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Abstract: The review addresses the functional and structural properties of the two series of chalcogen analogues of amino
acids in peptides and proteins, the methionine and the serine/cysteine series, and discusses the synthesis of the related
selenium/tellurium analogues as well as their use in peptide synthesis and protein expression. Advances in synthetic
methodologies and recombinant technologies and their combined applications in native and expressed protein ligation allows the
isomorphous character of selenium- and tellurium-containing amino acids to be exploited for production of heavy metal mutants
of proteins and thus to facilitate the phasing problem in x-ray crystallography. In addition, selenocysteine has been recognized
as an ideal tool for the production of selenoenzymes with new catalytic activities. Moreover, the fully isomorphous character of
disulfide replacement with diselenide is well suited to increase the robustness of cystine frameworks in cystine-rich peptides and
proteins and for the de novo design of even non-native cystine frameworks by exploiting the highly negative redox potential of
selenols. Copyright  2005 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The chalcogen¶ elements oxygen, sulfur and selenium
are essential constituents of functional groups of
amino acids which in related biomolecules play a
unique role in terms of chemistry and structure.
In comparison, no similar structural and biological
functions have yet been discovered in the case of
the heavier tellurium. The underlying reasons can
be sought in its more metallic properties which are
expressed by a distinct weakening of covalent bonds
with hydrogen and carbon atoms when compared with
sulfur and selenium. The physicochemical properties
of the chalcogen elements are listed in Table 1. From
these it is evident that much of the difference between
oxygen and sulfur is a consequence of the larger
size of the sulfur atom in its various oxidation
states. This accounts for its lower electronegativity
and the greater polarizability; both properties result
in greater reactivity and explain the extreme toxicity
of hydrogen sulfide compared with water. The lower
electronegativity of sulfur is also responsible for its
concatenating ability which makes disulfides relatively
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stable, whereas peroxides are unstable. Conversely, the
higher electronegativity of oxygen is responsible for the
formation of hydrogen bonds, whilst neither reduced
nor oxidized sulfur readily forms hydrogen bonds. These
differences between oxygen and sulfur are even more
pronounced when comparing oxygen with selenium.

Another major aspect that largely determines the
biochemistry of sulfur compared with that of oxygen
is the availability of d orbitals for bonding, which
allows sulfur to occur in a number of oxidation
states ranging from −2 to +6. Correspondingly, the
sulfur containing amino acid residues methionine and
cysteine in proteins can participate in a wide range
of different redox reactions and thus endow proteins
with a powerful and biologically fundamental redox
chemistry [1–4]. In selenoproteins the constituent
amino acids selenomethionine and selenocysteine were
found to occur as selenoxide, selenol, selenylsulfide
and selenenic acid, which does not imply that other
selenium oxidation states are principally absent in vivo;
these selenium species are similarly involved in diverse
biologically relevant redox reactions [3,5].

Taking into account that the different oxidation
states of sulfur and selenium, identified so far in bio-
logical systems, represent separate post-translational
protein modifications with unique functional proper-
ties, chalcogen biochemistry in eukaryotes is clearly
very complex. While this aspect has been compre-
hensively reviewed [2,3], the present article is focused
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mainly on the structural properties of chalcogen amino
acids in synthetic peptides and bioexpressed proteins.
The first section deals with methionine and its iso-
morphous chalcogen analogues including the isosteric
carba-analogue 2-aminohexanoic acid (norleucine, Nle)
and addresses the perspectives of using these amino
acids in structural biology. In the second part mainly
the unique redox properties of selenocysteine as an iso-
morphous analogue of cysteine are discussed as these
can be purposely exploited to increase the robustness
of natural and non-natural cystine frameworks.

METHIONINE AND RELATED ANALOGUES

Methionine (Met) is one of the nine essential amino
acids, which upon reaction with ATP produces S-
(adenosyl)methionine as the methyl donor in biological
methylation reactions. The resulting homocysteine then
acts as a precursor in the biosynthesis of cysteine or
can be reconverted into methionine by reaction with N5-
methyl tetrahydrofolate [6]. As a proteinogenic amino
acid, methionine contributes to protein structures
by hydrophobic interactions and to lesser extent by
hydrogen bonding. It is relatively rare as it accounts for
only about 1.5% of all residues in proteins of known
structures, and usually it is inaccessible to solvent with
only 15% of all Met residues exposed to the surface
[7]. Its thioether group is susceptible to oxidation with
formation of the two diastereomeric sulfoxides and the
sulfone. As a consequence, methionine residues on
protein surfaces can provide a high concentration of

antioxidants, which may play a significant role during
oxidative stress [3,8]. This redox activity of methionine
is further supported by the discovery of the enzyme
methionine sulfoxide-reductase which acts as a repair
enzyme to prevent the accumulation of methionine
sulfoxide residues in proteins [9].

In the synthesis of bioactive peptides the facile
oxidation of methionine to the sulfoxides, which
generally is accompanied by a significant loss of
bioactivity, has always been a matter of great concern.
Efficient methods have been developed over the years
for the quantitative reduction of methionine sulfoxides
[10], but more suitable has proved to be the replacement
of Met residues with leucine [11–14] and particularly
with the isosteric norleucine [15], since bioactivities
are usually retained almost quantitatively by the
related peptide analogues. Similar to the positive
experiences gained by the replacement of Met with
Nle in bioactive peptides, substitution of even single
methionine residues in semisynthetic proteins with
the carba-analogue norleucine was without detectable
effects on protein structure and function, as shown, for
example, by ribonuclease S′ [16].

From these early experiences with isosteric replace-
ments of methionine by Nle it was expected that sub-
stitution of the sulfur atom in methionine with chalco-
gen elements such as oxygen, selenium and tellurium
(Figure 1) should lead to structurally and functionally
isomorphous peptides and proteins, despite their dif-
ferences in van der Waals radii, electronegativity and
bond lengths (Table 1).

Norleucine as Isosteric Methionine Analogue in
Peptides and Proteins

The early studies of Cowie et al. [17] have shown that
norleucine can substitute methionine in bacterial pro-
tein synthesis. In fact, the carba-analogue is charged
onto tRNAMet to replace Met in proteins [18]. Finally,
using a methionine-auxotrophic strain of Staphylococ-
cus aureus and a limiting amount of methionine in
the growth medium, but larger excesses of norleucine,
Anfinsen and Corley [19] succeeded in producing a
staphylococcal nuclease containing about 15% of Nle
in place of Met residues. Upon CNBr-mediated cleavage
of all residual methionine residues a per-norleucine-
nuclease was obtained, which essentially retained com-
plete enzymatic activity. The ability of norleucine to
replace Met residues in proteins without substantial
effects on structure and function was confirmed with
other proteins as reported for example in references
[20,21]. However, norleucine was found to be on the
borderline for being edited by E. coli methionyl-tRNA
synthetase [22] and at the same time to be toxic to
cells since it severely interferes with metabolic path-
ways functionally dependent on methionine. Therefore,
only by optimizing the expression procedures and by
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Figure 1 Methionine and the related isosteric analogues L-2-aminohexanoic acid (Nle), L-methoxinine (Mox), L-selenomethionine
(Sem) and L-telluromethionine (Tem).

Table 1 Physicochemical Properties of the Chalcogen Elements

Property X = oxygen X = sulfur X = selenium X = tellurium

Electronegativity 3.44 2.58 2.55 2.1
Covalent radius (Å) 0.73 1.02 1.17 1.35
van der Waals radii (Å) 1.52 1.80 1.90 2.06
Bond length, C-X (Å) 1.43 1.82 1.95–1.99 2.4
Torsion angle χ3 (°) 180 179.7 174.4 180
−Cβ − Cγ − (X)δ − Cε−

applying the selective pressure incorporation method
[23] did Budisa et al. [24] succeed in the quantitative
replacement of all Met residues in model proteins.
X-ray crystallographic analysis of a per-norleucine-
annexin V variant fully confirmed the isomorphous
character of these substitutions [24]. A comparison of
wild-type annexin V with the per-norleucine- and the
per-selenomethionine (Sem) variant (vide infra) in terms
of thermodynamic stability clearly revealed a similarly
enhanced stability of the two protein analogues as a
result of the increased hydrophobicity of both Nle and
Sem residues compared with Met [25]. The differences
in the side chain geometries as a result of the dif-
ferent coordination spheres of CH2, S and Se as well
as of the C–C, C–S and C–Se bond lengths (Table 1)
are well accepted by the plasticity of the protein struc-
ture. These findings are further supported by sequence
comparisons of proteins, which usually assign similar
hydrophobicities to methionine, leucine and isoleucine
residues [7].

Methoxinine

Several syntheses have been reported for methoxinine
(Mox) [26–28], among which the most efficient proved
to be the conversion of β-methoxypropionaldehyde
into the hydantoin by the Bücherer-Lieb procedure
(modified Strecker synthesis) followed by hydrolysis
and isolation of the racemic methoxinine as Nα-Z
derivative [28]. Enantiomeric resolution was achieved
by deacylation of Ac-D,L-Mox-OH with hog renal acylase
I. With this oxa-analogue a bypass to the problem of
methionine sulfoxide formation was obtained, but the
effects of Met replacements with Mox on the bioactivities
of peptide hormones was found to vary from lowered to
equal or even enhanced potencies compared with the

wild-type peptide [15,28–30]. These contrasting results
may well be assigned to the reduced van der Waals
radius of oxygen compared with sulfur, and to its
higher electronegativity, and thus stronger tendency
for hydrogen bonding.

Although isolation of L-methoxinine from the culture
fluid of Corynebacterium grown in a medium containing
methanol was reported [31], to the best of our
knowledge occurrence of this methionine analogue
in proteins as a result of the tolerance in the
editing range of methionyl-tRNA synthetase has not
been observed so far. The absence of methoxinine
residues in naturally occurring proteins fully agrees
with the surprising observation from our laboratory
that even by applying a highly efficient method
for the specific and quantitative bioincorporation
of isosteric Met analogues into proteins, expression
of methoxinine-variants failed in the first instance
with the model proteins examined [32]. However, by
simultaneous overexpression of the methionyl-tRNA
synthetase incorporation of methoxinine residues in
the place of methionine does occur, but their effect on
structure and function of the proteins has yet to be
established (N. Budisa, unpublished results).

