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Abstract

Selenocysteine (Sec) is the 215t amino acid in the genetic code where this amino acid is primarily
involved in redox reactions in enzymes due to its high reactivity towards oxygen and related
reactive oxygen species. Sec has found wide utility in synthetic peptides, especially as a
replacement for cysteine. One limitation of using Sec in synthetic peptides is that it can undergo f-
syn elimination reactions after oxidation, rendering the peptide inactive due to loss of selenium.
This limitation can be overcome by substituting Ca-H with a methyl group. The resulting Sec-
derivative is a-methylselenocysteine ((aMe)Sec). Here we present a new strategy for the synthesis
of (aMe)Sec by alkylation of an achiral methyl malonate through the use of a selenium-containing
alkylating agent synthesized in the presence of dichloromethane. The seleno-malonate was then
subjected to an enzymatic hydrolysis utilizing pig liver esterase followed by a Curtius
rearrangement producing a protected derivative of (aMe)Sec that could be used in solid phase
peptide synthesis. We then synthesized two peptides, one containing Sec, and the other containing
(aMe)Sec, based on the sequence of glutathione peroxidase. This is the first reported
incorporation of (aMe)Sec into a peptide as well as the first reported biochemical application of
this unique amino acid. The (aMe)Sec-containing peptide had superior stability as it could not
undergo B-syn elimination and it also avoided cleavage of the peptide backbone, which we
surprisingly found to be the case for the Sec-containing peptide when it was incubated for 96
hours in oxygenated buffer at pH 8.0.
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One limitation of using Sec in peptides is that it can undergo B-syn elimination reactions after
oxidation, rendering the peptide inactive due to loss of selenium. This limitation can be overcome
by substituting Ca-H with a methyl group. The resulting Sec-derivative is a-
methylselenocysteine. Here we report a facile synthesis of a-methylselenocysteine and its use in a
peptide as a glutathione peroxidase mimic. The mimic is resistant to loss of selenium when
exposed to oxidant.

INTRODUCTION

Vertebrate glutathione peroxidase (GPX) is an enzyme that catalyzes the reduction of H,0,,
organohydroperoxides, and lipid hydroperoxides. [1-4] Multiple forms of the enzyme
contain the rare amino acid selenocysteine (Sec). [5, 6] The GPX catalytic cycle proceeds by
nucleophilic attack of the selenolate on to the peroxyl oxygen of the substrate resulting in a
selenenic acid intermediate, that is subsequently reduced back to the selenolate by two
equivalents of glutathione (GSH) (Figure 1). [5] When concentrations of H,O, are elevated,
such as during reoxygenation after a period of ischemia, GPX can become overwhelmed and
does not reduce H,0, fast enough to prevent reperfusion injury. [7] Thus, it is desirable to
design a small molecule GPX mimic that can serve a therapeutic function for these
situations of high oxidative stress. [3]

Ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one), first reported in 1924, [8] became a
widely studied GPX mimic after its antioxidant properties were recognized in 1984 by
Muller and coworkers. [9] Like GPX, ebselen relies on the redox properties of selenium to
reduce harmful oxidants and proceeds through a similar catalytic mechanism (see Figure 1).
Ebselen previously made it to clinical trials as a neuro- and cardioprotective agent, [10] and
is currently in clinical trials for treatment of hearing loss that is related to oxidative stress.
[11, 12] However, ebselen is not water soluble, making rapid intravenous administration
impossible and has shown cellular toxicity in some studies. [13-15] Other selenium
containing GPX mimics have been synthesized and some have potent GPX-like activity
including cyclic seleninate and selenenate esters, [16—21] spirodioxyselenuranes, [22-24]
pincer selenuranes, [22] and spirodiazaselenuranes. [25, 26] However, many of these
compounds are expected to be toxic, are not water soluble, are unstable, or quickly lose
catalytic activity in the presence of thiols. [3]

One possible reason that GPX cannot respond optimally to very high concentrations of
H,05, as occurs during reperfusion injury, is that it has been shown that GPX can be
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inactivated by conversion of the Sec residue to dehydroalanine (DHA). [27] DHA results
when the Sec residue becomes overoxidized to the seleninic acid (Sec-SeO,") state followed
by rapid B-syn elimination.

Ebselen is not as efficient of a catalyst as GPX, but it can be overoxidized without
undergoing B-syn elimination because it contains an aromatic selenol. Sec-containing
peptides however can undergo B-syn elimination, [28] so the design of any peptide based
GPX mimic should avoid this problem. One useful derivative of Sec is a-
methylselenocysteine ((aMe)Sec) in which the a-hydrogen has been replaced with a methyl
group, removing the possibility of p-syn elimination (Figure 2). Thus, (aMe)Sec can resist
inactivation by overoxidation while Sec cannot. These unique properties lend to many
potential applications. Herein we report a new route for the synthesis of (aMe)Sec and we
incorporate (aMe)Sec into a peptide that serves as a small molecule GPX mimic. Our
peptide GPX mimic overcomes the problem of aqueous solubility, while avoiding p-syn
elimination.

MATERIALS AND METHODS

Materials.

