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Selenium is predominantly present in biological systems in
the form of the naturally occurring amino acid selenocysteine
(Sec/U), which has been identified in all lineages of life." It
has been established as a biologically essential element for
cellular redox balance, immunocompetence, male fertility,
and prevention of cancer and chronic inflammation.”! Sec is
co-translationally inserted into proteins in response to UGA
codons and, unlike the other 20 amino acids in the genetic
code, Sec is synthesized universally on its own tRNA by using
serine as an intermediate.’! Some selenoproteins, such as
glutathione peroxidase and thioredoxin reductase, have
already been well characterized,””! but the precise function
of many of these proteins remains unknown, leading to a
growing interest in the synthesis and study of selenoproteins.
The persistence of Sec utilization in nature, including the
maintenance of a complex and unorthodox biosynthetic
machinery for Sec incorporation, suggests a selective advant-
age over non-Sec containing proteins. Indeed, it has been
demonstrated that at least for some human selenoenzymes
there is a 100- to 1000-fold decrease in catalytic activity when
the Sec residues are replaced by Cys.[

Despite selenium and sulfur being neighboring chalco-
gens, Sec exhibits distinct chemical properties when com-
pared to cysteine (Cys/C). These include higher nucleophi-
licity, better leaving group character,*! higher susceptibility
to nucleophilic attack,®! and higher acidity.”” Similarly,
diselenide, selenylsulfide, and disulfide bonds have distinct
redox potentials, which allow preferential formation of
diselenide over disulfide bonds.® Central to all these proper-
ties is the acidity of Sec reflected in the pK, value of the
selenol moiety. Currently only the pK, value of the amino acid
selenocysteine has been characterized and reported to be ca.
5.5.527% Experimental observation of Sec-containing pep-
tides and proteins however suggest that the pK, of Sec in
proteins must be substantially lower than that found in free
selenocysteine.®™ ') While a significant amount of work has
been carried out to establish the role of the different redox
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potentials of disulfide, selenylsulfide and diselenide bonds in
peptides and proteins,**#1% the pK, and thus a physiochem-
ical basis for the reactivity of Sec in peptides and proteins
remains elusive.

A particularly powerful method for directly probing the
physical properties of selenium atoms in a peptide is nuclear
magnetic resonance (NMR) spectroscopy.'!! The low natural
abundance (7.6%) of the NMR-active isotope of selenium
("Se) combined with the lack of synthetic access to adequate
amounts of selenopeptides has previously hampered NMR-
based investigations. However, recent studies that provide
means of producing ’Se-enriched Sec building blocks!' as
well as advances in synthetic incorporation of Sec into
peptides and proteins by chemical synthesis and native
chemical ligation has reinvigorated interest in studies of
Sec-containing peptides and proteins using ’Se NMR spec-
troscopy.['’]

Here we use ’Se NMR spectroscopy to determine, for the
first time, the pK, values of two Sec residues incorporated into
a bioactive peptide hormone and neurotransmitter (AVP,
arginine vasopressin), which consists of a N-terminal cyclic 6-
residue ring that is stabilized by an intramolecular diselenide
bond (Figure 1).
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Figure 1. Chemical synthesis (Boc-SPPS), HF cleavage, and oxidation
of selenovasopressin [C1U;C6U]-AVP.

