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Selenium is an essential micronutrient in humans due to the important roles of the selenocysteine-
containing selenoproteins. Organoselenium metabolites are generally found to be substrates for the
biochemical pathways of their sulfur analogs, and the redox chemistry of selenomethionine and some
other metabolites have been previously reported. We now report the first synthesis and characterization
of Se-adenosylselenohomocysteine selenoxide (SeAHO) prepared via hydrogen peroxide oxidation of
Se-adenosylselenohomocysteine. The selenoxide SeAHO, in contrast to its corresponding sulfoxide S-
adenosylhomocysteine (SAHO), can form hydrate, has an electrostatic interaction between the α-amino
acid moiety and the highly polar selenoxide functional group, and readily oxidizes glutathione (GSH) and
cysteine thiols.

Keywords: organoselenium; Se-adenosylselenohomocysteine selenoxide; Se-adenosylselenohomocysteine;
selenomethionine; oxidation

1. Introduction

Selenium is an essential micronutrient for all animals and many other living organisms.[1–10]
However, a high level of selenium is toxic, thus, selenium metabolites should be maintained
within a fairly narrow concentration range of adequacy for the biosynthesis of the over 25
human selenoproteins to balance deficiency and toxicity.[5,11] Organoselenium metabolites are
only present in trace amounts,[6,12] relative to the well-known sulfur analogs that include the
amino acids l-methionine (4, X = S) and l-cysteine (8, X = S),[13] the biological methyl donor
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Scheme 1. α-Amino acids l-methionine (4, X = S) and l-selenomethionine (4, X = Se), the corresponding oxi-
dation products sulfoxide 7 (X = S) and selenoxide 7 (X = Se), and the corresponding methylation substrates
S-adenosylmethionine (1, X = S; AdoMet; SAM) and Se-adenosylselenomethionine (1, X = Se) are shown. The
byproducts of biological methylations, S-adenosylhomocysteine (2, X = S; SAH) and Se-adenosylselenohomocysteine
(2, X = Se; SeAH), can undergo oxidation to the corresponding sulfoxide 3 (X = S; SAHO) and selenoxide 3 (X = Se;
SeAHO), or well understood further metabolism via homocysteine (5, X = S) and selenohomocysteine (5, X = Se),
respectively.

S-adenosyl-l-methionine (1, X = S; AdoMet or SAM),[14–17] and the byproduct of methyla-
tion S-adenosyl-l-homocysteine (2, X = S; AdoHcy or SAH) [17–19] (Scheme 1). Oxidations
of S-adenosylhomocysteine (2, X = S; SAH) are reported to give the sulfoxide SAHO 3 (X = S)
[18,20–23] and the corresponding sulfone.[22–24] These have not been detected as metabolites
in vivo, but as close structural analogs of AdoMet 1 (X = S), these analogs are methyltrans-
ferase enzyme inhibitors in vitro. As examples, sulfoxide SAHO 3 (X = S) is an inhibitor of
catechol-O-methyltransferase,[22,25] phenylethanolamine N-methyltransferase,[22] histamine
N-methyltransferase,[22] protein methyltransferase II,[26] viral mRNA methyltransferases,[27]
and Escherichia coli cyclopropane fatty acid synthase.[23]

The redox biochemistry of methionine (4, X = S) is well understood.[28–30] The selenium
analog of methionine (4, X = Se) is also easily oxidized with biological oxidants such as
hydrogen peroxide to give a mixture of selenoxide 7 (X = Se) and hydrate in the neutral pH
range.[28,31,32] NMR data are pH dependent, and only single compounds are seen at low pH
[28,33] and at high pH.[28,32] These data are consistent with studies of other selenoxides.[34,35]
Selenomethionine selenoxide (7, X = Se) is homogeneous by HPLC and stable at ambient
temperature.[36,37] Homocysteine (5, X = S),[38] selenohomocysteine (5, X = Se),[39,40]
cysteine (8, X = S),[30,41–44] and selenocysteine (8, X = Se) [30,45] also undergo oxidations.