Solvents for peptide synthesis were purchased from Fisher Scientific (Waltham, MA).
Solvents for synthesis including N, A-dimethylformamide (DMF) and dichloromethane
(DCM) were purchased from Fisher Scientific (Fair lawn, NJ) or Acros Organics (Morris
Plains, New Jersey). A-Fmoc amino acids were purchased from RSsynthesis (Louisville,
KY). 2-Chlorotrityl chloride resin SS (100-200 mesh) and 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate (HATU) for solid-phase synthesis were purchased from Advanced
ChemTech (Louisville, KY). Triisopropylsilane (98%) was purchased from ACROS
Organics (Pittsburgh, PA). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and
hydrogen peroxide for enzyme assays were purchased from ThermoFischer Scientific
(Waltham, MA). NADPH was purchased from AppliChem (Darmstadt, Germany).
Diphenylphosphoryl azide (DPPA) was purchased from TCI America (Portland, OR). 9-
fluorenemethanol was purchased from Chempep Inc. (Miami, Fl). Titanium (1V) tert
butoxide was purchased from EMD Millipore. Silica gel (230-400 mesh) for purifications
was purchased from Silicycle (Quebec City, QC, Canada). Deuterated solvents were
purchased from Cambridge Isotope Laboratories (Andover, MA). All other chemicals were
purchased from Sigma-Aldrich (Milwaukee, W1), Fisher Scientific (Waltham, MA), or
ACROS Organics (Pittsburgh, PA). Mass spectral analysis for synthetic peptides was
performed on an Applied Biosystems QTrap 4000 hybrid triple-quadrupole/linear ion trap
liquid chromatograph-mass spectrometer (SciEx, Framingham, MA). High resolution mass
spectral data on all synthesized compounds were obtained from positive electrospray
ionization on a Bruker 12 Tesla APEX -Qe FTICR-MS with an Apollo Il ion source
(Norfolk, VVA) and were either ran as solutions in tetrahydrofuran (THF) or THF/Methanol.
NMR spectra were obtained from a 400 MHz Bruker spectrometer. 1H and 13C chemical
shifts (8) were reported as downfield from tetramethylsilane. Both 13C and 77Se NMR
spectra were decoupled from 1H. IR spectra were obtained from a Nicolet Nexus 470 FT-IR
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spectrometer with a Smart Orbit Thermo™ diamond plate ATR attachment and samples
were ran as a solution from CDCl3. Optical rotation data were obtained from a Rudolph
Research Analytical Autopol 1V Automatic Polarimeter at 589 nm with a 100 mm quartz
cell. Enzyme kinetic assays were performed on a Cary50 UV-Vis spectrophotometer (Walnut
Creek, CA) at room temperature.

Synthesis of tert-butyl(chloromethyl)selenide (2).

To a flask with a nitrogen atmosphere was added fert-butyldiselenide (1) (4.93 g, 18.1 mmol)
and dry DCM (46.5 mL, 726 mmol). To this solution was added sodium bis(2-
methoxyethoxy)aluminum hydride dropwise until the solution turned colorless and turbid
and effervescence ceased. After stirring for an additional 30 min, the solution was diluted
with diethyl ether (150 mL) and washed with saturated Rochelle salt solution (3 x 100 mL)
followed by brine (100 mL). The organic phase was then dried over MgSQy, filtered, and the
solvent removed /in vacuo to afford 5.20 g (77%) of a colorless oil which was carried on
directly to the following reaction. 1H NMR (400 MHz, CDCl3) & 4.87 (s, 2H), 1.55 (s, 9H,
Se satellites 2Jge.p 5.6 Hz); 77Se NMR (76 MHz, CDCl3) & 518.8.

Synthesis of dimethyl 2-((tert-butylselanyl)methyl)-2-methylmalonate (3).

To a flask with a nitrogen atmosphere was added sodium hydride (60% dispersion in mineral
oil) (1.12 g, 27.9 mmol), which was washed twice with pentane. To the flask was then added
THF (40 mL) and dimethyl methylmalonate (3.00 mL, 22.5 mmol), which produced
effervescence. After stirring for 45 min, 2 (4.23 g, 22.8 mmol) was added. After refluxing
for 24 h, the reaction was cooled to room temperature and diluted with diethyl ether (100
mL), washed with water (4 x 100 mL), and brine (100 mL). The organic phase was then
dried over MgSQy, filtered, and concentrated /n7 vacuo. The crude oil was purified by
gradient flash chromatography and eluted with hexanes/ethyl acetate (8:1 to 4:1; Rf =0.50 in
4:1 hexanes/ethyl acetate). The product rich fractions were pooled and concentrated /in vacuo
to afford 3.79 g (57%) of a colorless oil. IR (CDCl3, cm™1) 2953, 2891, 2861, 1731; 1H
NMR (400 MHz, CDCl3) & 3.74 (s, 6H), 3.05 (s, 2H), 1.51 (s, 3H), 1.43 (s, 9H, Se satellites
2Jee-y 5.5 Hz); 13C (101 MHz, CDCl3) & 171.7, 54.5 (Se satellites 2Jsq_c 4.8 Hz), 52.7, 39.3
(Se satellites LJge.c 29.0 Hz), 32.2 (Se satellites 2Jse.c 6.6 Hz), 26.8 (Se satellites LJge.c 37.0
Hz), 21.0; 7’Se NMR (76 MHz, CDCls) 6 342.6; HRMS (ESI*) Calcd for C11H5004Se [M
+Na]* 319.0419, found 319.0420.

Synthesis of (R)-2-((tert-butylselanyl)methyl)-3-methoxy-2-methyl-3-oxopropanoic acid (4).

To a beaker was added 3 (3.24 g, 11.0 mmol), pH 7.6 phosphate buffer (40 mL), and crude
porcine liver esterase (52 mg, 18 units/mg). The reaction was stirred vigorously with the pH
kept constant at 7.4 by titrating 1 M NaOH into the reaction. The reaction was complete
after stirring for 4 h. The solution pH was raised to 9 with the addition of 1 M NaOH and
was washed with diethyl ether (60 mL). The aqueous phase was reacidified to a pH of 3 with
4 M HCI and extracted with DCM (3 x 60 mL). The organic phase was filtered through a
bed of celite, dried over MgSQy, and concentrated /n7 vacuo to afford 3.03 g (98%, ee =
88%) of a slightly brown tinged oil. IR (CDCl3, cm™1) 2955, 2889, 1709, 1636; 1H NMR
(400 MHz, CDCl3) 6 9.26 (br s, 1H), 3.77 (s, 3H), 3.09 (d, 2J4.y 11.6, 1H), 3.04 (d, 2y
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11.6, 1H), 1.54 (s, 3H), 1.43 (s, 9H, Se satellites 2. 5.5 Hz); 13C (101 MHz, CDCls) 6
177.2,171.5, 54.5 (Se satellites 2Jse_c 5.1 Hz), 52.9, 39.6 (Se satellites LJe.c 29.3 Hz), 32.2
(Se satellites 2Jse_c 6.6 Hz), 26.5 (Se satellites 1Jse.c 37.8 Hz), 21.1; 7’Se NMR (76 MHz,
CDClI3) 6 344.5; HRMS (ESI™) Calcd for C1gH1504Se [M+Na]* 305.0263, found 305.0267;
[a]p?® = - 2.1° (c = 1.07, CHClIy).