Selenomethionine

Selenomethionine is a naturally occurring amino acid
and its abundance in living organisms strongly depends
on the availability of dietary selenium as essential
element in nutrition. Amino acid analysis of selenium-
enriched yeast or Brazil nuts, as popular selenium
supplements for cancer prevention [33,34], clearly
revealed selenomethionine as the primary elemental Se-
containing species in the methanesulfonic acid-derived
protein hydrolysates [35]. Selenomethionine mimics

Copyright  2005 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 11: 187–214 (2005)



190 MORODER

O

OH

S

Mel

H2O/MeOH O

OH

S+

H2NH2N

NaHCO3

H2O O

OH

OH

H2N O

NH2·HCl

O

6 M HCl

O

OH

Br

HBr·H2N

HBr

AcOH O

OMe

Br

HCl·H2N

HCl

MeOH
O

OH

Se

H2N

1) MeSeLi/B(OBu)3

2) OH−/H2O/MeOH

Scheme 1 Synthesis of L-selenomethionine from L-2-amino-4-bromobutanoic acid according to Koch and Buchardt [38].

Scheme 2 Synthesis of L-selenomethionine from N-acetyl-(R,S)-2-amino-4-butyrolactone according to Karnbrock et al. [39].

almost all the roles of methionine and therefore, it is
randomly incorporated into proteins due to the editing
tolerance of methionyl-tRNA synthetase [36,37]. In fact,
it is the only known non-encoded amino acid that
allows for uniform labelling of all cellular proteins,
i.e. of the proteome, while all other non-encoded
amino acids are more or less inhibitors of cellular
growth. Correspondingly, in the latter case quantitative
bioincorporation into proteins occurs only at the level of
single proteins operating under special conditions [24].

For the synthesis of selenomethionine various proce-
dures have been reported [38 and references therein],
among which the most efficient methods are based
on the reaction of lithium methyl selenolate with L-
2-amino-4-bromo-butanoic acid hydrobromide, which
is derived from L-Met as shown in Scheme 1 [38], or
with N-acetyl-(R,S)-2-amino-4-butyrolactone, as out-
lined in Scheme 2. The latter procedure was applied
conveniently in our laboratory for the synthesis of
both seleno- and telluromethionine (vide infra) [39].
It is based on the ring opening of N-acetyl-(R,S)-2-
amino-4-butyrolactone by the soft nucleophile methyl
selenolate via an SN2 ester cleavage reaction at the
soft sp3-centre. A small amount of byproduct is formed
which was identified by mass spectrometry and NMR
as N-acetyl-homoserine. This side product derives from
the attack of the soft nucleophile at the sp2-centre
with formation of the methyl selenoester, which is
then hydrolysed to N-acetyl-homoserine in the purifi-
cation steps. Compared with other protecting groups,
the N-acetyl derivative of the 2-amino-4-butyrolactone
allowed for a smooth nucleophilic ring opening and,
in addition, for the enantioselective enzymatic deacety-
lation by aminoacylase-based procedures to generate

the desired L-selenomethionine. Attempts to bypass the
enzymatic resolution of Ac-D,L-Sem-OH by the use of
enantiomerically pure 2-amino-4-butyrolactone failed,
since racemization was found to occur to significant
extents during ring opening by the methyl selenolate
(unpublished results). Warning: Selenium compounds
are toxic and irritating to tissues. Procedures should
be conducted in a hood and gloves should be worn to
avoid contact with reagents.

Based on the early observation that selenomethionine
is readily incorporated into bacterial proteins [36,37],
the isomorphous replacement of sulfur by selenium
has been proposed as an efficient new approach
to provide proteins with an anomalous scattering
nucleus for solving the phase problem in protein x-
ray crystallography, as an alternative method to the
classical multiple isomorphous replacement procedure
[40]. Based on the availability of the synchroton
radiation and on sophisticated computing methods,
Hendrickson [41,42] has developed and proposed the
multiwavelength anomalous diffraction (MAD) method
that uses mainly selenium atoms as diffraction labels.

To ensure quantitative replacement of Met residues in
proteins with the isomorphous selenomethionine ana-
logue, a selective pressure method was developed by
Budisa [23] which is based on (i) a strong methionine-
auxotrophism of the host strain during the fermentation
procedure, (ii) an efficient control of the cloned gene by
the promoter, and (iii) a competitive expression sys-
tem capable of using cytosolic enzymes to express
mainly target DNA after induction of protein synthesis.
Under these restricting conditions selenomethionine is
accepted by the host translational machinery, acti-
vated by the methionyl-tRNA-synthetase, charged onto
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tRNAMet and incorporated into the polypeptide chain at
all the positions occupied by Met residues in the wild-
type protein, thus producing per-selenomethionine-
proteins [24,43–46].

In the meantime, the selenomethionine tool was
shown to be very powerful in structure determination
since a large part of all protein structures solved in
recent years by MAD relied on this approach [47].
As a consequence of this success, selenomethionine
has been defined as the ‘magic bullet’ in protein
x-ray crystallography, although even this procedure
bears its drawbacks. These are mainly caused by the
readily occurring oxidation of the Sem residues during
handling of the proteins. The heterogeneity resulting
from spontaneous oxidation of the dialkyl selenide
can be prevented or reversed by operating in the
absence of air oxygen or by reducing the selenoxide,
respectively. In fact, the selenoxide is more readily
reduced than the sulfoxide analogue, and therefore,
reductants such as glutathione or β-mercaptoethanol
are sufficient for quantitative reversal of the selenoxide
formation during handling of per-selenomethionine-
proteins [47–49]. It has also been reported that
an enhanced MAD phasing signal may result from
quantitative chemical oxidation of the Sem-protein
crystals [50–51], which is obtained with H2O2. The
product of this type of oxidation may be predominantly
the result of a four-electron oxidation to the selenone,
and not the selenoxides [52], while selenoxides are
expected to be the predominant products of a two-
electron oxidation of selenomethionine by the milder
oxidant peroxynitrite [53].

Possible structural differences observed between
Sem- and Met-proteins are due to the slightly larger size
of the selenium atom compared with sulfur (Figure 2)
and to the differences in bond length between Se–C
and S–C (Table 1). However, steric effects should not
affect the properties of these protein analogues, since

the protein structures generally retain sufficient plas-
ticity and flexibility to accommodate the Sem residues
within the geometries of the wild-type folds even in the
densely populated cores where hydrophobic methio-
nine residues are most commonly located. Because
of the larger size of selenium compared with sulfur,
the Sem side chain has a larger surface area and
correspondingly it is more hydrophobic than that of
Met. These differences in exposed hydrophobic surfaces
may affect the protein solubility and thus crystalliza-
tion. Moreover, since the hydrophobic Met residues are
more often found in the core structures of proteins
[54], their replacement with the more hydrophobic
Sem residues is expected to increase the stability of
folded proteins. In fact, a thermodynamic study of
the per-selenomethionine-variant of annexin V clearly
revealed an enhanced stability of the protein structure
towards thermal and urea-induced denaturation [25].
Most interestingly, this annexin V variant was found to
exhibit stability and unfolding properties very similar
to those of the per-norleucine-variant [25]. A similar
observation was reported for the multiple replacement
of Met residues by Sem in the T4 lysozyme [55,56].

As a useful alternative to the per-selenomethionine-
protein expression for x-ray crystallography, protein/
Sem-peptide complexes can be used for such a purpose
[57]. The synthesis of peptides containing selenome-
thionine is performed by standard Fmoc-based proce-
dures [51,57], whereby particular care has to be taken
to prevent oxidation to selenoxides, although as men-
tioned above, reversal of this side reaction is easier than
in the case of sulfoxides. With the recent fast progress in
ligation methodologies, semisynthetic Sem-containing
proteins should be accessible with the great advan-
tage of site-directed incorporation of the heavy sele-
nium atom. In this context, the homoselenocysteine-
mediated ligation of peptides followed by methylation
of the resulting selenol under reducing conditions,

Figure 2 Crystallographic mapping of Nle (A), Sem (B) and Tem (C) residues in the spatial structure of recombinant human
annexin V by the difference electron density maps (Fo-Fc) for the Met259 → Nle259 (A) and Met259 → Sem259 (B) replacements
(all maps were contoured at 3.0 s), and by the Fo-Fc map (contouring level: 5.0 s) for the Met273 → Tem273 replacement (C) in
the hydrophobic core of annexin V. Note that the overall fold and the structure of the whole protein as well as local environments
upon substitutions are practically identical to those of the parent protein.
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Scheme 3 Synthesis of L-telluromethionine from N-acetyl-(R,S)-2-amino-4-butyrolactone according to Karnbrock et al. [39].

i.e. in the presence of tris(2-carboxyethyl)phosphine
(TCEP), with excesses of methyl 4-nitrobenzene sul-
fonate as methylating agent appears to be a highly
promising procedure [58]. By this synthetic approach
selenomethionine was incorporated site-selectively at
position 17 of the bovine pancreatic polypeptide which
allowed for detailed insights into unfolding processes
of this polypeptide by 77Se NMR spectroscopy. The L-
homoselenocysteine required for this synthetic route is
readily obtained from selenomethionine by treatment
with sodium in liquid ammonia [59].

Besides the properties of selenomethionine as a
heavy atom analogue in x-ray structural analysis,
natural selenium contains 7.6% of the 77Se isotope,
which makes it a spin 1/2 nucleus suitable for 77Se
NMR spectroscopy [60]. Moreover, Sem is known to
quench tryptophan fluorescence much more efficiently
than methionine and thus it could well become a
useful tool for studying protein folding as well as
protein–protein and protein–peptide interactions [61].
Additional applications of selenomethionine and related
peptides could derive from [73Se]-selenomethionine as
a short-lived positron emitter for in vivo positron-
emission tomography (PET). Correspondingly, new
synthetic approaches have been elaborated, which
allow for fast access to the whole set of isotopomers [62].

Telluromethionine

First successful attempts to incorporate tellurium into
proteins were made with Te-resistant fungi grown in the
presence of tellurite on a sulfur-free medium, and the
results were supportive for a biosynthesis of tellurium-
containing amino acids [63]. More recently, tellurome-
thionine (Tem) was found to replace Met residues in
dihydrofolate reductase in high percentage (40%) using
a methionine-auxotrophic E. coli strain and supplying
synthetic telluromethionine to the medium [64]. Opti-
mization of the selective pressure incorporation method
finally allowed for quantitative Tem bioincorporation
into a series of proteins, and the related x-ray crystallo-
graphic analysis confirmed the isomorphous character
of these protein variants [24,65].