We have previously reported our studies of sulfur [46–51] and selenium chemistry,[39,52]
and our work with methyltransferases.[53–56] Interestingly, very little is known about
the biochemical activity and redox chemistry [57] of Se-adenosylselenohomocysteine (2,
X = Se; SeAH),[8,9,58–60] which is structurally related to its methyl analog selenomethion-
ine (4, X = Se) [6,12,28,31,32] and to its corresponding sulfur analog S-adenosylhomocysteine
(2, X = S; SAH).[17,18] Thus, we now detail the synthesis and characterization of both the
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Scheme 2. Synthesis of Se-adenosylselenohomocysteine selenoxide (3, X = Se; SeAHO).

organoselenide 2 (X = Se; SeAH) and its oxidation product Se-adenosylselenohomocysteine
selenoxide (3, X = Se; SeAHO).

2. Results and discussion

The previously unreported selenoxide SeAHO 3 (X = Se) was prepared in 21% overall yield
(Scheme 2). Adenosine (6) was first converted to 5′-chloro-5′-deoxyadenosine (9, 5′-Cl-5′-dA)
by the reported method [61] in 88% yield. Reaction of 5′-Cl-5′-dA 9 with l-selenohomocysteine
(5, X = Se), prepared by our previously reported method,[39,59] gave SeAH 2 (X = Se)
that was isolated in 24% yield after two recrystallizations. Partial protonation or a confor-
mational difference in the adenosine moiety may account for the two sets of aromatic and
glycosidic protons seen in pH 3 D2O phosphate buffer that was not seen in deuterated acetic
acid solution by proton NMR. The oxidations of both this selenium analog SeAH 2 (X = Se)
and the commercially available sulfur analog SAH 2 (X = S) were studied under the same
conditions.

For the sulfur analog, hydrogen peroxide oxidation of SAH 2 (X = S) in acetic acid solution
according to a literature report [23] gave nearly equal ratios of the R and S isomers at the newly
chiral sulfur center for the product SAHO 3 (X = S). These two diastereomers had distinctly
different resonances in the proton NMR for the diastereotopic α, γ, 2′, 3′, 4′, 5′, and for one
aromatic resonance (Table 1). The diastereomeric (at sulfur) mix of sulfoxides SAHO 3 (X = S)
had 975 and 998 cm−1 bands in the IR that are characteristic of sulfoxide stretching.[20,21] For
example, our IR of dimethylsulfoxide (data not shown) showed strong absorptions at 1018 and
1042 cm−1.

The corresponding hydrogen peroxide oxidation of the selenium analog SeAH 2 (X = Se) to
SeAHO 3 (X = Se) was first performed in acetic acid solution. Vacuum transfer of an acetic
acid solution gave a solid sample of SeAHO 3 (X = Se) that was characterized by melting point
and IR. Some carbonyl stretch was observed at 1777 cm−1 in the IR spectrum, characteristic of
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Table 1. 1H Chemical shifts of SAH 2 (X = S), SeAH 2 (X = Se), and SAHO 3 (X = S) in CD3CO2D; and, of
SeAHO 3 (X = Se) in 97:3 CD3CO2D/30% aqueous H2O2.

Proton assign. SAH 2 (X = S) SAHO 3 (X = S) (1:1 mix) SeAH 2 (X = Se) SeAHO 3 (X = Se)

α 4.18 4.15, 4.17 4.16 4.58–4.67
βa 2.27–2.34 2.49–2.58 2.32–2.39 2.74–2.83
βb 2.16–2.23 2.44–2.53 2.22–2.30 2.60–2.69
γa 2.76–2.85 3.28–3.37, 3.28–3.37 2.74–2.84 3.84–3.95
γb 2.76–2.85 3.19–3.25, 3.28–3.37 2.74–2.84 3.84–3.95
1′ 6.16 6.19 6.16 6.20
2′ 4.84 4.88, 4.93 4.86 4.94
3′ 4.51 4.64, 4.67 4.49 4.72
4′ 4.35 4.57–4.62, 4.60–4.65 4.38 4.58–4.67
5a′ 3.05 3.54, 3.61 3.05 3.84–3.95
5b′ 3.00 3.54, 3.55 3.03 3.65
Ar 8.43 8.42 8.44 8.45
Ar 8.48 8.43, 8.46 8.50 8.48