Synthesis of (R)-methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(tert-
butylselanyl)-2-methylpropanoate (5).

To a flask with a nitrogen atmosphere was added 4 (578 mg, 2.06 mmol), dichloroethane
(DCE) (5 mL), and dry triethylamine (0.35 mL, 2.5 mmol). After stirring for 5 min,
diphenylphosphoryl azide (DPPA) (0.50 mL, 2.3 mmol) was added and the solution was
stirred for 5 h at room temperature and then brought to reflux for 19 h. After cooling to room
temperature the reaction was diluted with DCE (10 mL), washed with saturated NH4CI (15
mL), dried over MgSOQy, filtered, and concentrated /n7 vacuo to afford a yellow tinged turbid
oil. This oil was reconstituted in benzene (5 mL). To this solution was added 9-
fluorenemethanol (416 mg, 2.12 mmol) and titanium (1V) fert-butoxide (0.10 mL, 260
umol). After stirring at room temperature for 29 h the reaction was diluted with diethyl ether
(15 mL) and washed with saturated NH4CI (4 x 15 mL). The aqueous phases were extracted
with DCM (25 mL). All organic phases were then pooled, dried over MgSQy, filtered, and
concentrated /n vacuo to afford a crude yellow oil. The crude product was purified by flash
chromatography and eluted with 2:3 diethyl ether/hexanes (R = 0.36). The product rich
fractions were pooled and concentrated /n vacuo to afford 626 mg (64%) of a colorless oil.
IR (CDCl3, cm™1) 3415, 3349, 2952, 2890, 1721, 1500, 1478, 1449; 'H NMR (400 MHz,
CDCl3) 6 7.75 (d, J=7.5Hz, 2H), 7.61 (d, /= 7.5 Hz, 2H), 7.39 (t, /= 7.4 Hz, 2H), 7.31
(td, J= 7.4, 1.1 Hz, 2H), 5.85 (br s, 1H), 4.29 (m, 3H), 3.78 (s, 3H), 3.48 (br d, 2y = 11.2
Hz, 1H,), 3.09 (br d, 2jy.4 = 11.1 Hz, 1H), 1.69 (s, 3H), 1.41 (s, 9H); 13C (101 MHz,
CDCl3) 6 173.6, 154.6, 143.9, 141.3, 127.7, 127.1, 125.2, 120.0, 66.8, 60.1, 53.0, 47.2,
39.4, 32.3 (Se satellites 2J.c = 6.6 Hz), 28.7, 24.1; 'Se NMR (76 MHz, CDCl5) & 334.9;
HRMS (ESI*) Calcd for Co4H2gNO,Se [M+Na]* 498.1154, found 498.1161; [a]p23 =
+8.9° (c = 1.01, CHCI3).

Synthesis of (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(tert-butylselanyl)-2-
methylpropanoic acid (6).

To a flask was added 5 (558 mg, 1.18 mmol), 1,4-dioxane (7.5 mL) and 12.1 M HCI (7.5
mL). The solution was refluxed for 40 h and then cooled to room temperature. Solvents were
removed /n vacuo and the resulting viscous yellow residue was reconstituted with diethyl
ether (20 mL). This solution was washed with water (4 x 20 mL) and brine (20 mL). The
organic phase was dried over MgSOQy, filtered, and concentrated /n vacuo. Residual solvent
was removed by azeotropic drying with pentane to afford 452 mg (84%) of a colorless fluffy
solid. IR (CDCl3, cm™1) 3404, 2955, 1707, 1502, 1450; IH NMR (400 MHz, CDCl3) 6 7.75
(d, /=7.8 Hz, 2H), 7.60 (d, /= 7.4 Hz, 2H), 7.39 (t, /= 7.4 Hz, 2H), 7.31 (td, /= 7.4, 0.8
Hz, 2H), 5.77 (br s, 1H), 4.28 (m, 3H), 3.39 (d, /= 11.1 Hz, 1H), 3.18 (d, /= 10.9 Hz, 1H),
1.71 (s, 3H), 1.41 (s, 9H); 13C (101 MHz, CDCl3) 6 177.7, 154.9, 143.8, 141.3, 127.7,
127.1,125.2, 120.0, 67.0, 59.7, 47.1, 39.6, 32.3 (Se satellites 2Jce.c = 6.6 Hz), 28.7, 24.1;
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77Se NMR (76 MHz, CDCl5) 6 331.0; HRMS (ESI*) Calcd for Co3Hy7NO4Se [M+Na]
* 484.0998, found 484.1001; [a]p?3 = + 2.6° (c = 1.01, CHCl5).

Synthesis of (S)-1-tert-butyl 3-methyl 2-((tert-butylselanyl)methyl)-2-methylmalonate (7).

To a flask was added DCM (13 mL), MgSOy4 (1.77 g, 14.8 mmol), and concentrated sulfuric
acid (0.20 mL, 3.7 mmol). Clumped magnesium sulfate was broken up by vigorously
stirring. To this suspension was added a solution of 4 (1.03 g, 3.67 mmol) in DCM (7 mL).
Tert-butanol (1.75 mL, 18.3 mmol) was then added dropwise and the flask was tightly
sealed. After reacting for 47 h the reaction was filtered. The filtrate was washed with
saturated NaHCO3 (20 mL) and brine (20 mL). The organic phase was dried over MgSOy,
filtered, and concentrated /n vacuo to afford 807 mg (65%) of an amber tinged liquid. IR
(CDCl3, cm™1) 2975, 2952, 1728; 1H NMR (400 MHz, CDCls) § 3.73 (s, 3H), 3.03 (d,
244 = 11.4 Hz, 1H), 3.00 (d, 2.4 = 11.4 Hz, 1H), 1.46 (s, 3H), 1.45 (s, 9H), 1.43 (s, 9H,
Se satellites 2Jge. 5.3 Hz); 13C (101 MHz, CDCl3) & 172.2, 170.3, 82.0, 55.0 (Se satellites
2Jse-c = 4.8 Hz), 52.4, 39.0 (Se satellites LJge.c = 29.3 Hz), 32.2 (Se satellites 2Je.c = 6.6
Hz), 27.8, 26.8 (Se satellites 1Je.c = 37.0 Hz), 20.8; 7/Se NMR (76 MHz, CDCl3) & 339.3;
HRMS (ESI*) Calcd for C14H2604Se [M+Na]* 361.0889, found 361.0893; [a]p22 = - 9.6°
(c =1.00, CHCI3).