While for x-ray structural analysis of Sem-proteins
by the MAD method intensity measurements with
monochromatic synchroton-radiation at a minimum of
three different wavelengths are required, the electron
density of the tellurium atom is sufficient to generate
clear signals in the isomorphous and anomalous

difference Patterson maps at the commonly used CuKα

wavelength (Figure 2) [24,64,65].
Among the procedures reported for the synthesis

of telluromethionine one is based on the reaction
of 5-(β-bromoethyl)hydantoin with sodium methyl tel-
lurolate followed by alkaline ring opening to generate
the racemic Tem [66]. Since this method proved to
be exceedingly difficult to reproduce, an alternative
synthesis was proposed by Silks et al. [67], which
relies on ring opening of (S)-2-amino-4-butyrolactone
hydrochloride by lithium methyl tellurolate to directly
afford L-telluromethionine. In our hands, reaction of
lithium methyl tellurolate with N-acetyl-(R,S)-2-amino-
4-butyrolactone in tetrahydrofuran and in the presence
of tetramethylethylene diamine (TMEDA), as used for
the synthesis of Sem, proved to be much more con-
venient and the desired Ac-D,L-Tem-OH lithium salt
was obtained in very good yields (Scheme 3) [39]. The
observation that even under identical reaction condi-
tions, Ac-D,L-Tem-OH was obtained in all preparations
in significantly higher yields (80%–90%) than the corre-
sponding Sem derivative (60%–70%) can be attributed
to the softer nucleophile character of the tellurolate
compared with the selenolate. Finally, the desired
L-telluromethionine was obtained by enantioselective
enzymatic deacetylation of the racemic acetyl derivative.
Warning: Tellurium compounds are toxic and irritat-
ing to tissues. Procedures should be conducted in a
hood and gloves should be worn to avoid contact with
reagents.

Dialkyl tellurium compounds are known to oxidize
rapidly under various conditions [68,69], a fact that
was confirmed by storing Ac-D,L-Tem-OH or L-Tem in
aqueous solution (pH 7.0) [39,65]. The facile oxidation
of telluromethionine was also found to present a
serious drawback for the use of this methionine
analogue for bioexpression of heavy atom variants
of proteins, since oxidized forms were difficult to
refold from inclusion bodies or to crystallize [65]. In
particular, surface-located and, in a more pronounced
manner, solvent-exposed Tem residues were found to
oxidize readily and thus to generate electron densities
of difficult assignment and local non-isomorphism.
Nonetheless, telluromethionine represents a heavy-
atom Met analogue well suited for isomorphous
replacements in proteins. Although tellurium has a
lower electronegativity and larger coordination-sphere
radius than sulfur and selenium and the C–Te
bonds are larger than Se–C and S–C (Table 1), the
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plasticity of proteins allows for accommodation of
the tellurium atoms without significantly affecting the
native structures. In terms of structure stability in
solution, the per-telluromethionine-variant of annexin
V was less stable than the related wild-type protein and
the selenomethionine-variant [25].

CYSTEINE AND RELATED ANALOGUES

The distinct physicochemical properties of the chalco-
gen elements impart to XH groups (X = O, S, Se and Te)
significantly differentiated redox and nucleophilic prop-
erties. While for the chalcogen analogues of methionine
the genetic code does not exploit functional or struc-
tural roles by coding specifically for the methoxinine
or selenomethionine, the latter being randomly incor-
porated if sufficiently supplied to the organisms, the
genetic code fully exploits the diversity in functional and
structural properties of cysteine, serine and selenocys-
teine (Sem) (Figure 3) to translate these into the gene
products. In fact, serine and cysteine are encoded by
specific triplet units, and selenocysteine, which is often
referred to as the 21st proteinogenic amino acid [70],
is inserted co-translationally into proteins of archae,
eubacteria and eukarya when intramolecularly and
intermolecularly acting factors induce decoding of UGA
for selenocysteine insertion rather than aborting trans-
lation [71,72]. Tellurium-tolerant fungi were shown to
be able to grow on tellurite and to incorporate tellurome-
thionine as well as tellurocystine/tellurocysteine (Tec)
into several types of low and high molecular weight
proteins [63]. However, the mechanism of this incorpo-
ration is yet unknown.

In contrast to what was observed by replacing
methionine with the isosteric carba-analogue nor-
leucine (vide supra), alanine can substitute cysteine as
the carba-analogue only in terms of a quasi-isosteric
space-filling residue, but without exhibiting all the
redox and nucleophilic properties of the thiol group.
Although Cys → Ala replacements were used in syn-
thetic peptides and protein mutants to mimic and study
protein folding intermediates [73–75], more appropriate
for such a purpose proved to be the Cys → Ser substi-
tutions which prevent the microenvironmental changes
induced by the hydrophobic alanine side chain [76–80].

Cysteine

As mentioned in the introduction, sulfur has the
ability to occur in many different oxidation states

in biological systems [2,3], and the resulting post-
translational modifications that have been identified
so far are outlined in Figure 4. From these most diverse
reactive sulfur species new concepts about cysteine-
based redox signallings have emerged, and defined
biochemical roles could be assigned to the different
sulfur oxidation steps.

Cysteine-based sulfur reactive species. Some of the
most common redox reactions in which sulfur reactive
species such as thiol (1), thyil radical (2) and sulfenic
acid (3) are involved, are listed in Table 2. Among
these reactions the thiol/disulfide exchange occurs
not only for breaking, i.e. reducing disulfide bonds,
but most prominently to generate them. The enzymes
that catalyse these reactions in vivo are the thiol-
protein oxidoreductases whose active sites are formed
by the Cys-Xaa-Yaa-Cys sequence motif, where a pair
of cysteine residues is separated by two other residues
[81,82]. This motif is employed by thioredoxins and
glutaredoxins for reduction of inter- and intramolecular
disulfide bonds and other forms of oxidized cysteines,
and by protein disulfide isomerases for catalysing
the oxidative folding of secretory proteins into their
native structures [83]. The Cys-Xaa-Yaa-Cys motif
has, therefore, been called a ‘rheostat at the active
centre’, because changes in residues that separate
the two cysteines influence the redox potentials, thus
configuring the proteins for a particular redox function
[84,85].

Responsible for the maintenance of the global
intracellular redox balance is glutathione (γ -Glu-Cys-
Gly, GSH) which is readily oxidized to GSSG, and
the GSH/GSSG ratio adjusts the intracellular redox
potential [3,86]. Most healthy cells have a GSH/GSSG
ratio in the range of 100 : 1 [87,88], which decreases
during oxidative stress affecting cellular proteins, DNA
and membranes. GSH participates in electron-transfer,
atom-transfer and thiol/disulfide exchange reactions
by reacting with a wide spectrum of cellular oxidants
and is regenerated in enzyme-mediated thiol/disulfide
exchange reactions. Consequently, GSH/GSSG and its
associated redox proteins represent the switchboard of
cellular redox chemistry [3].

In the GSH-mediated reducing environment of the
cells the enzymes PDI in eukaryotic cells [89,90] and
DsbA in prokaryotes [91,92] provide the oxidizing
equivalents to folding proteins and for this purpose are
specifically oxidized by Ero1p and DsbB, respectively
[92–94]. Thereby molecular oxygen can serve as the
terminal electron acceptor for disulfide formation.

Figure 3 L-Cysteine and the isosteric analogues L-alanine, L-serine, L-selenocysteine (Sec) and L-tellurocysteine (Tec).
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Figure 4 Post-translational modifications of L-cysteine residues that have been identified in proteins; the symmetrical
S,S-dioxide has not been observed so far [3].

Table 2 Some Characteristic Reactions involving Various Cysteine Species in Enzymes

R1SH + R2SSR2 ↔ R1SSR2 + R2SH thiol/disulfide exchange e.g. glutathione reductase,

2 RSH ↔ RSSR + 2 H+ + 2 e− or two-electron transfer thiol/disulfide oxidoreductases

RSH ↔ RSž + H+ + e− single-electron transfer ribonucleotide reductase,

RSH ↔ RSž + Hž or hydrogen-atom transfer pyruvate formate lyase

RSOH + H− ↔ RSH + HO− oxygen atom transfer peroxiredoxins: peroxidases

R1SOH + R2SH ↔ R1SSR2 + H2O or hydride transfer

The redox activity of these thiol/disulfide oxidoreduc-
tases is exerted by their typical Cys-Xaa-Yaa-Cys active
centres whose redox potential reflects the equilibrium
between the reduced state of the bis(cysteinyl)protein
portion and its disulfide-linked oxidized state. This
equilibrium is dictated both by the Xaa-Yaa intervening
sequence, as well being supported by the redox poten-
tials of synthetic fragments related to their active sites
(Table 3) [98] and by extensive mutagenesis studies
[97,104–108]. But it is also governed by the confor-
mational restrictions imparted by the overall almost
identical tyroxine-like fold of the enzymes [82,104,108].
These structural effects were further evidenced by the
redox potentials of conformationally restricted cyclic
active-site bis(cysteinyl)hexapeptides related to oxidore-
ductases [99], when compared with those of the linear
unconstrained peptides (Table 3).

