identities confirmed using 

MALDI Biotyper (Bruker). All clinical isolates were de-identified prior to use. Bacterial 

isolates were maintained in lysogeny broth (LB). For cell viability assay, bacteria were 

diluted to 1 × 106 cfu/mL for treatment and then serially diluted from 1:100 to 1:10,000 and 

plated on LB agar. Colonies were counted following overnight incubation at 37°C to 

determine viability.

Oxidase-Peroxidase-coupled System

Mammalian and bacterial cells were exposed to an inflammation-mimicking enzyme system 

containing 6 mM glucose, 3 mU/mL of glucose oxidase, 5 units/mL LPO and 400 μM 
−SeCN or 400 μM −SCN in PBS, pH 7.4, for 2 hour before returning to full medium 

(16HBE14o-) or plated on LB agar (bacteria).

Bacterial HOSCN and HOSeCN IC50 assay

Assays were performed with 1 × 106 bacteria incubated for 2 hours with LPO/glucose 

oxidase (GOX)/−SCN or −SeCN system that generates increasing levels of either HOSCN or 

HOSeCN (HOX) by raising the GOX levels as determined by standard curves. HOX 

generation rates were estimated based on kinetics obtained in Figure 3. Bacteria were plated 
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on agar plates and incubated at 37°C for 1-2 days. Colony forming units (CFU) were 

determined by dilution method. CFUs were converted to % viability and data curves fitted 

using nonlinear regression (Log [HOX flux] vs normalized response – variable slope) and 

least squares method for best fit. IC50 and 95% confidence intervals were determined from 

the generated data curves (Prizm 5 GraphPad software).

Statistics

Graphical data are expressed as means ± S.E. Prism 5 (GraphPad) was used to perform and 

evaluate one-way analysis of variances with Tukey’s post-test. A p value of p<0.05 was 

considered significant.

RESULTS

We investigated whether a lactoperoxidase (LPO) system could use −SeCN as a substrate to 

generate an oxidant similar to HOSCN (Figure 1). Samples were incubated with bovine milk 

LPO (60 U/ml), −SeCN (6.5 mM) or −SCN (6.5 mM), and pulsed 7 times with hydrogen 

peroxide (1 mM) required to activate LPO. Loss of −SCN and −SeCN and the formation of 

HOSCN and −SeCN-derived oxidant were examined by HPLC with electrochemical 

detection. −SCN had a shorter retention time than −SeCN with −SCN eluting at 6 minutes 

compared to −SeCN eluting at 10 minutes with electrode potential set at 1600 mV (Figure 

1). −SeCN has a lower redox potential than −SCN where some of the signal occurs at 500 

mV with −SeCN. Upon incubation with the LPO system, both −SCN and −SeCN levels 

dropped with the formation of a new peaks detected at a lower electrode potential of 500 

mV. HOSCN peak eluted at 3.5 minutes compared with −SeCN-derived oxidant which 

eluted at 6.5 minutes.

To better confirm the oxidant derived from using −SeCN as a substrate in the LPO system, 

we analyzed 10 μM of each of the oxidants formed by the LPO system by liquid 

chromatography-mass spectrometry, as well as negative controls for each electron donor 

without the addition of hydrogen peroxide (Figure 2). We extracted ions matching to the [M-

H]− ions of HSCN, HOSCN, HSeCN and HOSeCN with 5 ppm mass accuracy. As expected, 
−SCN-LPO without hydrogen peroxide gave a peak of 57.9755 m/z (−3.4 ppm) and 4.1 min 

(Figure 2A), while adding hydrogen peroxide produced the expected oxidant HOSCN with a 

peak of 73.9705 m/z (−1.4 ppm) and 1.8 min (Figure 2B), with a relative decrease in the 

intensity of the −SCN peak. −SeCN also produced a strong [M-H]− ion of 105.9200 m/z 
(−1.9 ppm) at 3.5 min; Figure 2C), and when hydrogen peroxide was added a second peak of 

the same m/z was_observed at 1.7 min, similar to the retention time of HOSCN (Figure 2D). 

The 3.5 min −SeCN peak also decreased in intensity when hydrogen peroxide was added. 