Synthesis of (S)-3-(tert-butoxy)-2-((tert-butylselanyl)methyl)-2-methyl-3-oxopropanoic acid

(8).

To a flask containing 7 (591 mg, 1.75 mmol) was added THF (5.0 mL) and a solution of
lithium hydroxide (130 mg, 3.1 mmol) in water (5.0 mL). After stirring at room temperature
for 24 h the pH was reduced to 4 using 1 M HCI and extracted with diethyl ether (15 mL).
The organic phase was then washed with water (3 x 15 mL) and brine (15 mL). The organic
phase was then dried over MgSQy, filtered, and concentrated /n7 vacuo to afford 496 mg
(88%) of a yellow tinged liquid. IR (CDCls, cm™1) 2977, 1707; 1H NMR (400 MHz, CDCls)
& 10.69 (brs, 1H), 3.06 (d, 2Jy.y = 11.4 Hz, 1H), 3.00 (d, 2/ = 11.4 Hz, 1H), 1.50 (s,
3H), 1.47 (s, 9H), 1.44 (s, 9H, Se satellites 2Jse_ 5.6 Hz); 13C (101 MHz, CDCl3) 6 177.3,
170.4, 82.7, 54.9 (Se satellites 2Jse.c = 4.8 Hz), 39.2 (Se satellites 1Jsec = 29.0 Hz), 32.2
(Se satellites 2Je.c = 6.6 Hz), 27.8, 26.7 (Se satellites LJge.c = 37.0 Hz), 21.1; 7"Se NMR
(76 MHz, CDCl3) & 342.3; HRMS (ESI™) Calcd for C13H2404Se [M+Na]* 347.0732, found
347.0734; [a]p?® = - 2.4° (c = 1.00, CHCl5).

Synthesis of (S)-tert-butyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(tert-
butylselanyl)-2-methylpropanoate (9).

To a flask with a N, atmosphere was added 8 (888 mg, 2.75 mmol), DCE (10 mL), and
triethylamine (0.50 mL, 3.6 mmol). After stirring for 5 min, DPPA (650 pL, 3.0 mmol) was
added. This solution was stirred for an additional hour and then refluxed for 17 h. After
cooling the flask to room temperature, the solution was diluted with DCE (10 mL) and
washed with saturated NH4CI (20 mL). The organic phase was dried over MgSQy, filtered,
and concentrated /n7 vacuoto afford a turbid oil. The oil was reconstituted in a flask using
benzene (10 mL). To this flask was added 9-fluorenemethanol (545 mg, 2.78 mmol) and
titanium (1V) fert-butoxide (0.10 mL, 260 pmol). After stirring at room temperature for 47 h
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saturated NH,4ClI (10 mL) was added and the reaction was stirred for 3.5 h. The reaction was
diluted with diethyl ether (20 mL) and washed with saturated NH4CI (2 x 20 mL) and water
(20 mL). The emulsion was extracted with diethyl ether (20 mL). The organic phases were
pooled, dried over MgSQy, filtered, and concentrated /n vacuoto afford a crude oil. This oil
was purified by gradient flash chromatography and eluted with hexanes/diethyl ether (8:1 to
4:1; Rf = 0.57 in 2:3 diethyl ether/hexanes). The product rich fractions were pooled and
concentrated /n vacuoto afford 786 mg (55%) of a colorless, gummy solid. IR (CDCl3, cm
1) 3413, 2973, 1715; IH NMR (400 MHz, CDCl3) & 7.76 (d, J= 8.0 Hz, 2H), 7.62 (dd, J=
7.4,2.9Hz, 2H), 7.39 (t, /= 7.4 Hz, 2H), 7.31 (td, /= 7.4, 1.1 Hz, 2H), 5.96 (s, 1H), 4.28
(m, 3H), 3.51 (d, 2J=11.2 Hz, 1H), 3.05 (d, 2= 11.2 Hz, 1H), 1.69 (s, 3H), 1.50 (s, 9H),
1.41 (s, 9H); 13C (101 MHz, CDCls) & 172.2, 154.5, 144.1, 143.9, 141.3, 127.6, 127.0,
125.3, 119.9, 82.7, 66.7, 60.2 (Se satellites 2Jse.c = 4.0 Hz), 47.2, 39.0, 32.4 (Se satellites
2Jse.c = 6.6 Hz), 28.4, 27.9, 24.2; ""Se NMR (76 MHz, CDCl5) 6 336.8; HRMS (ESI*)
Caled for Co7H3sNO4Se [M+Na]* 540.1624, found 540.1626; [a]p23 = + 7.7° (¢ = 1.00,
CHCly).

Synthesis of (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(tert-butylselanyl)-2-
methylpropanoic acid (10).

To a flask was added 9 (546 mg, 1.06 mmol), DCM (10 mL), and trifluoroacetic acid (10.0
mL, 14.9 mmol). After stirring for 2 h at room temperature, the solvent was removed /in
vacuo. The residue was reconstituted in diethyl ether (10 mL) and washed with saturated
NH4CI (3 x 10 mL). The organic phase was dried over MgSQOy, filtered, and concentrated /n
vacuo. Residual solvent was removed by azeotropic drying with pentane to afford 487 mg
(quantitative) of a gummy, foamy solid. IR (CDCls3, cm™1) 3400, 3065, 2955, 1707, 1503,
1450; IH NMR (400 MHz, CDCl3) & 8.99 (br s, 1H), 7.76 (d, J= 7.5 Hz, 2H), 7.60 (d, J=
7.4 Hz, 2H), 7.39 (d, J= 7.4 Hz, 2H), 7.31 (td, J= 7.4, 0.8 Hz, 2H), 5.77 (br s, 1H), 4.29 (m,
3H), 3.36 (d, /= 10.5 Hz, 1H), 3.18 (d, /= 10.6 Hz, 1H), 1.70 (s, 3H), 1.41 (s, 9H); 13C
(101 MHz, CDCl3) 6 178.0, 155.1, 143.7, 141.3, 127.7, 127.1, 125.1, 120.0, 67.2, 59.7,
39.8, 32.3 (Se satellites 2Jse.c = 6.2 Hz), 28.6, 24.0; /7Se NMR (76 MHz, CDCl3) & 330.2;
HRMS (ESI*) Calcd for Co3Ho7NO,4Se [M+Na]* 484.0998, found 484.1000; [a]p?3 = - 2.7°
(c =1.07, CHCly).