To possibly disclose the structural elements respon-
sible for the observed changes in redox potentials upon
cyclization of the active-site bis(cysteinyl)peptides, the
solution structures of the cyclic peptides in the reduced

and oxidized form were determined by NMR [109]. As
shown in Figure 5 for the cyclic PDI hexapeptide with
its strongly oxidizing redox potential, the ensemble of
structures calculated from the NMR-derived distance
constraints for the oxidized bicyclic peptide shows low
convergence both in the backbone and side chain con-
formations, while in the reduced state the hexapeptide
is characterized by a well-defined structural preference.
This would suggest a significantly more relaxed state
for the reduced PDI peptide compared with its oxidized
form. In fact, by superimposing the structures of the
cyclo- and the bicyclo-hexapeptide (Figure 5c) it can be
seen that the backbone segment His38-Cys39-Trp40 is
forced out of the plane in the bicyclic form, whereas in
the reduced monocyclic form it lies on the ring plane.
This structural change involving Cys39 is indicative of
a higher conformational tension of the backbone in the
oxidized state, which is then released upon disulfide
reduction with consequent stabilization of the mono-
cyclic over the bicyclic form. This could well explain
the strongly oxidizing character of the PDI-cyclopeptide
(E ′

0 = −130 mV [99]).
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Table 3 Redox Potentials (E′
0, [mV]) of Thiol/disulfide Oxi-

doreductases, their Linear Active-site fragments and Related
Cyclic Hexapeptides. The redox potentials were determined
using (a) E′

0,GSH/GSSG = −240 mV [95] and (b) E′
0,cysteine/cystine

= −223 mV [96] as reference

Glutaredoxin (Grx) −233 [97]

Ac-Gly-Cys-Pro-Tyr-Cys-Val-Arg-Ala-NH2

(Grx-[10–17])
−215 [98]a)

c[Gly-Cys-Pro-Tyr-Cys-Val] (Grx-[10–15]) −178 [99]b)

Thioredoxin (Trx) −270 [100]

Ac-Trp-Cys-Gly-Pro-Cys-Lys-His-Ile-NH2

(Trx-His37-[31–38])
−190 [98]a)

c[Trp-Cys-Gly-Pro-Cys-Lys]
(Trx-His37-[31–36])

−152 [99]b)

Protein disulfide isomerase (PDI) −110 [101],

−145 [102]

Ac-Trp-Cys-Gly-His-Cys-Lys-Ala-Leu-NH2

(PDI-[35–42])
−205 [98]a)

c[Trp-Cys-Gly-His-Cys-Lys] (PDI-[35–40] −130 [99]b)

Thioredoxin reductase (Trr) −254/−271 [103]

Ac-Ala-Cys-Ala-Thr-Cys-Asp-Gly-Phe-NH2
(Trr-[134–141])

−210 [98]a)

c[Ala-Cys-Ala-Thr-Cys-Asp] (Trr-134-139]) −204 [99]b)

The function of the protein disulfide isomerases
in oxidative folding of proteins is not only restricted
to disulfide formation, but equally important in this
context is the ability of these enzymes to reshuffle non-
native disulfide bonds into the correct native fold. For
this purpose a strongly nucleophilic thiol is required
which is present in both PDI and DsbA. In fact, the
N-terminal Cys residue of the bis(cysteinyl)active sites
of both enzymes are extraordinarily nucleophilic with
a pKa of 3.3 for DsbA [104] and 4.5 for PDI [106] vs a
pKa of 7.1–7.4 for Trx [110], an enzyme not involved in
protein folding, and a value of 8.4 for cysteine itself. This
strong enhancement of the nucleophilicity of this active-
site Cys residue has been attributed to its location at
the N-terminus of an α-helix and to the stabilization of
the thiolate by the α-helix dipole [111]. In this context it
is interesting to note that the active-site thiol of cysteine
proteases is also characterized by an extremely low pKa

value and thus by a strong nucleophilicity, which has
been mainly assigned to its topochemical environment,
but was additionally attributed to its location at the
N-terminus of an α-helix (vide infra) [112].

While the radical-formation and -transfer mecha-
nisms as well as the hydride-transfer reactions (Table 2)
provide enzymes with additional cysteine-based redox
pathways [3], the exact redox role of other cysteine
derivatives is as yet not fully understood and may be
formed as a result of oxidative stress. The sulfinic acid
4 (Figure 4) was found, e.g. in the active site of per-
oxiredoxins of human erythrocytes [113,114], despite

(A) (B)

(C)

Figure 5 Solution structure of the cyclic PDI peptide in the
reduced monocyclic form (A) and in the oxidized bicyclic form
(B) in phosphate buffer (100 mM, pH 7) as determined by NMR
[109]. The superposition of the backbones of the reduced and
oxidized forms (C) clearly reveals that the sequence portion
His-Cys-Trp is forced out of plane by the conformational
restriction imposed by the disulfide bridge.

the presence of a second cysteine residue in the active
site, disulfide formation with the sulfinic acid is not
possible, since unlike sulfenic acids, sulfinic acids can-
not be easily reduced by other thiols [115]. Therefore,
sulfinic acids would represent a dead end for these
important human antioxidant enzymes; however, an
enzyme named sulfiredoxin was recently discovered to
be capable of reducing the sulfinic acid via intermediate
phosphorylation and thus to rescue the peroxiredoxins
[4,116].

The S-sulfate 6 has been found in vivo and it may act
as a sulfate transfer intermediate in the detoxification
of sulfite [3]. However, S-sulfation has not been
observed so far as a post-translational modification of
proteins, although O-sulfation represents a biologically
relevant modification of hydroxy groups in peptides
and proteins [117,118]. Other species such as the
sulfonic acid 5 are effectively the result of oxidative
stress since cysteine represents a prime target of many
of the reactive oxygen species. As a consequence,
even disulfides are oxidized to the highly reactive
disulfide-S-monoxides (8) and disulfide-S-dioxides (9)
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which react with thiols in proteins and enzymes
and deactivate the enzymes in the process [3].
Such disulfide-S-monoxides could also form during
oxidative refolding of cysteine-rich synthetic peptides,
and because of their high reactivity could represent
a serious source of scrambled oxidation products
often encountered when oxidation is performed by
air oxygen [119]. Indeed cysteine-S-sulfonate (6) and
sulfinic acid thiol esters (8) are known to react
with thiols forming unsymmetrical disulfides [296].
Although disulfide-S-monoxides are readily formed with
H2O2, with air oxygen this reaction occurs only in
the presence of heavy metals, particularly Ni2+ [120].
Additional transformations of cysteine residues are the
recently discovered polysulfides (10) [121] as well as
the well known enzyme-mediated transformations to
lanthionine (11) [122,123], dihydrothiazole (12) and
the related thiazole derivative (13) [124,125].

Because of the diversity of cysteine derivatives formed
under oxidative conditions, the synthesis of cysteine-
and cystine-rich peptides has been a challenge since the
pioneering days of peptide chemistry. But the method-
ology has been significantly improved over the years
with the development of orthogonal thiol-protection
schemes [126] and efficient strategies for regioselec-
tive disulfide formation [127]. Similar advances were
made in the synthesis of lanthionine- [123] as well as
of dihydrothiazole- and thiazole-peptides [125].

Cysteine as nucleophile in proteins. In addition to the
involvement as a crucial structural element in redox
active enzymes, the cysteine residue acts as a potent
nucleophile in the proteolytically active sites of cysteine
proteases. This family of enzymes takes advantage of
the nucleophilicity of the thiolate to achieve peptide
bond hydrolysis by a mechanism, which has to
differ from that of the serine proteases (vide infra).
The topochemical environment of the active site that
stabilizes the imidazolium/thiolate ion pair between the
active-site His and Cys residues leads, e.g. in papain,
to a reduction of the pKa value of the thiol group from

the normal value of 8.5 for thiols to 4.0. Under neutral
and even weakly acidic conditions the thiolate acts
as nucleophile for an attack at the carbonyl of the
scissile peptide bond. As outlined in Scheme 4, this
first reaction step leads to the tetrahedral intermediate,
which is stabilized in the oxyanion hole by hydrogen
bonding to the backbone NH of Cys-25 and to the side-
chain carboxamide of Gln-19. Thereby the imidazolium
ion becomes sufficiently acidic to protonate the nitrogen
of the leaving group and the acyl enzyme is formed.
Formation of this intermediate is the rate limiting step
[112,128]. The ion pair formation with the active-site
His residue makes the thiol also a good leaving group
and therefore, deacylation of the enzyme by water can
take place even without acid catalysis as required in
serine proteases since the C–S bond is weaker than the
C–O bond.

The mechanistic difference between the cysteine
and serine protease (vide infra) classes of enzymes
is also supported by the observation that potent
serine protease inhibitors, which take advantage of
the enzyme’s ability to stabilize a transition state,
are not necessarily potent cysteine protease inhibitors.
Moreover, early studies on chemoselective conversion
of the bacterial serine protease, subtilisin, into thiol-
subtilisin clearly revealed a dramatic loss of protease
activity which confirmed that the serine-type active-site
geometry of the newly generated thiol-subtilisin was
responsible for this unexpected poor activity [129,130].
However, an increased aminolysis to hydrolysis ratio
of tetrapeptide esters was observed for the thiol-
subtilisin, converting this engineered cysteine protease
to a promising enzyme for catalysing peptide bond
formation [131]. An additional Pro225Ala mutation
in the active site improved the catalytic activity
[132], and the resulting thiol-subtilisin variant, termed
subtiligase, proved to be well suited for enzymatic
ligation of suitable peptide fragments into proteins
[133,134].

Most of the post-translational modifications of pro-
teins are catalysed by enzymes. Within the past years,

Scheme 4 Mechanism of proteolysis of peptide substrates by papain as an example for cysteine proteases.
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Scheme 5 The role of acyl migration in initiating autocatalytic processing of proteins.

however, self-catalysed protein modifications were dis-
covered, such as protein splicing [135,136], auto-
processing of amino-terminal nucleophilic hydrolases
which include glycosylasparaginases, glutamine-5-
ribosyl-1-pyrophosphate amidotransferases, penicillin
acylase and the proteasome [137], as well as auto-
processing of pyruvoyl enzyme precursors [138] and
hedgehog proteins [139,140]. All these processes are
initiated by a self-catalysed N → S or N → O acyl rear-
rangement involving cysteine, serine and threonine
residues, respectively, as the first step of activation of

autoproteolysis in diverse biological systems. Because
of the lower pKa value of the thiol compared with the
hydroxy group, in general cysteine can replace serine
and threonine in these systems, albeit poorly, while the
reverse situation is not observed. As a result, serine and
threonine need assistance from surrounding residues
in specific architectures for deprotonation of the side-
chain hydroxy groups, whereas cysteine will be depro-
tonated at physiological pH. As shown in Scheme 5,
the side-chain functions of cysteine, serine and threo-
nine can attack the carbonyl carbon of the preceding
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residue to generate the five-membered hydroxythiazo-
lidine or hydroxyoxazolidine intermediates which upon
dehydration and dehydrogenation yield the stable oxa-
zole and thiazole ring, as present in certain bacterial
antibiotics [141]. When the intermediates are proto-
nated at the nitrogen, ester intermediates are formed
whose fate depends upon the autocatalytic processes.