α-amino carboxylic acids at low pH.[62] The selenoxide SeAHO 3 (X = Se) also showed char-
acteristic Se=O stretching bands [63] in the IR at 847 and 878 cm−1. The 1H NMR of selenoxide
SeAHO 3 (X = Se) in acetic acid-d4/H2O/H2O2 600:9:1, an organic acidic environment near
the pKa’s of the carboxylic acid group and the adenine residue, was clean and assignable for the
selenoxide SeAHO 3 (X = Se). The selenoxide SeAHO 3 (X = Se) has a distinctly different
conformation than the corresponding sulfoxide SAHO 3 (X = S) as evidenced by the dramatic
downfield shift of the α-proton in the NMR (Table 1). The hydrolysis of the C1′-adenine bond
of SeAHO 3 (X = Se) in the acetic acid/water was followed over several hours by 1H NMR
(Supplementary data, Figure S13, http://dx.doi.org/10.1080/17415993.2014.979173).

Characterization of selenoxide SeAHO 3 (X = Se) in an aqueous environment was of greater
biological significance. The selenoxide SeAHO 3 (X = Se) was completely stable to hydroly-
sis of the C1′-adenine bond in phosphate buffered aqueous solutions for at least 3 h at ambient
temperature over the wide pH range of 3–12 as no elimination or other degradation products
were seen by HPLC or proton NMR. The SeAHO 3 (X = Se) prepared in phosphate buffers at
pHs 3, 7 and 12 each gave homogeneous chromatograms by reversed-phase HPLC (see Sup-
plementary data, Figure S2, http://dx.doi.org/10.1080/17415993.2014.979173), although some
decomposition was observed by HPLC after 2 weeks or when prepared in pure deionized water.

The selenoxide SeAHO 3 (X = Se) was readily reduced back to selenide SeAH 2 (X = Se) at
ambient temperature by glutathione (GSH) (Figure 1) as observed by C18 HPLC (150 × 4.6 mm,
260 nm, 0.1% formic acid, 2:98 acetonitrile/water, 1 mL min−1). The selenoxide SeAHO 3
(X = Se) was also reduced by cysteine (8, X = S), but not by thioethers methionine (4, X = S)
or SAH 2 (X = S) (Supplementary data, Figure S6, http://dx.doi.org/10.1080/17415993.2014.
979173). The sulfoxide SAHO 3 (X = S) analog was not reduced under these biological con-
ditions with glutathione (GSH) or cysteine (8, X = S). The reduction of sulfoxides generally
requires more forcing conditions.[64,65]

The selenoxide SeAHO 3 (X = Se) generally appeared to be a 60:40 mixture by 1H NMR
in 50 mM phosphate buffers of D2O at measured pH’s of 3 and 7. High resolution NMR at pH
7 showed that 40% of the material had the α-proton shifted downfield, and that the selenoxide
SeAHO 3 (X = Se) was also a 50:50 mixture, likely to be a mix of selenoxide and hydrate, analo-
gous to the reported data for selenomethionine selenoxide (7, X = Se).[28,31,32] The selenoxide
SeAHO 3 (X = Se) was presumably mostly hydrate at pH 3 and mostly in the selenoxide form
at pH 12 where only a very small amount of decomposition was observed.

The coordination of the α-amino acid moieties with the selenoxide functional group of the Se-
methyl analog, selenomethionine selenoxide (7, X = Se), in aqueous solutions have already been
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Figure 1. HPLC analysis of the reduction of SeAHO 3 (X = Se, retention time 6.2 min) to SeAH 2 (X = Se, retention
time 2.3 min) by glutathione (GSH). (a) SeAH 2 (X = Se), 13.4 mM in 50 mM K3PO4 (pH 12). (b) SeAHO 3 (X = Se)
from oxidation with 360 mol% H2O2 for 10 min, followed by treatment with bovine catalase (EC 1.11.1.6) at ambient
temperature (pH 8) to decompose the excess H2O2, and ultrafiltration through a 30 kDa membrane to remove the catalase.
(c) SeAH 2 (X = Se) from reduction of the above sample by treatment with 150 mol% of glutathione (GSH) for 5 min.