Finally, low (<105) intensity ions corresponding to HOSeCN (121.9149 m/z, −1.6 ppm) and 

HOSCN co-eluted with peaks of −SeCN and −SCN, respectively (data not shown); this 

supports the notion that −SeCN can bond with a single atom of oxygen, like −SCN. Taken 

together, the LC-MS data suggest that the −SeCN-derived oxidant was reduced back to 
−SeCN at the electrospray ionization source but not before then, which allowed its 

chromatographic separation from reduced −SeCN. To consider selenocyanogen (SeCN2) as 

possible alternative for the identity of the oxidant we looked for the expected [M-H]−m/z of 
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210.8319 but did not observe even trace amounts of this. Because the retention time of the 
−SeCN-derived oxidant is very similar to that of HOSCN, and both −SCN and −SeCN 

exhibited similar in-source oxidation with a single atom of oxygen, the data are consistent 

with this oxidant likely being HOSeCN. Both HOSCN and the −SeCN-derived oxidant are 

not stable and decay to undetectable levels after 24 hours (data not shown). This is the first 

reported evidence that LPO can use −SeCN as a substrate to generate an oxidant consistent 

with being HOSeCN.

Quantitation of both HOSeCN and HOSCN was measured over 2 minutes using their ability 

to oxidize 2-nitro-5-thiobenzoate (−NTB) to 5, 5’-dithiobis(2-nitrobenzoic acid) DNTB 

(Figure 3). The rate of HOSCN formation in the LPO system was 103 ± 3 nM/min/GOX 

mU/mL. The rate of HOSeCN formation in the LPO system was 13.5 ± 0.8 nM/min/GOX 

mU/mL. There was no observed formation of HOSCN in the absence of LPO whereas there 

was a small rate (0.5 ± 0.05 nM/min/GOX mU/mL) of HOSeCN produced in the absence of 

LPO. The overall generation of HOSeCN from the LPO system was much less than that 

observed for HOSCN with −SCN as a substrate. It is interesting to note that −SeCN, but not 
−SCN, can directly react with hydrogen peroxide to form HOSeCN, but only at high 

hydrogen peroxide levels and at much slower rates. These concentrations of hydrogen 

peroxide and slow rate of formation are not likely physiologically relevant. Rates of oxidants 

produced by LPO were used to estimate the oxidant formation in antimicrobial activities of 
−SCN and −SeCN. Most of the hydrogen peroxide generated by GOX is consumed by LPO 

generation of both HOSCN and HOSeCN over a 2-hour incubation (Figure 4). There is more 

hydrogen peroxide consumption with −SeCN plus the LPO system than seen with −SCN 

with the LPO system. This may be due to the ability of −SeCN to directly react with 

hydrogen peroxide.

Previously our group has shown that HOSCN could be metabolized by mammalian 

thioredoxin reductase (22). We examine whether HOSeCN could also be metabolized by 

mammalian selenocysteine (Sec)-containing thioredoxin reductase (Sec-TrxR) as compared 

with bacterial cysteine (Cys)-containing thioredoxin reductase (Cys-TrxR). Purified 

recombinant mouse mitochondrial Sec-TrxR2 and bacterial Cys-TrxR from E. coli were 

used to determine their ability to catalytically metabolize HOSeCN by following loss of 

NADPH over time (Figure 5). Baseline controls were run to assess any direct reaction of 

HOSeCN with NADPH and this background was subtracted from the total to obtain 

enzymatic activity. Kinetic analysis revealed a typical Sec-TrxR enzymatic saturation curve 

with a Vmax of 12 ± 1 μM/min, kcat of 161 ± 17 min−1 and a KM of 33 ± 7 μM for HOSeCN. 

The Sec-TrxR approximate second order rate constant for HOSeCN was 8.1 × 104 M−1 s−1. 

These values are similar but lower than those we previously reported for HOSCN (22). The 

bacterial form of Cys-TrxR had detectable enzymatic activity for HOSeCN only at higher 

(>30 μM) concentrations.

HOSCN was previously shown to be a potent inhibitor of bacterial Cys-TrxR (22). We 

examined whether HOSeCN could also inhibit Cys-TrxR activity. Cys-TrxR from E. coli 
was incubated for 5 minutes in the presence of NADPH and increasing concentration of 

either HOSCN or HOSeCN and then assayed for the ability to reduce DNTB in a 

thioredoxin-dependent manner. Both HOSCN and HOSeCN inhibited Cys-TrxR in a dose-
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dependent manner (Figure 6). HOSeCN was slightly more potent inhibitor with a calculated 

IC50 of 4.3 μM and a 95% confidence interval of 3.3 – 5.6 μM whereas HOSCN had a 

calculated IC50 of 9.3 μM and a 95% confidence interval of 8.6 – 10.1 μM.