Among these processes, protein splicing involves the
excision of an intervening protein domain (the intein)
from a folded precursor protein with concomitant fusion
of the two flanking portions, termed the N- and C-
exteins, via a new peptide bond into the mature
protein. The related mechanism has been extensively
reviewed [142–144]. After the initial ester or thiol ester
bond formation at the N-terminal splice site (step 1,
acyl rearrangement), the ester carbonyl is attacked by
the hydroxy/thiol group of the Ser/Thr/Cys residue
at position 1 of the C-extein resulting in N-terminal
cleavage of the precursor protein and formation of
a branched intermediate (step 2, transesterification).
The branched intermediate is resolved by cleavage of
the peptide bond at the C-terminal splice site due to
cyclization of the intein C-terminal asparagine residue
to aspartimide (step 3, Asn cyclization). Finally, a
spontaneous S → N or O → N acyl shift establishes
a peptide bond between the exteins (step 4, acyl
rearrangement).

While the initial N → S, O shifts require the assis-
tance of a proton donor and acceptor such as the
His residue in the intein [145], the aspartimide for-
mation is assisted by the penultimate His residue in
the intein segment [146]. A similar imidazole catalysis
by a neighbouring His residue for ring closure of glu-
tamine to pyroglutamine residue has been observed in
synthetic peptides, too [147]. In general, cyclization of
asparagine or aspartic acid β-esters, which is an acid-
catalysed reaction known to take place particularly at
Asn/Asp-Gly/Ser sequences as an undesired side reac-
tion during peptide synthesis and storage, occurs by
attack of the peptide bond nitrogen on the side chain
carbonyl carbon to form the aspartimide-peptide. This
intermediate undergoes rapid hydrolysis at either the α-
or β-carbonyl group to regenerate the α-peptide bond or
to produce the new β-aspartyl-peptide [147,148]. Less
common is the attack of the side chain amide nitro-
gen on the peptide bond carbonyl with formation of a
C-terminal succinimide and subsequent peptide bond
cleavage [148,149]; however, such acid-catalysed pep-
tide bond cleavage occurs readily at Asn-Pro sequences
[150].

The reactions involved in these protein matura-
tion processes are all well known in peptide chem-
istry. Regarding the spontaneous X → N acyl migra-
tion, Wieland showed in the early 1950s that S-
aminoacyl-cysteine derivatives undergo an intramolec-
ular transacylation to form Nα-aminoacyl-cysteine com-
pounds as shown in Scheme 6 [151]. The concept of
entropic activation, and its significance in the context of
peptide bond formation via intramolecular acyl trans-
fer, was introduced by Brenner [152,153] and then
further developed by Kemp to the Prior Thiol Capture
Strategy [154]. This principle was subsequently applied
almost simultaneously by Kent [155] and Tam [156] for
the development of a highly chemoselective ligation of
unprotected peptide fragments via peptide amide bonds
to produce larger polypeptide chains and proteins.
This strategy, termed native chemical ligation (NCL),
exploits the reversible intermolecular transesterifica-
tion between a peptide thiol ester and the nucleophilic
thiol group of an N-cysteinyl-peptide to produce the
S-(peptidyl)-cysteinyl-peptide as intermediate. In the
absence of structurally favoured proximity effects as
well as the assistance of functionalities in the correct
architecture, as present in the inteins for protein splic-
ing, hydroxy groups and amines present in the unpro-
tected peptide segments are too weak as nucleophiles to
compete under neutral or slightly acidic media with the
transesterification by the thiol groups. The thiol ester
itself is generally relatively unreactive to aminolysis
[157]; but the S-(peptidyl)-cysteinyl-peptide formed as
an intermediate in the first step rapidly undergoes the
S → N acyl shift, through the favourable five-membered
ring intermediate, to produce the native peptide bond at
the ligation site (Scheme 6). This entropically favoured
aminolysis occurs at high rates and thus prevents com-
petitive hydrolysis of the thiol ester at the slightly
alkaline pH used in the reaction, despite the known
higher rates of hydrolysis of thiol esters compared with
carboxy esters [158].

Similar entropic proximity effects for aminolysis of
thiol esters are exploited by nature in the modular
peptide synthetases involved in nonribosomal peptide
synthesis where amino acid phosphopantheteine thiol
esters undergo aminolysis by the adjacent module-
bound amino acid without enthalpic activation of the
α-carboxy group [159,160].

The NCL strategy was subsequently extended to
multiple repetitive peptide ligations taking advantage
of N-terminal thioproline derivatives as intermediately

Scheme 6 Intermolecular trans-thiol-esterification and intramolecular trans-acylation as basic reactions of native chemical
ligation of unprotected peptide segments [155,156].
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masked cysteine residues [161]. The successful synthe-
sis of various proteins by this procedure confirmed its
considerable potential as a complementary approach
to protein engineering based on ribosome-mediated
protein synthesis [162–166]. It also fostered new devel-
opments to bypass the limitation of an N-terminal
cysteine in one of the fragments, e.g. by the use of N-
ethanemercapto- or N-oxyethanemercapto-derivatized
glycine or alanine residues to provide the nucleophilic
sulfur [167] or by the use of templates that allow for
traceless ligations [168,169] in a manner similar to
Kemp’s thiol capture strategy [154].

The almost simultaneous discovery of protein splicing
processes where trans-thiol-esterification reactions and
N → S/S → N acyl shifts are exploited for excision of
the intein domains (vide supra) led to a manipulation
of these biosystems for autoproteolysis at single splice
junctions to produce protein thiol esters. These are as
suitable reaction partners for ligation of recombinantly
expressed larger protein portions with deliberately
modified or labelled synthetic fragments to produce
modified proteins [170,171]. This strategy, known as
expressed protein ligation (EPL), enriches the arsenal
of techniques available for the production of suitable
protein variants and derivatives of particular interest in
cell biology [166,172–174].

Disulfide bonds. Secretory proteins typically depend
on disulfide bonds for their maturation and function.
Formation of these bonds is thermodynamically coupled
to folding and must be regarded as a key post-
translational modification of secretory proteins, which
are stabilized in their folded structures via the covalent
crosslinks by 2 to 5 kcal/mol for each disulfide bond
[175]. Although Anfinsen’s classic in vitro experiments
on the oxidative refolding of ribonuclease A [176,177]
clearly established the central principle of self-assembly

of proteins, in vivo the folding process is assisted by
various chaperones and folding catalysts. These do
not determine the final structure of the polypeptide
chain, but rather accelerate slow chemical steps
that accompany folding by inhibiting off-pathways
such as aggregation phenomena [178,179] or by
catalysing reshuffling of disulfides [180] and cis-trans
isomerization of Xaa-Pro bonds [181] as rate-limiting
steps.

In eukaryotes, oxidative folding of secreted proteins
occurs in the endoplasmic reticulum, which provides
an environment that is highly optimized for this
purpose. It is more oxidizing than that of the cytosol
with a GSH/GSSG ratio of approximately 1 : 1–3 : 1
[182]. But rather than relying on glutathione as an
oxidant, disulfide formation is driven by a protein relay
involving Ero1 and PDI; Ero1 is oxidized by molecular
oxygen and in turn acts as a specific oxidant of
PDI, which then directly oxidizes cysteines in folding
proteins in addition to reshuffling incorrect disulfides
[183]. In vitro and in the absence of such enzymatic
assistance, oxidative protein-folding in the presence of
glutathione [184] is a trial and error process with a
stepwise conformational search in a funnel-like energy
landscape (Figure 6) or along a redox-sensitive series
of energy landscapes [185–188]. Indeed the redox
potential of single disulfides can vary significantly in
the folded cystine-rich proteins and peptides; e.g. for
apamin, a relatively small peptide with two disulfide
bonds, the one-disulfide folding intermediate exhibits
a Kox of 0.025 M, whereas the Kox for formation of the
second disulfide is approximately 17 M, thus making
such folding processes highly cooperative [189,190].

Local structural preferences have been recognized as
the nucleating sites of protein folding that form early in
the process and direct subsequent folding events [191].

HS

SH

SH

SH

SH

HS

HS
HS

in vivo: folding catalysts

in vitro: O2, GSH/GSSG

Figure 6 The general mechanism of oxidative protein-folding foresees a hierarchical conformational search in a funnel-like
energy landscape as shown for example by ribonuclease A.
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These may increase the effective concentrations for
intermediate disulfide bonds [192,193], which are not
necessarily retained in the final folded structure. Such
effective concentrations which reflect the equilibrium
constants for disulfide formation in the redox buffer
applied, depend on the configurational entropy factor,
i.e. on the probability of the cysteine residues colliding
with each other. Studies on model peptides have
clearly shown that in the absence of conformational
constraints the readiness to form disulfide loops
depends more on the number of residues m between
the two cysteine residues than on the type of residues
at least up to m = 6, and that disulfide loop formation
is favoured by even m values and unfavoured by odd
values [194,195]. This alternating odd-even pattern
also appears in statistics of disulfides in naturally
occurring proteins [195,196]. On the basis of this
observation, disulfides between proximal cysteines
should exhibit the highest rate of formation at least
in folding intermediates. Via a decrease in entropy local
constraints imparted by the disulfide could contribute
to the formation of compact structures where both
non-native and native contacts become important
in directing the folding process since the compact
intermediate could then rearrange to the more stable
native state via disulfide reshuffling [197]. In fact,
non-native interactions in protein folding have been
suggested to play a potentially significant role even for
small proteins with simple topologies [198].

In this context, disulfide bridging between two
adjacent cysteine residues could increase the rigidity
of local structures by inducing bends that help to
bring various parts of the chain into closer proximity.
Adjacent cysteine residues are often encountered in
the sequence of cysteine-rich peptides and proteins.
However, the eight-membered ring formed by the
intramolecular Cys-Cys disulfide is very rarely found
in native folds [199,200]. Theoretical calculations and
first structural data on model peptides predicted that
disulfide formation between adjacent residues requires
a cis-like conformation of the Cys-Cys bond [201].
However, in the most recent examples even a trans-
conformation was determined [199,200]. Such a vicinal
disulfide was also detected as a folding intermediate
of Amaranthus α-amylase inhibitor, a cysteine-rich
peptide that in the native fold is characterized by a
typical cystine knot motif [202]. This latter observation
fully confirms the potential role of small intrachain
disulfide loops, i.e. of bead-like structures, in the first
steps of oxidative folding processes.