The sensitivity of selenium nuclei to their electronic
environment provides an ideal probe for titration experi-
ments where reduced [C1U;C6U]-AVP (1) can be used to
directly observe the protonation state of each of the two
distinct Sec sites in this molecule. We used homonuclear
NMR methods to assign the hydrogen resonances of 1. These
were then used in 2D heteronuclear NMR experiments,
where the highly variable ”’Se signal, which changed from
approximately —60 to —220 ppm upon deprotonation, could
be correlated to the more stable sidechain (-methylene
proton chemical shifts that only changed by 0.2 ppm during
the titration (Figure 2). This provides a simple and rapid
method for site-specific assignment of ”’Se atoms at varying
pH. This 2D approach further benefits from the higher spin
polarization of protons compared to ”’Se, allowing high
quality spectra to be collected (insert in Figure 2). Further-
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more, the impressive chemical shift range of ”’Se allows NMR
to be used to directly assess the oxidation and protonation
state of selenium atoms. Based on our results and previous
findings it can be summarized that positive chemical shifts,
typically around 300 ppm, correspond to oxidized selenium
atoms in diselenides. In [C1U;C6U]-AVP these were found to
be 250 ppm and 359 ppm for the first and sixth residue,
respectively (Figure S3 in the Supporting Information). We
note that these shifts define the extremes of the "’Se chemical
shift scale of oxidized selenocysteines in peptides reported to
date and are likely to be due to the many charged and
aromatic moieties present in the intervening residues. Chem-
ical shifts around —70 ppm correspond to protonated selenols,
and those around —200 ppm correspond to selenolate atoms,
all consistent with the progressive shielding of the "'Se
nucleus and consistent with previous ”’Se NMR studies on
organic molecules.''*l Remarkably, these values give a total
chemical shift range of nearly 600 ppm for the same atom in
different oxidation states. The large difference between the
protonated and deprotonated forms is particularly important
as it makes the method less sensitive to small spurious
chemical shift variations (e.g., due to temperature, protein
concentration etc.), thus allowing accurate and robust deter-
mination of pK, values. The combination of these advantages
has allowed us to very accurately measure site-specific pK,
values for multiple Sec residues in the same polypeptide by
using "’Se NMR spectroscopy.
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Figure 2. pH dependence of the ’Se chemical shifts of selenols in
reduced selenovasopressin. The insert is a 'H-""Se HMQC spectrum of
reduced selenovasopressin at pH 0.73 showing correlations between
the 3 protons and selenium atoms of the two selenocysteine residues
through /5. scalar couplings.

Interestingly, the two Sec residues in selenovasopressin
were found to have significantly different pK, values
(Figure 2), with the Sec at positions 1 and 6 having pK,
values of 3.3 and 4.3, respectively. Both of these values are
significantly lower than the values reported for free Sec (5.2
5.6) indicating that the complex local electronic environment
in a peptide/protein strongly influences the protonation
mechanism, as had been previously noted for active-site Cys
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residues in thiol-oxidoreductases.'""! Of the two pK, values
reported here, the value for the Sec at position 6 is likely to be
more typical for selenoproteins as Sec residues have yet to be
reported at the termini of naturally occurring peptides and
proteins. The data reported here and that available for
selenocystamine would, however, suggest that the pK, value
for Sec residues in peptides and proteins will be highly
sequence dependent, opening up the intriguing possibility of
predicting and driving chemical reactions such as alkylation
or oxidation at a given site at a specific pH. To demonstrate
this we alkylated 1 at a range of pH values and found that the
N-terminal Sec residue was selectively alkylated at all pH
values lower than 4 with regioselective alkylation at pH less
than 2.5 (no alkylation was observed below pH 1.5). We
observed progressive alkylation of both Sec residues at more
basic pH values with both Sec residues completely alkylated
at pH8 within 20 min (Figure 3 and Figure S2). Thus,
measurement of Sec pK, values will not only improve our
understanding of the chemistry of Sec residues in selenopro-
teins but it will also provide a means for introducing
molecular tags or markers in a site-specific manner.
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Figure 3. Reductive alkylation of selenovasopressin with TCEP and
iodoacetamide. The red line shows the fraction of peptide alkylated
only at UT while the dark green line shows the fraction of peptide in
which both Sec residues were alkylated. Selective alkylation of U1 was
observed below pH 5, whilst at pH 8 complete alkylation of both Sec
residues occurs.