Peptide Synthesis.

Either Fmoc-(aMe)Sec(But)-OH, or Fmoc-Sec(Mob)-OH were used to synthesize peptides
of sequence H-(aMe)Sec-Gly-Thr-Thr-Val-Arg-Asp-Tyr-Thr-GIn-OH (H-
(aMe)UGTTVRDYTQ-OH) (11), or H- Sec-Gly-Thr-Thr-Val-Arg-Asp-Tyr-Thr-GIn-OH
(H-UGTTVRDYTQ-OH) (12). We note that we followed the recommendations of Jones for
all of the abbreviations of amino acids and reagents for peptide synthesis in this paper. [29]
All peptides were synthesized on a 0.1 mmol scale using a glass vessel that was shaken with
a model 75 Burrell wrist action shaker. For each batch, 300 mg of 2-chlorotrityl chloride
resin SS (100-200 mesh), was swelled in DCM for 30 min. The first amino acid was directly
coupled to the resin using 2% A-methylmorpholine (NMM) in DCM, shaking for 1 h. The
resin was then capped using 10 mL of 8:1:1 DCM:methanol:NMM. Subsequent amino acids
were coupled using 0.2 mmol of Fmoc-protected amino acid, 0.2 mmol HATU, and 2%
NMM in dimethylformamide (DMF), shaking for 1 h, rt. Fmoc-Sec(Mob)-OH or Fmoc-
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(aMe)Sec(But)-OH were coupled using a solution of 0.2 mmol amino acid, 1% N,N -
Diisopropylcarbodiimide (DIC), and 0.2 mmol 1-hydroxy-7-azabenzotriazole (HOAL) in
DMF, shaking for 2 h, rt. Preactivation of any amino acid was not performed prior to
coupling. Between amino acid couplings, the Fmoc protecting group was removed via two
10 min agitations with 10 mL of 20% piperidine in DMF. Success of Fmoc removal steps
and amino acid couplings were monitored qualitatively using a ninhydrin test [30]. Removal
of the final Fmoc protecting group completed the peptide synthesis. Peptides were cleaved
from the resin via a 4 h reaction with a cleavage cocktail consisting of 0.4 mmol of 2,2’-
dithiobis(5-nitropyridine) (DTNP), in 10 mL of 96:2:2 TFA/TIS/H,0. Following cleavage
and side chain deprotection, the resin was washed with TFA and DCM and the volume of the
cleavage solution was reduced by evaporation with nitrogen gas. The peptide solution was
then transferred by pipette into cold, anhydrous diethyl ether, where the peptides were
observed to precipitate. Centrifugation at 3000 rpm on a clinical centrifuge (International
Equipment Co., Boston, MA) for 10 min pelleted the peptide. To wash the peptides, peptide
pellets were dried, dissolved in minimal 96:2:2 TFA/TIS/H,0, then precipitated and pelleted
as described previously. This wash process was repeated 5 times for each peptide. After
washing, the final peptide pellet was dried, dissolved in a minimal amount of water,
lyophilized, and used without further purification.

Measurement of peroxidase activity with a glutathione reductase coupled assay.

A coupled glutathione reductase (GR) assay was used to test the abilities of the peptides to
function as GPX mimics. A 0.5 mL solution containing 100 mM potassium phosphate (KP)
buffer, pH 8.0, 1 mM EDTA, 100 pM glutathione, 200 uM NADPH, 2 units of GR, and 10
UM of ebselen, H-UGTTVRDYTQ-OH, or H-(aMe)UGTTVRDYTQ-OH, were added to a
quartz cuvette and mixed thoroughly. This was used to blank the spectrophotometer at 340
nm. Assays were initiated by addition of 200 uM H,0,. Activity was followed by the
decrease of absorption at 340 nm using an extinction coefficient of 6220 M~1 cm1, at

25 °C, and each initial rate was measured at least three times. Background NADPH
consumption was corrected for by subtracting control experiment activities in which no
peptide was present as well as an additional control in which no H,O, was present.

Stability test of Sec-containing peptides.

To test the stability of peptides in the presence of oxygenated buffer, H-UGTTVRDYTQ-OH
or H-(aMe)UGTTVRDYTQ-OH were incubated in 100 mM KP buffer, pH 8.0, at 25 °C.
Aliquots were taken and centrifuged to pellet precipitated selenium after 24, 48, and 96 h.
GPX-like activity of the aliquots was monitored as described above. To obtain mass spectra,
aliquots were infused with a guard column at 10 pL/min into a 100 pL/min mobile phase
flow consisting of 50/50 water/acetonitrile with 0.1% formic acid. The mobile phase flow
was introduced into an Applied Biosystems QTrap 4000 hybrid triple-quadrupole/linear ion
trap liquid chromatograph-mass spectrometer operating in positive ESI mode. Mass spectra
were collected in linear ion trap mode, scanning from m/z 200-1800.
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RESULTS AND DISCUSSION

Owing to the quaternary a-carbon, (aMe)Sec has proven challenging to synthesize.
Previously, a racemic pathway by Reich [31] and a chiral pathway by Iwaoka [32, 33] have
been executed for the synthesis of (aMe)Sec, however each have their limitations. Our
synthetic method allows for quick synthesis, with moderate yields while also obtaining high
enantiomeric excess. By utilizing this methodology, access to both enantiomers, as well as
other relevant analogues, such as p-amino acids, are possible.