Despite the hierarchical protein folding pathways,
formation of unproductive intermediates by incorrect
disulfides or disulfides in the wrong temporal order
can lead to off-pathway kinetic traps and cause the
often encountered low yields of correctly folded proteins.
Therefore, oxidative refolding of proteins still represents
a considerable challenge particularly in terms of yields.

With the advent of recombinant protein expression, the
increased need for optimized folding procedures has
fostered intense research in the field and continuous
advances are reported including the use of artificial
chaperone systems [203,204].

While cysteine-rich proteins contain sufficient
sequence-encoded information for correct folding under
optimized conditions, in oxidative refolding of cysteine-
rich peptides often difficulties were encountered since
these are products of post-translational processing
of folded precursor molecules. Indeed, refolding of
precursors generally leads to substantially increased
folding yields, as well assessed by various propeptide
forms [205,206].

Progress in the chemistry of regioselective disulfide
formation in synthetic cysteine-rich peptides allows for
the formation of up to three intra- or intermolecular
disulfide bonds independently of the higher or lower
propensity of the reduced peptide for correct oxidative
refolding [127,207]. However, a continuously growing
number of peptides containing even more disulfide
bonds are being identified and isolated from the most
diverse kingdoms of life such as fungi, plants, inver-
tebrates and mammals, which function as hormones,
neurotransmitters, growth factors, enzyme inhibitors,
antimicrobial peptides including defensins and toxins
[208–211]. Despite the impressive sequence diversity,
very often the cysteine pattern in the sequence allows to
one foresee the cystine frameworks. In fact, comparative
analyses of the cysteine patterns and known 3D struc-
tures clearly revealed that identical cysteine patterns
very often lead to identical cystine frameworks and
thus to characteristic structural or substructural motifs
such as the cystine-stabilized αβ motif [212,213], the
cystine knot motif [212,214,215] and the β-hairpin-like
motif [199,216,217]. Although under optimized condi-
tions oxidative folding of such cysteine-rich synthetic
peptides was often successful [119], there is a con-
tinuous need for an improved methodology. Refolding
chromatography represents one example of the most
recent advances in the field where individual fold-
ing components are immobilized on solid supports
[218,219]. Other procedures include immobilization of
small molecule-dithiols [220], such as the Ellman’s
reagent [221], or the search for synthetic molecules
capable of mimicking the disulfide reshuffling efficiency
of PDI [99,222].

In addition to acting as an oxidant, PDI plays
an important role in reshuffling incorrect disulfide
bonds formed during oxidative folding of proteins.
This property has been attributed mainly to the
extraordinarily nucleophilic N-terminal Cys-36 residue
of the active site sequence (pKa = 4.5 [106]). The
cyclic active site-peptide c[Trp-Cys-Gly-His-Cys-Lys]
(PDI- [35–40]) exhibits a redox potential of −130 mV
(Table 3) and very surprisingly differentiated pKa values
for the two Cys residues with the Cys-39 (the second
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Cys in the sequence above) as the more acidic thiol
(pKa = 7.3) than generally observed for this amino acid
(pKa ≥ 8.4) [99]. In fact, the cyclic bis(cysteinyl)peptide
was found significantly to catalyse oxidative refolding
of ribonuclease A both in the presence and absence of
GSH/GSSG [99], although not with the efficiency of PDI
[223]. This finding has to be attributed mainly to the
obvious lack of chaperone activity by the small peptide
which, however, is exerted by the large enzyme [224].

Serine

In terms of geometry and volume occupancy serine is
a highly isosteric analogue of cysteine and is thus well
suited for the design of protein mutants and peptide
analogues for structure–function studies. But the two
amino acids differ in basic chemical and physicochem-
ical properties. The hydroxy group of serine lacks the
redox properties of thiols at least in the range of redox
potentials operating in biological systems, and serine
residues do not form peroxide bridges because of the
instability and highly oxidizing properties of peroxides.
Therefore, the structural role of serine relies mainly on
its hydrogen-bonding ability and the functional role on
the nucleophilicity of the hydroxy group.

Serine as nucleophile in proteins. The hydroxy
group is a weaker nucleophile than the cysteine
thiol group; nonetheless, it constitutes the essential
active-site nucleophile of serine proteases and it
acts as a nucleophile in the autocatalytic protein
splicing processes via intramolecular N → O and O → N
transacylations.

Despite the weaker nucleophilicity of serine, the
general mechanism of peptide bond hydrolysis by serine
proteases is very similar to that shown in Scheme 4
for cysteine proteases. However, the topochemical
environment of the active centres of serine proteases
has evolved to stabilize optimally the highly charged
tetrahedral transition state through oxyanion hole
interactions. Correspondingly, both formation and
breakdown of the tetrahedral intermediate are the
rate limiting steps of peptide bond hydrolysis. This
behaviour is in contrast to that of the cysteine
proteases where the thio ester formation is the rate-
limiting step (vide supra). Because of these fine
mechanistic differences cysteine and serine residues
are not functionally interchangeable in serine and
cysteine proteases.

N → O/O → N transacylations. The mechanism of
autocatalytic protein splicing at the N-terminal cysteine

residues of the intein and the C-terminal extein
(Scheme 5) has been well established by trapping the
crucial intermediates [142–144]. Since protein splicing
takes place even when the cysteine residues are
replaced by the less nucleophilic serines, the structural
environments have to provide the required acid/base
catalysis particularly in the transesterification step
involving the serine/threonine hydroxy groups and in
the hydrolysis of the O-acyl intermediates in a manner
similar to the mechanism of peptide hydrolysis by serine
proteases.

From experiences in peptide synthesis it is known
that even the N → O acyl shift is not a sponta-
neous reaction, but occurs in the absence of par-
ticular intramolecular assistance via the favourable
5-membered intermediate only under acidic conditions
as required in the final deprotection steps (Scheme 7)
[225–227]. Conversely, the opposite O → N transacyla-
tion takes place spontaneously and at high rates again
via the hydroxyoxazolidine intermediate whenever the
amino group is deprotonated [225–231] or protonated
by weak acids [232]. However, this transacylation can
also occur intra- and intermolecularly by the nucle-
ophilic attack of an amino group when favoured by
spatial proximity as induced in dimeric peptides [232].
Similar O → N transacylations via intermediate ring
formation even of larger sizes have been successfully
employed in the Prior-Amine-Capture-Strategy of Kemp
[164,233] as well as in peptide-backbone protection
strategies [234,235] entropically to facilitate coupling
steps.

More recently the O → N acyl shift was applied for
the design of prodrugs [236,237] and for the synthesis
of ‘difficult’ peptide sequences by purposely incorpo-
rating depsipeptide structures to prevent aggregation
phenomena directly correlated with the propensity for
β-sheet formation [238–241]. Upon deprotection of the
depsipeptides, their purification under acidic condi-
tions and subsequent neutralization, these O-acyl com-
pounds are readily converted into all-peptide amide
compounds. This pH-dependent conversion of O-acyl
peptides into N-acyl peptides was then ingeniously
employed in the design of conformational switches that
allow for studying the folding mechanisms in model
peptides [242].

Selenocysteine

In vivo, selenocysteine is co-translationally inserted
into the growing polypeptide chain via the normal
biosynthetic machinery of the cell [70–72]. It was

Scheme 7 pH dependent N → O and O → N transacylations at serine residues in peptides and proteins.
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recently established that the human selenoproteome
consists of 25 selenoproteins [243], of which 18
have been described so far. The most studied are
glutathione peroxidase, glycine reductase, thioredoxin
reductase and iodothyronine 5′-deiodinase [70,244].
Most human selenoproteins have cysteine-homologues,
in which selenocysteine is replaced by cysteine, but the
sulfur proteins are generally weaker catalysts when
compared with the selenoproteins [245]. The major
difference between selenocysteine and cysteine residues
is the significantly higher acidity of the selenol group
(pKa = 5.2) relative to that of the thiol group (pKa = 8.3)
[246,247]. As a consequence, selenols in proteins are
normally present as selenolates at physiological pH
and these are better nucleophiles than the thiolates.
Selenocysteine in proteins occurs mainly in the reactive
selenol and selenenic acid oxidation state. In fact,
as exemplified by the redox cycle of glutathione
peroxidase, selenocysteine is oxidized to selenenic acid,
which in turn is reduced via an exchange reaction
involving two equivalents of glutathione (Scheme 8)
[3]. Unlike disulfides, reactive diselenides have not
been found in proteins, but the mixed selenylsulfides
are formed in glutathione peroxidase and thioredoxin
reductase, which are then reduced in a first step by
an exchange reaction with thiols to form the disulfide
and in a second step by electron transfer as shown in
Scheme 8 [3]. A similar reaction mechanism has been
proposed for the deiodinases involved in the tyroxine
metabolism [248].

Redox potential of selenocysteine. From cyclic
voltammograms of cystine and selenocystine (pH 7.0;
25 °C) a difference in redox potential of about 250 mV
between selenocysteine/selenocystine (−488 mV vs
NHE) and cysteine/cystine (−233 vs NHE) was derived
[3]. Since redox potentials of thiols and selenols are
generally extracted from the equilibrium constants
of exchange reactions with reference redox systems
such as glutathione or DTT using the Nernst equa-
tion, the accuracy of these measurements strongly
depends upon the values of the reference redox poten-
tials used. Szajewski and Whitesides [249] have very

Scheme 8 Reaction mechanisms of glutathione peroxidase
and iodothyronine 5′-deiodinase.

precisely determined the redox potentials of DTT
(−323 mV), β-mercaptoethanol (−207 mV) and glu-
tathione (−205 mV) at pH 7.0 and 30 °C by equilibration
against the lipoamide-lipoamide dehydrogenase couple
and using the E ′

0 value of −288 mV for lipoamide vs
the standard hydrogen electrode as a reference. With
these reference redox potentials an E ′

0 value of −349 mV
was derived for selenocystamine (Kox = 7.14 M−1 [250])
(Table 4).

Since the redox potential of the glutaredoxin fragment
grx-[10–17] was found to be similar to that of
glutathione (Table 3), this bis(cysteinyl)peptide was
chosen to determine the redox potential of a diselenide
and mixed selenidesulfide bridge in unconstrained
linear peptides [32,251,252]. As shown in Table 4,
the redox potential of the bis(selenocysteine)peptide
(−381 mV) proved to be remarkably lower than that
of DTT (−323 mV), whereas the E ′

0 value of the
mixed (selenocysteine-cysteine)peptide (−326 mV) was
found to be similar to DTT and thus significantly
more reducing than glutathione and the parent
bis(cysteinyl)peptide. The redox potential of diselenides
clearly indicates that formation of a diselenide bridge
is highly favoured over the formation of mixed
selenidesulfide and even more of disulfide bridges in
peptides and proteins.