The combination of the low pK, values reported here and
the known high reactivity of the selenolates might also
provide an explanation as to why Sec incorporation does not
follow the classic biochemical pathway of the other 20 natural
amino acids. Nature elegantly deals with this reactive species
by keeping the selenolate activated by hydrogen bonding to
proximal functional groups which constitute catalytic triads,
as observed in the crystal structure of the selenoenzymes
glutathione peroxidase (hydrogen bonding with the imino
group of a Trp residue and the amido group of a GlIn
residue)™™ and selenosubtilisin (hydrogen bonding with Asn
and His).["

Finally, we note that the low natural abundance of "’Se
(7.58 %) could in some cases lead to detection problems using
this method. In such cases these limitations can be overcome
by incorporation of "’Se-enriched Sec residues into peptides
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and proteins, thus requiring lower concentrations (10-fold) or
shorter experiment time (100-fold).!®! The presented NMR
approach in combination with isotope-enrichment methods
can therefore be applied to a wide range of selenoproteins
and other diverse systems containing multiple Sec sites.
Possible difficulties in assignment of the reduced peptide can
be resolved by the innovative variable labeling strategy
recently suggested by Bulaj et al.,'”) making this approach a
general and widely applicable one in enhancing our under-
standing of the fundamental properties of these essential
biomolecules.

Experimental Section

Selenovasopressin (1, [C1U;C6U]-AVP, Figure 1) was synthesized by
solid-phase peptide synthesis (SPPS) via Boc chemistry using the
HBTU-mediated in situ neutralization protocol for chain assem-
bly.**8 1D 'H and 2D (COSY, TOCSY, NOESY) NMR spectra were
recorded in H,O and D,O at 900 MHz for 'H resonance assignment.
'H chemical shifts assignments agreed with those found by Larive
et al.'”! All7’Se experiments were performed in D,O using a 500 MHz
Bruker AVANCE system equipped with a broadband probe. The
chemical shifts of the two ’Se sites were monitored using 'H-""Se
HMOQC spectra; the optimal value of 'Jng. 1) Was determined to be
25 Hz. These 2D experiments required on average 10h of data
acquistion time at which point a 1D "H spectrum was re-measured to
ensure the peptide was reduced. Chemical shifts were referenced to
Sec, as previously described.”) The pH-dependent ”’Se chemical
shifts in the reduced state ranged from —60 ppm to —217 ppm. The
pH dependence of oxidized 1 was also investigated by measuring the
7Se chemical shift at pH 1 and 7, where a negligible (<5 ppm)
difference was found. Furthermore, the pH-dependent variation in
the 'H chemical shifts of the B-methylene protons of Sec residues in
the reduced and oxidized state of 1 were found to be negligible
(<0.2 ppm).

TCEP (tris(2-carboxyethyl)phosphine) reduction studies were
conducted to determine the optimal conditions for fast and complete
reduction of 1. Chemical shift changes in the less crowded 'H
aromatic region were monitored to assess the oxidation state of 1. Full
reduction was achieved after 5 min at pH 3—4 using an excess of 10-
fold TCEP. pK, titration of both Sec residues (at positions 1 and 6)
was carried out under an inert atmosphere in susceptibility-matched
Shigemi microcells. For each titration point, 1 was reduced with a 10-
fold excess of TCEP at pH 3-4 for 10 min followed by pH adjustment
using the appropriate buffer. All pH values measured in D,O solution
(pD) were converted to pH values using the relationship pD =pH +
0.44.2°) The converted pH values were 0.43, 1.76, 3.10, 3.99, 5.12, 7.46,
and 8.07. The samples were purged for 10 min with nitrogen before
being transferred into the Shigemi microcell and sealed with parafilm.
The concentrations were kept constant at 1 mm for 1 and 10 mm for
TCEP.

The chemical shifts were fitted to Equation (1),

5o AB g "

| 1+e<D_§H’)

where 9; is the chemical shift at pH;, A and B are the start and end
points of the titration, and C and D are the slope and midpoint of the
curve. The fitting was performed using the least squares based fit
function in gnuplot (http://www.gnuplot.info). The pK, of Sec sites 1
and 6 were found to be 3.3+ 0.1 and 4.3 + 0.1, respectively. Alkylation
was performed by first reducing 1 as above followed by addition of
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appropriate buffer and 1 mm iodoacetamide. The reaction mixture
was subjected to MS analysis after 30 min (see the Supporting
Information for details).
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