We assessed whether there would be any differential cytotoxicity for HOSeCN between host 

and pathogen. Human bronchial epithelial cells (16HBE) and CF clinical isolates of 

Pseudomonas aeruginosa, Burkholderia mutlivorans and methicillin resistant 

Staphylococcus aureus (MRSA) were exposed for 2 hours with the LPO system generated 

HOSeCN at pH 7.4 and then media was replaced and cell viability was assessed 24 hours 

after exposure (Figure 7). Under these conditions, residual hydrogen peroxide levels 

generated by the GOX system as determined in Figure 4 were not cytotoxic to either the 

bronchial epithelial cells or the bacteria (data not shown). In fact, residue hydrogen peroxide 

levels (GOX 3mU/ml) under the conditions used to generate HOSeCN were not detectable 

by the hydrogen peroxide electrode. −SeCN at 400 μM was also not toxic by itself to 

bronchial epithelial cells or the bacteria. We observed a reduction in pathogen viability 

without any observable cytotoxicity to host epithelial cells to HOSeCN generated by the full 

LPO system. The Burkholderia cepacia complex in general appears to be less sensitive to 

HOSeCN cytotoxicity than Pseudomonas aeruginosa and methicillin-resistant 

Staphylococcus aurous clinical isolates tested.

One potential issue with HOSCN as an antimicrobial agent is resistance in bacteria isolates 

associated with CF lung infections. We screened fifteen bacterial isolates consisting of 

Burkholdria cepacia complex (BCC), Pseudomonas aeruginosa (PA) and methicillin-

resistant Staphylococcus aureus (MRSA) for resistance to HOSCN (Table 1). CF clinical 

bacteria isolates were incubated for 2 hours with a −SCN/LPO system that generates 

increasing levels of HOSCN. After HOSCN exposure, bacteria are returned to growth media 

and plated to assess viability by colony forming units. The HOSCN generation that inhibits 

viability by 50% (IC50) was determined by curve fitting the data. We have observed 

HOSCN-resistant CF clinical isolates of BCC, PA and MRSA (Figure 8). A HOSCN-

sensitive CF clinical isolate of BCC (B. multivorans) exhibited an IC50 toward HOSCN flux 

of 68 μM/hr (95% CI: 52-91 μM/hr) whereas a resistant BCC isolate (B. dolosa) had an IC50 

of 202 μM/hr (95% CI: 167-245 μM/hr) HOSCN flux (Figure 8A). A −SCN-sensitive CF 

clinical isolate of PA (PA-39) exhibited an IC50 toward HOSCN flux of 13 μM/hr (95% CI: 

10-18 μM/hr) whereas a resistant PA isolate (PA-T) had an IC50 of 124 μM/hr (95% CI: 

96-161 μM/hr) HOSCN flux (Figure 8B). It is interesting to note that the PA-T isolate was 

also found to be tobramycin resistant. We observed the widest range of −SCN resistance in 

CF clinical isolates of MRSA. A −SCN-sensitive CF clinical isolate of MSRA (MRSA-46) 

exhibited an IC50 toward HOSCN flux of 25 μM/hr (95% CI: 19-34 μM/hr) whereas a 

resistant MRSA isolate (MRSA-43) had an IC50 around 1,591 μM/hr (95% CI: 201-12,618 

μM/hr) (Figure 8C).

We examined whether −SeCN would be more potent than −SCN against common CF lung 

pathogens in both −SCN sensitive and resistant CF clinical isolates. We found that −SeCN 

was a more potent antimicrobial pro-drug than −SCN in both −SCN-sensitive and resistant 

CF clinical isolates (Figure 9). In a −SCN-sensitive BCC clinical isolate (B. multivorans), we 

observed an IC50 toward HOSCN flux of 68 μM/hr compared to only 2 μM/hr flux (95% CI: 
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1.7-3.1 μM/hr) for HOSeCN (Figure 9A). A similar effect was seen in the −SCN-resistant 

BCC isolate (B. vietnamiensis) where an IC50 toward HOSCN flux of 167 μM/hr was 

observed compared with only 6 μM/hr flux (95% CI: 4.1-8.1 μM/hr) for HOSeCN (Figure 