Table 4 The Redox Potentials of Sec-containing Peptides in Comparison with the Cys-peptides and Selenocystamine at pH 7.0
as determined by the Nernst Equation (E′

0 = E′
0,DTT − 0.03 log Kox) from the Kox Values of Equilibration with DTT as Reference

Redox System (E′
0 = −323 mV [249])

Compound Reference redox system E′
0 [mV]

Ac-Gly-Cys-Pro-Tyr-Cys-Val-Arg-Ala-NH2 GSH/GSSG −215 [98]a, −180b

Ac-Gly-Sec-Pro-Tyr-Sec-Val-Arg-Ala-NH2 DTT −381
Ac-Gly-Sec-Pro-Tyr-Cys-Val-Arg-Ala-NH2 DTT −326
(H2N-CH2-CH2-Se)2 DTT −349

a Determined with E′
0 = −240 mV [95] for GSH/GSSG (see also Table 3).

b Determined with E′
0 = −205 mV [249] for GSH/GSSG.
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Synthesis of selenocysteine and related derivatives.
Various syntheses of selenocysteine have been pro-
posed, which all rely on the reaction of suitably
protected β-haloalanine with lithium or sodium dise-
lenide [62,253,254]. While Tanaka and Soda [253] used
β-chloroalanine as the educt, the most recent syn-
thetic routes are based on conversion of suitable
serine derivatives into β-iodo- or β-bromoalanine com-
pounds for reaction with diselenide anions to generate
selenocystine upon removal of the protecting groups.
The protected β-iodoalanine is conveniently prepared
from Boc-Ser(Ts)-OMe with NaI (Scheme 9, route A)
[254], whereas the bromo-derivative was obtained by
direct reaction of Boc-Ser-OtBu with triphenylphos-
phine, bromine and imidazole (Scheme 9, route B) [62].
The β-haloalanine derivatives are then reacted with
a diselenide anion, which is generated by reduction
of selenium powder with either triethylborohydride or
sodium borohydride [253–256], but can also be pre-
pared in situ from selenium, hydrazine hydrate and
NaOH [62].

The currently most used selenol protections in pep-
tide synthesis are the 4-methoxybenzyl [256,257] and
4-methylbenzyl group [258,259]. These Sec derivatives
are produced by reduction of selenocystine with NaBH4

followed by in situ reaction with 4-methoxybenzyl chlo-
ride [257] or 4-methylbenzyl bromide [259]. A synthetic
route more readily scalable is outlined in Scheme 10,
where Fmoc-Ser-OAl or Fmoc-Ser-Dpm are activated
as O-tosyl derivatives and reacted with aryl or aralkyl
selenolates. These are obtained by treatment of sele-
nium powder with ‘super hydride’ (1 M lithium triethyl-
borohydride in THF) followed by the aryl or aralkyl
chlorides and reduction of the resulting diselenides
with hypophosphoric acid. Subsequent deprotection of
the carboxy group yields the desired Sec derivatives by
simple recrystallization of the crude reaction products
[255].

Synthesis of selenocysteine/selenocystine peptides.
Sec-peptides were synthesized both by the Fmoc and
Boc strategy, and the procedures applied and dif-
ficulties encountered were comprehensively reviewed
[207,260]. The main drawbacks encountered in these
syntheses are the facile racemization of Sec deriva-
tives during coupling steps and their high ten-
dency to deselenate via β-elimination in the iter-
ative piperidine-mediated Fmoc deprotection steps
[207,251]. For deprotection of the Se-4-methylbenzyl
group the hydrogen fluoride methods were applied
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apparently without particular difficulties [258,261],
while cleavage of the Se-4-methoxybenzyl group can be
performed with TFA in the presence of a strong Lewis
acid such as trimethylsilyl-trifluoromethane sulfonate
[257,262]. Alternatively, it can be removed oxidatively
with iodine in acetic acid, a method which leads to
complications in the presence of a second intramolec-
ular Sec or Cys residue [32,207,255]. Better results
were obtained in this case by deprotection with TFA in
the presence of dimethylsulfoxide, which leads directly
to the diselenide and mixed selenidesulfide bridge,
respectively [32,207,251,255,262]. An additional use-
ful method was found to be the displacement of
the 4-methoxybenzyl group with 2-nitrophenylsulfenyl
chloride [263] in analogy to the procedure applied for
deprotection of related cysteine derivatives [126,264].
Unlike the unsymmetrical disulfide formed in the case
of S-protected Cys-compounds, in addition to the 2-
nitrophenylsulfide-selenide product the diselenide is
formed, but the product mixture is readily converted
to the Sec-peptides under reducing conditions. Inter-
estingly, attempts to cleave the Se-4-methoxybenzyl
groups in bis(selenocysteine)peptides with mercuric
acetate led to the cyclic mercuric diselenolate pep-
tides, from which regeneration of the free selenol groups
failed even with large excess of mercaptanes. Possibly,
by addition of HCl a displacement of the Hg2+ may
occur, since these conditions were reported to destroy
the complex of metalloselenonein with Cu+ [258].

Incorporation of selenocysteine into proteins. Seleno-
cysteine has its own tRNASec that recognizes the opal
stop codon UGA, but for co-translational insertion it
needs intra- or intermolecularly acting factors in decod-
ing UGA for Sec insertion [72]. In bacteria, a stem-loop
structure in the mRNA immediately downstream of the
UGA codon is recognized by a specialized Sec elongation
factor, thus making site-specific insertion of selenocys-
teine into proteins possible only in a few C-terminal
sequence positions [265]. This fact is very unfortunate
as it prevents expression of proteins with selenocysteine
placed into defined sequence positions for changing
redox, and thus catalytic, properties of enzymes and
for introducing unique sites suitable for chemoselec-
tive modification based on the peculiar properties of
selenols.

A first artificial selenoenzyme, selenosubtilisin, was
synthesized by site-specific chemical modification of
the active-site serine of subtilisin which reacts selec-
tively with the inhibitor phenylmethanesulfonyl fluoride
(Scheme 11). Treatment of the sulfonylated enzyme with
excess hydrogen selenide resulted in the selenosubtil-
isin with novel hydrolytic and redox properties [266]. It
proved to be an efficient acyl transferase in agreement
with the faster aminolysis of selenol esters compared
with esters and thiol esters [267,268], and to exhibit
glutathione peroxidase activities.

Scheme 11 Site-specific selenation of subtilisin to produce
selenosubtilisin [266].

An alternative approach for production of selenopro-
teins consists of in vivo charging of tRNACys with seleno-
cysteine under cysteine-deprived growth conditions
using cysteine-auxotrophic E. coli strains [269,270].
A possible disadvantage of this method, however,
derives from the multiple replacement of Cys residues
in the protein. For site-specific substitution of single
Cys residues in peptides and proteins new methods
based on native [155] and expressed chemical liga-
tion [171] (vide supra) have been recently developed
[255,263,271–273].

Native chemical ligation with selenocysteine. With
the selenol being a stronger nucleophile than the thiol
[246] and the selenoesters undergoing faster aminolysis
than the thiol esters [267,268], native chemical ligation
with N-terminal selenocysteine-peptides was expected
to proceed faster and possibly even in better yields
than with N-terminal cysteine-peptides. In fact, model
studies on ligation of acetylglycine thiol esters with
cystine and selenocystine in the presence of TCEP
clearly confirmed significantly higher rates with the
Sec derivatives in the pH range of 5 to 8 [271,274]. A
complication was expected from the facile oxidation of
the Sec residue. In the presence of a selenocystine dimer
or of a mixed selenidesulfide peptide, thiophenol at high
concentrations was sufficient to generate the selenol
required for the transesterification step, although the
ligation reaction itself was found to proceed at lower
rates than with the cysteine-peptides [255]. Upon
addition of TCEP as additional reductant, the ligation
of two peptides related to ribonucleotide reductase
was found to proceed very slowly with production of
the lanthionine peptide shown in Scheme 12 as the
only product and in low yields [255]. The very slow
reaction can only be explained if the selenidesulfide
bridge is deselenated at high rates leading to the
lanthionine peptide which itself can than react with the
thiol ester only via aminolysis. Such deselenation was
attributed to the action of TCEP, since desulfurization
of disulfides by tris(ethylamine)phosphine represents a
well established reaction [275,276]. Conversely, Hilvert
and coworkers [272] reported a smooth ligation in
the presence of TCEP between the BPTI fragment
1–37 as ethylthiol ester and the fragment 38–58
containing the Cys51 and Cys54 residues in addition
to the N-terminal Sec38 residue. Even in our hands
deselenation has not been observed when reducing
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Scheme 12 Side reaction in ligation of an oxidized [Sec,Cys]-peptide with a peptide thioester in the presence of TCEP [255].

diselenide-containing peptides with excess of TCEP
or tributylphosphine [277,278]. However, we have
repeatedly observed formation of dehydroalanine to
high extents when treating Cys(StBu) compounds with
some commercial charges of tributylphosphine [279],
although desulfurization was reported to occur mainly
with the basic tris(ethylamine)phosphine. Therefore,
the question arises whether the side reaction reported
by Gieselman et al. [255] derives from contaminants of
unknown nature in the TCEP charge used.

Selenocystine as isomorphous replacement of cys-
tine in peptides and proteins. The strongly reducing
redox potential of selenocysteine clearly suggests a
highly favoured diselenide over mixed selenidesulfide or
disulfide formation. Correspondingly, selenocysteines
when placed into appropriate positions of cysteine-rich
peptides were expected to induce the correct dise-
lenide/disulfide connectivities on oxidation. In fact,
oxidative refolding of [Sec3,11,Cys1,15,Nle7]-endothelin-1
[276] and [Sec1,11,Cys3,15]-apamin [277,278] led to the
wild-type diselenide/disulfide connectivities in quan-
titative yields. By placing the two Sec residues in
different positions again, upon oxidation, the diselenide
was formed quantitatively, thus producing the desired
non-native topoisomers [278,280]. These results fully
confirmed that suitable replacements of cysteine pairs
with selenocysteine represents a highly efficient strat-
egy for directing the oxidative folding of cysteine-rich
peptides into the desired diselenide/disulfide frame-
work.