Our synthetic strategy starts with the alkylation of an achiral methyl malonate by a
selenium-containing alkylating agent. Initially it was envisioned to create the alkylating
agent based on our previous work synthesizing a-methylcysteine ((aMe)Cys), [34, 35]
however due to the nucleophilicity of the selenolate anion, the alkylating agent could be
directly synthesized in the presence of DCM (Scheme 1).

Compound 1 was synthesized according to a modified version from Block and coworkers.
[36] Several reducing agents were screened to reduce 1, with sodium bis(2-
(methoxyethoxy)aluminum hydride (Red-Al) giving the best yields with minimal side
products. Alkylating agent 2 was used to alkylate dimethyl methylmalonate to produce
seleno-malonate 3 in 57% isolated yield. Malonate 3 was then subjected to an enzymatic
hydrolysis utilizing pig liver esterase (PLE) producing 4, similar to our previous work. [34,
35, 37] Based on NMR after treatment with (S)-a-methylbenzylamine, PLE hydrolysis gave
an 88% enantiomeric excess of the R-enantiomer by analysis of the now formed
diastereomeric salts (see Figure S11 of the Supporting Information). The optical rotation and
NMR data is consistent to the A-enantiomer when compared to the equivalent (~)-
(aMe)Cys analogues. [35, 37, 38]

With the chirality of the molecule set, the amine was then installed. By using
diphenylphosphoryl azide (DPPA) to convert 4 to an acyl azide, a Curtius rearrangement was
used to prepare an isocyanate intermediate, which was used to generate carbamate 5
(Scheme 2).

The transformation of 4 to a carbamate proved problematic due to the steric hindrance of the
adjacent a-carbon as well as the bulkiness of the alcohols used. Copper (1) chloride, [39]
titanium (V) isopropoxide, and titanium (V) tertbutoxide, [40] were tested as Lewis acids
to assist in the conversion to the Fmoc protected amine, however titanium (1V) fert-butoxide
was found to give the best yield. From 5, hydrolysis of the methyl ester yielded 6 which was
used in synthesis of the target peptides.

Starting from the common synthetic intermediate 4, a divergent synthesis can be applied to
access the S-enantiomer (Scheme 3) of the (aMe)Cys analogue. [37] To synthesize the S
enantiomer, the carboxylic acid of 4 was converted to a tert-butyl ester followed by the
saponification of the methyl ester yielding 8. The carboxylic acid 8 is converted to an acyl
azide, followed by a Curtius rearrangement to produce the isocyanate, which is then reacted
with 9-fluorenemethanol to yield 9. The zertbutyl ester was then hydrolyzed with TFA to
yield 10.
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With 6 in hand, we synthesized the peptide 11 of sequence: H-(aMe)Sec-Gly-Thr-Thr-Val-
Arg-Asp-Tyr-Thr-GIn-OH, and the control peptide 12 of sequence: H-Sec-Gly-Thr-Thr-Val-
Arg-Asp-Tyr-Thr-GIn-OH using standard solid phase Fmoc-based protocols. [41] Both
peptides 11 and 12 correspond to amino acids 49-58 of the human GPX active site. For the
control peptide, Fmoc-Sec(Mob)-OH was synthesized as reported previously. [42]

Sec and (aMe)Sec residues were coupled using HATU and DIC in DMF. [43] During
cleavage of both peptides from the 2-cholortrityl resin, DTNP was included in the cleavage
cocktail (TFA/TIS/H,0) to remove the Mob protecting groups, [44] and this deprotection
afforded a mixture of three different forms of the peptide: (i) peptide diselenide, (ii) peptide
selenol, and (iii) Sec(5-Npys) or (aMe)Sec(5-Npys) protected peptide. This crude peptide
mixture containing these three redox states of the peptide were used without further
purification for the enzyme assay. The HPLC chromatograms of each unpurified peptide is
shown in Figure S36 of the Supporting Information.

A coupled glutathione reductase (GR) assay was used to test the abilities of the peptides to
function as GPX mimics. [45] Both peptides 11 and 12 were able to reduce H,0,
significantly higher than the background rate. The rate for the (aMe)Sec-containing peptide
(11) with 200 pM H,0, was 23.50 £ 1.88 uM/min, while the rate for the Sec-containing
peptide (12) was 17.96 = 0.37 uM/min based on the slopes of the plot of Agyg vs. time
shown in Figure 3A. These values compare favorably to that of ebselen in our hands (38.84
+ 1.80 uM/min, data not shown). While the (aMe)Sec-containing peptide had only a slight
kinetic advantage, a much larger difference in stabilities of the two peptides was observed as
shown in Figure 3B, which shows the activity remaining after incubation in oxygenated KP
buffer, pH 8.0, as a function of time.

The loss in activity of the Sec-containing peptide in oxygenated buffer quantified in Figure
3B is most likely due to oxidation of the Sec residue followed by deselenization, which can
occur by various mechanisms including B-syn elimination. Deselenization results in the
appearance of a red precipitate due to the insolubility of elemental red selenium. Visual
evidence for this phenomenon can be seen in Figure 4, which shows a comparison of
deselenization of peptides 11 and 12. As can be seen, a red precipitate clearly forms after 96
hours in the tube with the Sec-containing peptide (12), but not in the (aMe)Sec-containing
peptide (11). As is evident in Figure 4, no color change was observed in the reaction
containing peptide 11 even after 96 hours of incubation. Fitting with these observations, the
(aMe)Sec-containing peptide 11 maintained greater than 65% activity (Figure 3B).

The (aMe)Sec-containing peptide cannot lose selenium through an oxidation/B-syn
elimination pathway and thus this cannot be the reason for the modest loss in activity after
96 h in oxygenated buffer. Some possible explanations for the observed decrease in activity
of peptide 11 are photo-degradation of the peptide due to the presence of selenium or
oxidation of other amino acids.