proposed at acidic,[32] neutral,[31,32] and basic [28,32] pHs. The protonation, hydration, and
racemization of the selenoxide functional group at low pH is also well known.[34,35] These data
correlate well with our NMR data for Se-adenosylselenohomocysteine selenoxide (3, X = Se;
SeAHO) in the acidic organic (acetic acid-d4) and in the phosphate buffered aqueous environ-
ments at pHs 3, 7, and 12. The characteristic coordination of the selenoxide 3 (X = Se; SeAHO)
can be intermolecular or intramolecular (as shown in Figure 2). The interaction of the α-amino
acid moiety of SeAHO 3 (X = Se) with the selenoxide/hydrate group results in deshielding of
the α-proton completely in acetic acid-d4 and to the extent of about 40% in acidic and neutral
buffered aqueous solutions.

The mass spectra of selenoxide SeAHO 3 (X = Se) were obtained by liquid chromatography-
mass spectrometry, both time of flight (LC-MS-ToF) and quadrupole ion trap (LCQ-MS), in an
acidic environment (acetonitrile/water/0.1% formic acid), as well as by matrix-assisted laser des-
orption ionization mass spectrometry (MALDI) (matrix of α-cyano-4-hydroxycinnamic acid and
trifluoroacetic acid). The molecular ion of the selenoxide SeAHO 3 (X = Se) m/z 449 (M + H)+

was observed by the LCQ-MS and MALDI techniques, and hydrated [–Se+(OH)–][−OH] and/or
dihydroxyseleno –Se(OH)2– ion with an m/z 467 (M + H2O + H)+ was also seen by the softer
MALDI ionization technique. The MS-MS fragmentations of the m/z 449 and 467 ions were
distinct from the fragmentation of the base peak m/z 431 seen by the LC-MS-ToF, LCQ-MS, and
MALDI techniques. Under the various ionization conditions, cyclic analogs and/or eliminations
to give [–Se+=] species can account for the m/z 431. MALDI MS-MS of the m/z 431 ion gives
the m/z 250 ion (5′-adenosyl cation) resulting from cleavage of the selenium-C5′ bond and also
m/z 136 (adenine + H)+ ion.
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Figure 2. Hydration and racemization of SeAHO 3 (X = Se). The selenoxide 3 (SeAHO) must have intermolecular
or intramolecular (as shown) coordination of the acidic protons of the ammonium (as shown) or carboxylic acid groups
with the selenoxide oxygen, and can exist in a selenoxide R1R2Se=O (3a) or hydrate R1R2Se(OH)2 (3f) form in acidic
or neutral aqueous solutions. A very homogeneous form (3c) was observed in acetic acid-d4 solution.

3. Conclusions

Se-Adenosylselenohomocysteine selenoxide (3, X = Se; SeAHO) was synthesized from adeno-
sine (6) by a method that did not require any extractions or column chromatography. Selenoxide
SeAHO 3 (X = Se) was stable in buffered aqueous environments with no evidence of glycosidic
hydrolysis or electrocyclic eliminations over a wide (3–12) pH range at ambient temperature.
This selenoxide 3 (X = Se; SeAHO) has not yet been characterized from biological sam-
ples, perhaps due to low abundance in cellular reducing environments and a weak molecular
ion in the MS. Selenoxide SeAHO 3 (X = Se) is quite distinct from its sulfoxide 3 (X = S;
SAHO) analog. Selenoxide SeAHO 3 (X = Se) is readily reduced by biological reductants
glutathione (GSH) and cysteine (8, X = S) thiols, it undergoes hydration at the larger more
polarizable selenium, and is racemized at the selenium center at low pH. The greater con-
formational flexibility of the selenoxide analog 3 (X = Se; SeAHO) was seen in the proton
NMR chemical shift of the α-proton, likely due to electrostatic interactions of the amino acid
moieties with the selenoxide functional group. Due to the close structural similarity to the sul-
foxide 3 (X = S; SAHO) analog, the selenoxide SeAHO (3, X = Se) should also be an inhibitor
and/or activator for S-adenosylmethionine-dependent methyltransferases, other enzymes, and
proteins.[66]

4. Experimental

4.1. General data

TLC was carried out on plastic-backed silica gel 60, PE SIL G Whatman Plates, UV254. HPLC
used an Agilent/Hewlett Packard Series 1100. NMR spectra were recorded on a Bruker 700 MHz
spectrometer. IR spectra were recorded on a Bruker Alpha-P FT IR with OPUS software. Mass
spectrometry instrumentation used included: (1) LC-MS-ToF Waters LCT Premier ToF MS; (2)
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LCQ-MS: Finnigan LCQ ESI ion trap MS; (3) MALDI-MS: AB SCIEX 5800 TOF/TOF; and
(4) High-resolution mass spectrometry (HRMS): Waters Q-TOF Ultima ESI.