9B). In a −SCN-sensitive PA clinical isolate (PA-39), we observed an IC50 toward HOSCN 

flux of 13 μM/hr compared to only 2 μM/hr flux (95% CI: 1.3-2.4 μM/hr) for HOSeCN 

(Figure 9C). A similar effect was seen in the −SCN-resistant PA isolate (PA-T) where an 

IC50 toward HOSCN flux of 124 μM/hr was observed compared with only 3 μM/hr flux 

(95% CI: 2.0-4.3 μM/hr) for HOSeCN (Figure 9D). In the −SCN-sensitive MRSA clinical 

isolate (MRSA-46), we observed an IC50 towards HOSCN flux of 25 μM/hr compared to 1 

μM/hr flux (95% CI: 0.6-1.3 μM/hr) for HOSeCN (Figure 9E). However, in a −SCN-

resistant MRSA (MRSA-43) we were not able to obtain an accurate IC50 (~1591 μM/hr) for 

HOSCN but were able to kill this resistant isolate with HOSeCN with an IC50 of 11 μM/hr 

(95% CI: 5.5-20.2 μM/hr) (Figure 9F).

DISCUSSION

Our previous studies have identified the unique properties of the −SCN/haloperoxidase 

system that allow the host to generate the biocide HOSCN, which can be selectively 

detoxified by the host selenocysteine-containing thioredoxin reductase (Sec-TrxR) (22). We 

have identified some CF bacterial clinical isolates that are more resistant to the endogenous 
−SCN/HOSCN peroxidase system and examined whether −SeCN, a close chemical analog of 
−SCN, would share many of the desirable properties of −SCN with enhanced antimicrobial 

activity. Our studies revealed that −SeCN behaves similarly to −SCN where it is a substrate 

for the haloperoxidase system and generates a biocide that can be selectively metabolized by 

host Sec-TrxR but not bacterial Cys-TrxR. In addition, generating −SeCN-derived oxidant at 

levels that kill bacteria does not affect lung epithelial cell viability. Furthermore, the −SeCN/

haloperoxidase system effectively kills a number of common cystic fibrosis lung pathogens, 

including those that are resistant to the −SCN/haloperoxidase system.

We have made a novel discovery that selenocyanate (−SeCN), a chemical analog of 

thiocyanate (−SCN), can be utilized as a substrate by the lactoperoxidase (LPO) system and 

is converted to −SeCN-derived oxidant, consistent with being HOSeCN. Haloperoxidases are 

extremely permissive enzymes that can metabolize a wide range of substrates beside the 

more commonly studied halides and pseudohalides (30). The rate and production of −SeCN-

derived oxidant was much lower than that seen for HOSCN and suggests that −SeCN may 

have a lower turnover rate than −SCN with LPO. Haloperoxidases can have different 

specificities and turnover rate for different substrates. For example, myeloperoxidase is the 

only haloperoxidase that can effectively utilize chloride as a substrate (31). However, it has a 

lower KM and higher Vmax for −SCN than chloride (32). Haloperoxidase enzyme kinetics 

can be complex due to their ability to perform both one and two electron oxidations (31). 

More detailed enzyme kinetics will be needed to better understand this difference between 
−SCN and −SeCN as haloperoxidase substrates.

The −SeCN-derived oxidant can be selectively metabolized by host Sec-TrxR but not by 

bacterial Cys-TrxR. It appears that HOSeCN is less readily metabolized by Sec-TrxR than 

HOSCN which we earlier reported a higher Vmax and kcat but similar KM (22). This may be 
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due to HOSeCN being a stronger oxidant than HOSCN, resulting in more inactivation of the 

enzyme. However, this lower catalytic turnover of HOSeCN did not affect the ability for host 

cells to tolerate it compared to bacteria. It is likely that its property of being a better 

electrophile compared to HOSCN improves its potency as an antimicrobial agent. The 

HOSeCN was not an effective substrate for the bacterial Cys-TrxR as we have previously 

shown for HOSCN (22). TrxR is an important enzyme that provides reducing equivalents 

through thioredoxin that many enzymes rely on for catalytic activity (33). These include the 

peroxiredoxins (34) and ribonucleotide reductase (35). Ribonucleotide reductase is essential 

for life because it catalyzes the production of deoxyribonucleotides needed for DNA 

synthesis and repair (36). It is likely that ribonucleotide reductase is one of the bacterial 

targets of HOSeCN that contributes to its antimicrobial actions. Human lung epithelial cells 

tolerate HOSeCN much better than CF relevant pathogenic bacteria. We have found a 

number of clinical CF bacterial isolates with some resistance towards the −SCN/LPO 

generating system suggesting that bacteria have developed defense mechanisms to deal with 

HOSCN. In fact, it has been speculated that commensal bacteria have HOSCN 

oxidoreductases that allow them to survive in saliva, which has some of the highest levels of 

HOSCN generation in the body (37).