To further investigate deselenization of peptides 11 and 12, we submitted them for MS
analyses at the initial time point and after 96 hours of incubation in oxygenated buffer. The
results of these analyses are shown in Figure 5. Initially both peptides exist as a mixture of
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three species: selenol (species A), diselenide (species B), and Sec(5-Npys) adduct (species
C). The MS analysis of 12 provides clear evidence that B-syn elimination occurred upon 96
h of incubation in oxygenated buffer due to the presence of the dehydroalanine-containing
peptide present in Figure 5D (species D). In contrast, the dehydroalanine species is absent
from peptide 11 after incubation for the same time period (Figure 5B). In addition, the MS
data in Figure 5D show that deselenization occurred by other mechanisms as evidenced by
the presence of a truncated peptide (species E) and a peptide in which the Sec residue was
converted into alanine via a radical mechanism (species F).[46] Species D-F are absent in
the mass spectrogram of peptide 11 after incubation for the same time period as is evidenced
by a much less complex mass spectrogram (compare Figures 5B and 5D).

While the mechanism of B-syn elimination of a seleninate and selenoxides are well
understood, [2, 28, 47] we are unaware of any report where oxidation of a Sec-containing
peptide results in cleavage of the peptide backbone. The cleavage product in which the Sec
residue eliminated from peptide 12 completely (species E) is the most intense peak in the
mass spectrogram visible in Figure 5D. This truncation is possible through a mechanism in
which the seleninate oxygen attacks the carbonyl carbon of the peptide backbone, resulting
in a 5-membered, cyclic seleninate ester. Deselenization of Sec to alanine (species F) has
previously been reported and experimental evidence supported a radical deselenization
mechanism. [46] Proposed mechanisms to explain the formation of species D-F from
peptide 12 are shown in Figure 6.

As far as we are aware, the cleavage of the peptide backbone by a seleninate has not been
reported in the literature and potentially represents a mechanism by which Sec-containing
enzymes can be inactivated. The cleavage reaction is undoubtedly accelerated at basic pH as
done here, and highlights the fact that Sec-containing enzymes may be better suited to work
at acidic pH. [48] We do note however, that Adams and Macmillan report a related
phenomenon whereby a side chain selenolate attacks the backbone carbonyl to form a
selenoester, which can then be used for native chemical ligation. [49]

We believe a likely explanation for the absence of truncated product in peptide 11 is due to
steric hindrance caused by the methyl group on the a-carbon. It is well known that the ¢ and
 angles of a-methyl amino acids are restricted in comparison to amino acids lacking the
methyl group at Ca.. [50] The resulting rigidity introduced by the methyl group on Ca. most
likely prevents nucleophilic attack, explaining the absence of species E in peptide 11 upon
prolonged incubation in oxygenated buffer.

An additional mechanism in which the Sec-containing peptide can be oxidized in buffer at
basic pH is shown in Scheme 4. [51] Initially a significant fraction of both peptides are
oxidized to the diselenide form. At basic pH, the diselenide can be oxidized to a
selenoseleninate. The selenoseleninate can then undergo hydrolysis to yield the seleninate
and a selenol. The selenol can reoxidize back to the diselenide to start the cycle over, or be
converted to an alanine-containing peptide via a radical mechanism (species F). [46] The
seleninate can breakdown via B-syn elimination or truncation to yield species D and E.
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In principle, the diselenide of the (aMe)Sec-containing peptide can undergo the same cycle
of oxidation shown in Scheme 4 to yield the seleninate. However, the MS data in Figure 5B
does not show evidence of the seleninate form being present. Either our analysis has not
detected this intermediate form, or the diselenide of the (aMe)Sec-containing peptide is
resistant to oxidation. Of course the seleninate form of the (aMe)Sec-containing peptide
cannot undergo -syn elimination or truncation due to the presence of the methyl group on
Ca as discussed earlier. The selenol form of the (aMe)Sec-containing peptide could also be
converted into a-methyl-alanine-containing peptide by a radical mechanism, but we also do
not find evidence of this in our MS analysis.

CONCLUSIONS

In conclusion, we have synthesized (aM)Sec utilizing a common intermediate that can
selectively access either enantiomer. The /R-enantiomer of (aMe)Sec was incorporated into a
10-mer peptide corresponding to a fragment of GPX containing the catalytic Sec residue.
This peptide demonstrated peroxidase activity that was 60% of that of ebselen, a known
small molecule GPX mimic. Replacement of Sec with (aMe)Sec confers superior stability
to the peptide as the oxidized form of (aMe)Sec cannot undergo B-syn elimination or
cleavage of the backbone. This amino acid will undoubtedly find many chemical and
biotechnological applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

Az40
absorbance at 340 nm

(aMe)Cys
alpha-methyl cysteine
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(aMe)Sec(5-Npys)
a-methyl Se-(2-thio(5-nitropyridyl))-L-selenocysteine

(aMe)Sec
alpha-methyl selenocysteine

Argor R
arginine

AsporD
aspartic acid

Ca
amino acid alpha carbon

CDCl3
deuterated chloroform

Cys
cysteine

DCE
dichloroethane

DCM
dichloromethane

DHA
dehydroalanine

DIC
N, N-diisopropylcarbodiimide

DMF
N, N-dimethyl formamide

DPPA
diphenylphosphoryl azide

DTNP
2,2’-dithiobis(5-nitropyridine)

ebselen
2-phenyl-1,2-benzisoselenazol-3(2H)-one

EDTA
ethylenediaminetetraacetic acid

ESI
electrospray ionization
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Fmoc
fluorenylmethyloxycarbonyl

Fmoc-(aMe)Sec(Bub)-OH
N-Fmoc- S (fert-butyl)-L-selenocysteine

Fmoc-Sec(Mob)-OH
N-Fmoc- S-(4-methoxybenzyl)-L-selenocysteine

FT-IR
Fourier-transform infrared spectroscopy

GlnorQ
glutamine

GlyorG
glycine

GPX
vertebrate glutathione peroxidase

GR
glutathione reductase

GSH
glutathione

GSSG
glutathione disulfide

HATU
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5- f]pyridinium 3-oxid
hexafluorophosphate