4.2. Syntheses

4.2.1. Synthesis of Se-adenosyl-l-selenohomocysteine (2, X = Se; SeAH; CAS 4053-91-2)
[8,9,58–60]

Se-Adenosyl-l-selenohomocysteine (2, X = Se; SeAH) was prepared by a variation of the
previous literature via l-selenohomocysteine (5, X = Se, CAS 29475-60-3).[59,67] Ammonia
(30 mL) was added by condensation using a dry ice condenser from a cylinder of anhy-
drous ammonia to a round bottom flask that was prepared with an inert atmosphere and
l-selenomethionine (4, X = Se, Chem-Impex Int’l, CAS 3211-76-5) (700 mg, 3.57 mmol) in a
− 80°C dry ice/acetone bath. This reaction was stirred magnetically and small pieces of sodium
metal were added until the reaction remained blue (260 mg, 11.3 mmol). The reaction was stirred
in darkness for an additional 1 h, and then ammonium chloride (590 mg, 11.0 mmol) was added
slowly to neutralize any sodium amide present. The reaction was then removed from the dry
ice/acetone bath and nitrogen was blown over the stirred mixture to remove solvent. The residue
dried under vacuum to give l-selenohomocysteine (5, X = Se) [39,59,60] as a white solid that
was dissolved in water (4 mL). To this solution was added 5′-chloro-5′-deoxyadenosine [61,68]
(9, 5′-Cl-5′-dA, CAS 892-48-8, 926 mg, 3.25 mmol). To this mixture was then added 2.5 mL of
a 10% aqueous sodium hydroxide solution and an additional 5 mL of water. This reaction mix-
ture was stirred magnetically for 1.5 h at 80°C. The solution remained cloudy for 15 min before
becoming homogeneous. Acetic acid ( ∼ 1.25 mL) was then added dropwise until the solution pH
was between 5 and 6. Solvent was removed under vacuum to give a yellowish white solid. This
solid was dissolved in an ethanol/toluene solution, the solvents removed by rotary evaporation,
and the residue dried under vacuum to remove all moisture. Two hot filtration/recrystallizations
from methanol gave 330 mg (0.764 mmol, 24% yield) of SeAH 2 (X = Se) as a gray amorphous
solid. Trace amounts of residual methanol were removed by dissolving SeAH 2 (X = Se) at a
concentration of 5 mg/mL in deionized water (pH 6), freezing with dry ice, and lyophylization
to give a white solid. MP 204–205°C. TLC 12:1:3 isopropanol:water:acetic acid: 5′-Cl-5′-dA
9 Rf 0.80, selenomethionine (4, X = Se) Rf 0.73, and SeAH 2 (X = Se) Rf 0.44. TLC 12:5:3
isopropanol:water:acetic acid: SeAH 2 (X = Se) (Rf 0.72). Diode array detector (DAD) UV
spectrum λmax of 258 nm. 1H NMR (700 MHz, CD3CO2D) δ 2.22–2.30 (m, 1 H, βb), 2.32–2.39
(m, 1 H, βa), 2.74–2.84 (m, 2 H, γ), 3.03 (dd, J = 13.2, 6.2 Hz, 1 H, 5b′), 3.05 (dd, J = 13.2,
5.7 Hz, 1 H, 5a′), 4.16 (m, 1 H, α), 4.38 (ddd, J = 4.3, 5.7, 6.2 Hz, 1 H, 4′), 4.49 (dd, J = 4.3,
5.4 Hz, 1 H, 3′), 4.86 (dd, J = 4.4, 5.4 Hz, 1 H, 2′), 6.16 (d, J = 4.4 Hz, 1 H, 1′), 8.44 (s, 1
H), 8.50 (s, 1 H, Ar). IR: 1670 (sh), 1638, 1598, 1577 cm−1. LC-MS-ToF (M + H)+ calc’d
for C14H21N6O5Se m/z 433.07 (Lit. [2,69]), observed 433.01, 297.96 (loss of adenine), 181.90
(loss of adenosine), 136.00 (adenine cation). LCQ MS m/z 433.0. LCQ MS-MS of 433.0: m/z
298.07 (loss of adenine), 182.27 (loss of adenosine), 136.25 (adenine cation). MALDI MS 433.10
(M + H)+, 250.09 (5′-adenosyl cation).