HOSeCN is much better at killing CF relevant bacteria than HOSCN and readily kills −SCN-

resistant bacteria. We have found CF clinical isolates of Burkholderia cepacia complex, 

Pseudomonas aeruginosa and Staphylococcus aureus having increased resistance towards the 

HOSCN generating system. It is interesting that in each of these cases, the −SeCN/LPO 

system also had lower IC50 values than the −SCN/LPO system for the HOSCN-sensitive 

isolates. HOSCN is very specific towards proteins with cysteine groups having a low pKa 

(38). HOSeCN is a stronger oxidant (electrophile) and likely has a broader range of cellular 

macromolecules it can target besides low pKa thiols. The increased reactivity of the 

HOSeCN may help eliminate these types of defenses in HOSCN-resistant bacteria.

This study found that −SeCN can act as a biomimetic for thiocyanate by the body’s host 

defense system that uses haloperoxidases to generate antimicrobial oxidants. −SeCN’s 

antimicrobial oxidant was found to effectively kill CF relevant bacteria and even those 

clinical isolates resistant to HOSCN. −SeCN may be a more potent pro-drug than 

thiocyanate to treat CF lung infections.
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Highlights

• Selenocyanate (−SeCN) is a biomimic of the endogenous anion thiocyanate 

(−SCN).

• −SeCN is utilized by lactoperoxidase and generates hyposelenocyanite 

(HOSeCN).

• HOSeCN is metabolized by the host but not the pathogen’s thioredoxin 

reductase.

• HOSeCN is antimicrobial against many common cystic fibrosis (CF) lung 

pathogens.

• HOSeCN is effective against CF pathogens that are resistant to 

hypothiocyanate.
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Figure 1. 
Formation of oxidants from lactoperoxidase (LPO) system identified by HPLC with 

electrochemical detection (HPLC-EC). (A) Thiocyanate (−SCN) detection by HPLC-EC at 

1600 mV potential without the LPO system. (B) Loss of −SCN signal at 1600 mV and 

formation of HOSCN signal at 500mV with LPO system. (C) Selenocyanate (−SeCN) 

detection by HPLC-EC at both 1600 mV and 500 mV potentials without LPO system. (D) 

Loss of −SeCN signal at both 1600 and 500 mV potentials and formation of oxidant signal at 

500 mV with LPO system.
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Figure 2. Characterization of LPO-catalyzed −SeCN oxidation via mass spectrometry.
−SCN or −SeCN was oxidized with LPO and hydrogen peroxide and the oxidant product 

was quantified with the TNB assay. The oxidant was then diluted to 10 μM in PBS and 

extracted for LC-MS. Negative controls with hydrogen peroxide replaced by water were 

diluted by an equal amount to the oxidant samples. We extracted high mass accuracy (5 

ppm) ion chromatograms for the [M-H]− ions of our target compounds, which corresponded 

to [SCN]− (blue trace), [OSCN]− (red trace), [SeCN]− (purple trace) and [OSeCN]− (green 

trace). (A) −SCN and LPO without addition of hydrogen peroxide. (B) −SCN and LPO with 

addition of hydrogen peroxide. (C) −SeCN and LPO without addition of hydrogen peroxide. 

(D) −SeCN and LPO with addition of hydrogen peroxide.
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Figure 3. 
Generation of oxidants (HOX) from LPO system using −SCN or −SeCN as substrates. LPO 

oxidant formation using −SCN (triangles) or −SeCN (circles) as substrates was followed 

spectrophotometrically by oxidation of NTB to DNTB at 412 nm over 2 minutes. Non-

enzymatic formation (minus LPO) of oxidants with −SCN (squares) or −SeCN (diamonds) 

was also assessed. Rates of HOX determined from linear regression of 4 replicates per 

glucose oxidase (GOX) concentration. HOSCN production was 0.103 μM/mU/mL GOX and 

HOSeCN production was 0.014 μM/mU/mL GOX.
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Figure 4. 
Residual hydrogen peroxide levels in the presence and absence of the full system of LPO, 

glucose oxidase (GOX) and −SCN or −SeCN after a 2-hour incubation at room temperature. 