HOAt
1-hydroxy-7-azabenzotriazole

HRMS
high resolution MS

HCI
hydrochloric acid

H20,
hydrogen peroxide

hv
light

IR
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infrared spectroscopy

KP
potassium phosphate buffer

LiOH
lithium hydroxide

MgSOq4
magnesium sulfate

Mob
4-methoxybenzyl

MS
mass spectrometry

N2
nitrogen

NADPH
B-nicotinamide adenine dinucleotide phosphate-reduced

NaH
sodium hydride

NaHCO;
sodium bicarbonate

NaOH
sodium hydroxide

H,SO4
sulfuric acid

NH,CI
ammonium chloride

NMM
N-methyl morpholine

NMR
nuclear magnetic resonance

PLE
pig liver esterase

Red-Al
bis(2-(methoxyethoxy)aluminum hydride
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rt
room temperature

S
sulfur

Se
selenium

Secor U
selenocysteine

Sec(5-Npys)

Se-(2-thio(5-nitropyridyl))-L-selenocysteine

Sec-SeO2-
seleninic acid

SeO,
selenium dioxide

SPPS
solid-phase peptide synthesis

t-BuOH
tert-butyl alcohol

TEA
triethylamine

TFA
trifluoroacetic acid

THF
tetrahydrofuran

ThrorT
threonine

TIS
triisopropylsilane

TyrorY
tyrosine

UV-Vis
ultraviolet-visible

Val or V
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valine
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Figure 1:
Catalytic cycle of GPX. The selenol of Sec first reduces oxidants resulting in a selenenic

acid intermediate, which is then reduced by one equivalent of GSH forming the GPX-Sec-
glutathione adduct. A second equivalent of GSH regenerates the enzyme by restoring the
reduced selenol, forming oxidized glutathione (GSSG) as a byproduct. GSSG is then
reduced by glutathione reductase (GR) in the presence of NADPH.
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Figure 2: Avoidance of B-syn elimination in (aMe)Sec.
Sec and Sec-containing peptides can undergo deselenization due to oxidation of the selenol

followed by rapid B-syn elimination. The (aMe)Sec analog avoids this complication as it
lacks hydrogen on Ca.
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Figure 3: GPX-like activity and stability of Sec- and (aMe)Sec-containing peptides.
(A) GPX-like activity of peptides 11 (blue) and 12 (red) assayed with H,O,. GSSG is

formed as a by-product of the peptide catalytic cycle (Figure 1). GR reduces GSSG back to
GSH using NADPH, and the consumption of NADPH can be measured via absorbance at
340 nm. (B) Percent activity remaining after incubation of 11 and 12 in 50 mM potassium

phosphate buffer, pH 8.0, after 24 h and 96 h.
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Initial
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24 h

Figure 4. B-syn elimination in a Sec-containing peptide exposed to oxygenated buffer, pH 8.0:
Peptides 11 and 12 (1 mM) were incubated in KP buffer, pH 8.0, for the indicated times

above. After 96 hours p-syn elimination is clearly visible in peptide 12 (tube at right in each
photo).
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Figure 5: Mass spectrograms of peptides 11 and 12 after 96 h of incubation in oxygenated buffer.
The arrow points to the observed m/z, given in the plot. The (aMe)Sec-containing-peptide

(11) at time zero (A) and after 96 h incubation in KP buffer, pH 8.0 (B). For (aMe)Sec-
peptides; species A is the peptide in selenol form (theoretical m/z = 1204.46), species A-
NHs is the ammonium adduct of A (theoretical m/z = 1220.46), species B is the peptide
diselenide (theoretical m/z = 2406.91), and species C is the 5-Npys adduct (theoretical m/z =
1359.45). The Sec-containing-peptide (12) at time zero (C) and after 96 h incubation in KP
buffer, pH 8.0 (D). For Sec-peptides; species A is the peptide in selenol form (theoretical
m/z = 1190.45), species A-NHj is the ammonium adduct of A (theoretical m/z = 1207.45),
species B is the peptide diselenide (theoretical m/z = 2377.88), species C is the 5-Npys
adduct (theoretical m/z = 1344.43), species D is dehydroalanine in place of Sec (theoretical
m/z = 1108.51), species D-NH3 (theoretical m/z = 1125.52), species E is truncated peptide
where Sec is missing (theoretical m/z = 1040.49), species E-potassium adduct (theoretical
m/z = 1080.49), and species F is alanine in place of Sec (theoretical m/z = 1111.53).
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Figure 6: Potential chemical mechanisms of deselenization of peptide 12.
The selenol in the sample can undergo oxidation to form the seleninate, which then

undergoes rapid p-syn elimination to produce the dehydroalanine-containing peptide
(species D). The truncated peptide (species E) is potentially explained by attack of the
nucleophilic seleninate oxygen onto the carbonyl of the amide backbone, resulting in a
cyclic seleninate ester and elimination of the Sec residue (lower pathway). Species F can be
produced through a radical mechanism. Initiation of the radical could be photo-induced or
alternatively, the selenolate can react with molecular oxygen to produce the selanyl radical
and superoxide. The selanyl radical could recombine with molecular oxygen resulting in a
seleninyl radical that can break down into selenium dioxide (SeO,) and an alanine-
containing peptide.
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Scheme 1: Synthesis pathway of compound 4.
Reagents and conditions: (a) Red-Al, DCM, rt; (b) dimethyl methylmalonate, NaH, THF,

reflux; (c) PLE, 7.4 pH phosphate buffer, rt.
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Scheme 2: Synthesis of compound 6.
Reagents and conditions: (a) (i) DPPA, TEA, DCE, reflux; (ii) 9-fluorenemethanol, titanium

(1V) tert-butoxide, benzene, rt; (b) HCI, 1,4-dioxane, reflux.
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Scheme 3: Utilizing a divergent synthesis to form the opposite enantiomer of 6.

Reagents and conditions: (a) HpSOy4, #BuOH, DCM, rt; (b) LiOH, THF, Hy0, rt; (c) (i)
DPPA, TEA, DCE, reflux; (ii) 9-fluorenemethanol, titanium (V) fer-butoxide, benzene, rt;
(b) TFA, DCM, 0 °C.
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Scheme 4: Oxidation of the diselenide forms of peptides 11 and 12.
See the text for a description of the pathways.
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