4.2.2. Synthesis of Se-adenosylselenohomocysteine selenoxide (3, X = Se; SeAHO)

Se-Adenosylselenohomocysteine (2, X = Se; SeAH) (6 mg, 1.4 × 10−5 mol) in a 4 mL vial was
suspended in acetic acid (0.2 mL) and stirred magnetically. Excess 30% hydrogen peroxide
solution (65 µL) was added, the suspended gray solid became soluble giving a homoge-
neous, clear, and colorless solution within 5 min. TLC was used to monitor the reaction and
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showed almost instantaneous complete formation of the oxidation product 3 (X = Se; SeAHO).
After 10 min, the reaction mixture was frozen by shell freezing with dry ice and the solvent
removed by vac transfer into a clean trap over an hour to give a quantitative yield of Se-
adenosylselenohomocysteine selenoxide (3, X = Se; SeAHO) as a gray solid. MP 115–120°C
(dec.). TLC 12:1:3 isopropanol:water:acetic acid: SeAHO 3 (X = Se) (Rf 0.27). TLC 12:5:3 iso-
propanol:water:acetic acid: SeAHO 3 (X = Se) (Rf 0.45). DAD UV spectrum λmax of 254 nm.
1H NMR (700 MHz, 97:3 CD3CO2D/30% aqueous H2O2) δ 2.60–2.69 (m, 1 H, βb), 2.74–2.83
(m, 1 H, βa), 3.65 (br d, J = 12.0 Hz, 1 H, 5b′), 3.84–3.95 (m, 3 H, 5a′, γ), 4.58–4.67 (m, 2 H, 4′,
α), 4.72 (dd, J = 5.9, 4.7 Hz, 1 H, 3′), 4.94 (dd, J = 4.7, 3.8 Hz, 1 H, 2′), 6.20 (d, J = 3.8 Hz, 1
H, 1′), 8.45 (s, 1 H), 8.48 (s, 1 H, Ar). 13C NMR (700 MHz, 97:3 CD3CO2D/30% aqueous H2O2)
δ 32.9 (β), 44.6 (γ), 49.1 (5′), 73.9 (3′), 74.5 (2′), 80.7 (4′, α), 91.0 (1′), 142.7 (Ar), 149 (Ar) (the
carbon assignments of 2′, 3′, 4′, and α from the HSQC are tentative due to hydrolysis of the
C1′-adenine bond during the course of the experiment). IR: 1777, 1688 (sh), 1644, 1598, 1575,
878, and 847 cm−1. LC-MS-ToF (M − OH)+ calc’d for C14H19N6O5Se+ m/z 431.06, observed
431.01, 250.02 (5′-adenosyl cation), 136.0 (adenine cation). LCQ MS m/z 449.0 (M + H)+,
431.0 (M − OH)+. LCQ MS-MS of 449.0: m/z 431.0 (M − 18)+. LCQ MS-MS of 431.0: m/z
250.1 (5′-adenosyl cation), 136.0 (adenine cation). MALDI MS m/z 467.0 (M + H2O + H)+,
449.1 (M + H)+, 431.1 (M − OH)+, 250.1 (5′-adenosyl cation). MALDI MS-MS of 431.1: m/z
250.2 (5′-adenosyl cation), 136.1 (adenine cation). HRMS (ESI+): Calculated for C14H19N6O6Se
M+: 447.0531, found 447.0548. [α]24

D + 140◦ (c, 3.0, 97:3 CH3CO2H/30% aqueous H2O2).
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