Hydrogen peroxide levels were determined using a calibrated hydrogen peroxide electrode. 

Black bars are hydrogen peroxide levels with GOX system only, hatched bars are the LPO 

system plus −SCN (1 mM), and grey bars are the LPO system with −SeCN (1 mM).
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Figure 5. 
Kinetic analysis of HOSeCN metabolism by recombinant mouse Sec-TrxR2 and 

recombinant E. coli. Cys-TrxR. Activity was measured spectrophotometrically as substrate 

dependent NADPH consumption at 340 nm. Mammalian Sec-containing TrxR can readily 

metabolize HOSeCN with a Km of 33 μM, Vmax of 12 μM/min, and kcat of 161 min−1 

(circles) whereas there was only measurable activity high HOSeCN levels with the E. coli 
form of Cys-TrxR (squares).
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Figure 6. 
Comparison of HOSCN and HOSeCN inhibition of bacterial Cys-TrxR. E. coli recombinant 

Cys-TrxR was incubated with increasing concentrations of either HOSCN (circles) or 

HOSeCN (triangles) for 5 minutes before addition of E. coli Trx. Activity was measured 

spectrophotometrically as substrate-dependent NADPH consumption at 340 nm. HOSeCN 

was slightly more potent inhibitor of bacterial Cys-TrxR with an IC50 of 4.3 μM as 

compared to HOSCN IC50 of 9.3 μM.
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Figure 7. 
HOSeCN generation spares host lung epithelial cells while killing bacteria. Human 

bronchial epithelial cells (HBE) or bacteria (Burkholderia multivorans (BCC), methicillin 

resistant Staphylococcus aureus (MRSA), Pseudomonas aeruginosa (PA)) were treated for 2 

hour in PBS (control), SeCN only (grey bar) or full peroxidase system (black bar) at pH 7.4 

and then media replaced and viability assessed 24 hours later. HBE cell viability assessed by 

LDH assay and bacterial cell viability assessed by colony forming units. *p<0.05 versus 

control.
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Figure 8. 
Hypothiocyanite (HOSCN) resistance in CF relevant bacterial isolates. Comparison of a 

HOSCN resistant (open circles) and sensitive (closed squares) (A) BCC clinical isolate, (B) 
PA clinical isolate, and (C) MRSA clinical isolate. Bacteria cell viability assessed 24 hours 

after a 2-hour exposure to HOSCN generating system with viability assessed by CFUs. The 

flux of either HOSCN or HOSeCN (HOX) was determined from rates determined in Figure 

3. LC50 values were determined by curve fitting the data with nonlinear regression of log 

(agonist) vs normalized response.
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Figure 9. 
Comparison of bacterial killing between −SCN/HOSCN and −SeCN/HOSeCN systems in 
−SCN sensitive and resistant bacterial strains. Comparisons of HOSCN sensitive (circles) 

and resistant (squares) strains of BCC clinical isolates (A&B), PA clinical isolates (C&D), 

and MRSA clinical isolates (E&F). Bacteria were incubated for 2 hours with LPO, −SCN or 
−SeCN, glucose and increasing amounts of glucose oxidase. The flux of either HOSCN or 

HOSeCN (HOX) was determined from rates determined in Figure 3. LC50 values were 

determined by curve fitting the data with nonlinear regression of log (agonist) vs normalized 

response.
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Table 1.

Bacterial sensitivity towards HOSCN killing

Bacterial
Strains

HOSCN
IC50 (μM/hr)

95% CI
(μM/hr)

Burkholderia cepacia complex (BCC)

B. multivoran* 68 52-91

B. cenocepacia* 151 111-206

B. vietnamiensis* 167 103-207

B. dolosa* 202 167-245

Pseudomonas aeruginosa (PA)

PA-39* 13 10-18

PA-X* 33 23-47

PAO1 34 24-48

PA-AMT-105* 42 26-67

PA-N3* 80 62-104

PA-K4* 90 59-137

PA-T* 124 96-161

Methicillin resistant Staphylococcus aureus (MRSA)

46* 25 19-34

45* 40 26-62

44* 707 357-1,391

43* 1,591 201-12,618

*
Isolates from CF sputum
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