Incorporation of a single selenocysteine residue in
synthetic interleukin-8 [261] or by native chemical
ligation into BPTI [272] and ribonuclease A [271] did not
impede the correct oxidative refolding, but comparison
of folding yields with the all-cysteine-polypeptides were
not reported in these studies.

NMR conformational analysis of the diselenide-
containing endothelin-1 and apamin analogues con-
firmed the fully isomorphous character of the disul-
fide/diselenide substitution as representatively shown
in Figure 7 for wt-apamin and the [Sec1,11,Cys3,15]-
apamin analogue [277,278,280]. The identical results
in terms of structure and function were reported for

Figure 7 NMR solution structures of wt-apamin and its
selenocystine analogue [Sec1,11,Cys3,15]-apamin [278,280].

the interleukin-8 [263] and BPTI analogues [272] which
contain a mixed selenidesulfide bridge. Correspond-
ingly, such selenocystine-based heavy metal mutants
of peptides and proteins were expected to serve
well for solving the phase problem in protein crys-
tallography [32] as an alternative to the selenome-
thionine [41,42], telluromethionine [24,39,64,65] and
selenotryptophan mutants [281,282]. Indeed, success
has been reported for the use of selenocystine in x-ray
diffraction analysis of proteins [283,284]. These pro-
teins were expressed in cysteine-auxotrophic E. coli by
supplying the medium with D,L-selenocystine according
to the procedure reported by Müller et al. [269]. By this
expression method all cysteine residues are replaced by
selenocysteine with an incorporation efficiency of about
70%–80%. Since the growth medium contains seleno-
cystine, the reducing environment of E. coli has to be
sufficiently strong to supply the translational machin-
ery with selenocysteine and to allow for reshuffling of
diselenides to the correct connectivities.

In addition to the usefulness of selenocysteine incor-
poration into peptides and proteins for MAD phasing in
protein crystallography, uniform replacement of cystine
residues by selenocystine was proposed for conforma-
tional analysis of unknown disulfide connectivities in
cystine-rich peptides and proteins by 1H–77Se corre-
lated NMR experiments [254]. However, 77Se{1H}, 1H-
HMBC experiments performed on the oxidized form
of Ac-Gly-Sec-Pro-Tyr-Sec-Val-Arg-Ala-NH2 at natural
77Se abundance did not allow for assignment of the
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diselenide connectivity [285]. Moreover, disulfides in
peptides and proteins are known to be involved in
tryptophan fluorescence quenching and charge trans-
fer processes [286–288]. Taking into account the strong
fluorescence quenching properties of selenomethionine
[61,289], even selenocystines could provide interest-
ing tools for studying peptide-protein or protein-protein
interactions. Additionally, site-specific replacement of
pairs of cysteine residues with selenocysteines was
employed for selective reduction of the additional disul-
fides keeping the diselenides intact and thus to effi-
ciently trap oxidative folding intermediates as well
illustrated in the case of apamin [280].

From a synthetic point of view, an additional appli-
cation of selenocystein could derive from the mild and
chemoselective oxidation of Se-phenylselenocysteine to
dehydroalanine for site-specific intramolecular Michael
additions to lanthionine or for site-specific introduction
of external nucleophiles to produce peptide conjugates
such as glycopeptides and lipopeptides [274].

Tellurocysteine

Unlike selenium, tellurium is not an essential micronu-
trient and, indeed, it induces both acute and chronic
toxicity in a variety of species. But little is known about
the molecular mechanism of tellurium toxicity. Tellu-
rite is taken up by primary rat liver hepatocytes faster
than selenite. It was shown that tellurite inhibits the
ability of peroxidase to catalyse glutathione-dependent
reduction of hydrogen peroxide and that inorganic tel-
lurite delivers tellurium to the intracellular mileu in
a form capable of binding to intracellular selenopro-
teins [290]. The nature of this binding seems not to
be due to an insertion of tellurocysteine, although
tellurium-tolerant fungi are capable of incorporating
tellurocystine/tellurocysteine into proteins [63].

The synthesis of L-tellurocystine reported by Stocking
et al. [254] differs from the related synthesis of L-
selenocystine in the type of β-haloalanine used as
educt (Scheme 13). Indeed, with the bromo-alanine
derivative better yields were obtained than with the
iodo compound. Moreover, the deprotection step was
optimized and both cleavage of the Boc and hydrolysis
of the methyl ester were performed with TFA to
increase the yield in comparison with the cleavage
with 6 M HCl used for selenocystine. The lithium
ditelluride was prepared from elemental tellurium in
dry tetrahydrofuran with ‘super hydride’ (1 M lithium
triethylborohydride in THF) according to a known
procedure [291].

In addition, the synthesis of Te-phenyl-L-
tellurocysteine from β-chloroalanine and diphenyl
ditelluride in the presence of NaBH4 has been reported
to proceed in satisfactory yields [292,293], suggesting
that even Te-4-methylbenzyl- or Te-4-methoxybenzyl-
tellurocysteine should be accessible to study the
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Scheme 13 Synthesis of L-tellurocystine [254].

synthetic incorporation of this tellurium-containing
amino acid into peptides and to analyse its stability
versus demetallation via β-elimination as well as the
properties of ditelluride bridges in model peptides.

Since the 125Te nucleus is NMR active (spin 1/2) like
77Se, tellurocystine could represent an interesting probe
for NMR structural analysis of peptides and proteins.
In addition, tellurocystine could provide heavy atom
mutants of cystine-containing proteins with the advan-
tage of a greater electron density than selenocystine.
So far, attempts to express tellurocystine-containing
thioredoxin failed [294] using cysteine-auxotrophic E.
coli under the conditions successfully applied for the
expression of the related selenocysteine mutant [269].
This failure may possibly be due to the insufficiently
reducing the cytosolic environment of the host cells or
to the lack of uptake of tellurocystine from the medium.
Also the synthesis of tellurocystine-containing peptides
has not been reported so far, although with the avail-
able ligation techniques telluro-proteins could possibly
be accessible by this semisynthetic route. The ditel-
luride bridge is more space-filling than the disulfide
and diselenide, but the plasticity of proteins is expected
to accommodate such differences as was shown by
replacing methione with telluromethionine. Moreover,
analysis of disulfide bridges in a set of high resolution
crystal structures has shown that the Cα distances can
vary from 3.8 to 6.8 Å, as a result of the flexibility of
the five different torsional angles of the bridged cystine
residue [295].

Since Te-phenyl-L-tellurocysteine was found to be
even more effective as a chemopreventive and antitu-
moural agent than the selenium and sulfur analogues
[293], tellurium-containing peptides could well repre-
sent ideal delivery agents.

PERSPECTIVES

Nature exploits the distinct chemical and physicochem-
ical properties of oxygen in hydroxy groups and of sulfur
in thioether and thiol groups of peptides and proteins
both structurally and functionally. Correspondingly,
bioincorporation of the related amino acids serine,
threonine and tyrosine as well as of methionine and
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cysteine into polypeptide chains in vivo occurs under
strict genetic control. Conversely, nature makes use of
selenium, as is known to date, only with the amino
acid analogues selenomethionine and selenocysteine,
and genetically controlled bioincorporation occurs in
the case of selenocysteine by a specific mechanism.
Therefore, selenocysteine can be referred to as the
21st proteinogenic amino acid. Both selenomethion-
ine and selenocysteine have attracted great interest in
recent years as heavy metal, isomorphous analogues of
methionine and cysteine, respectively, since their pres-
ence in peptides and proteins can significantly facilitate
the phasing problem in x-ray crystallography. While a
similar advantage derives from telluromethionine, the
related tellurocysteine, so far, has not been used and
studied as an isomorphous cysteine analogue.

Among the chalcogen-analogues of amino acids
selenocysteine, in particular, was expected to offer
additional interesting applications when incorporated
synthetically or biosynthetically into peptides and
proteins. Therefore, a new synthetic methodology has
emerged recently to introduce selenocysteines into
peptides, which concurrently allows for expansion of
the cysteine-mediated native and expressed protein
ligation to the selenocysteine approach and thus for
application of this selenium-containing amino acid
as a new promising tool in protein engineering. In
fact, the characteristic physicochemical properties of
selenocysteine such as the low pKa, the low redox
potential and high nucleophilicity allow the design of
enzymes with a new reaction mechanism or changed
redox properties to be addressed. Moreover, the highly
preferential formation of diselenides and their stability
towards reduction as observed in the oxidative refolding
of selenocysteine/cysteine-rich peptides and proteins,
should enhance the robustness of cystine frameworks
and even allow the production of proteins with de
novo designed diselenide/sulfide frameworks. In this
context, extension of the peculiar properties of selenium
to threonine and particularly to tyrosine could be highly
promising. Indeed, tyrosine often plays decisive roles in
enzyme catalysis and in natural products it is often
structurally involved in side-chain crossbridges.
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Plant defense peptides. Biopolymers 1998; 47: 479–491.

210. Terlau H, Olivera BM. Conus venoms: a rich source of novel ion
channel-targeted peptides. Physiol. Rev. 2004; 84: 41–68.

211. Loughnan ML, Alewood PF. Physico-chemical characterization
and synthesis of neuronally active α-conotoxins. Eur. J. Biochem.

2004; 271: 2294–2304.
212. Tamaoki H, Miura R, Kusunoki M, Kyogoku Y, Kobayashi Y,

Moroder L. Folding motifs induced and stabilized by distinct
cystine frameworks. Protein Eng. 1998; 11: 649–659.

213. Cornet B, Bonmatin JM, Hetru C, Hoffmann JA, Ptak M,
Vovelle F. Refined 3-dimensional solution structure of insect
defensin-A. Structure 1995; 3: 435–448.

214. Narasimhan L, Singh J, Humblet C, Guruprasad K, Blundell T.
Snail and spider toxins share a similar tertiary structure and
‘cystine motif’. Nat. Struct. Biol. 1994; 1: 850–852.

215. Carugo O, Lu SY, Luo JC, Gu XC, Liang SP, Strobl S, Pongor S.
Structural analysis of free and enzyme-bound amaranth
alpha-amylase inhibitor: classification within the knottin fold
superfamily and analysis of its functional flexibility. Protein Eng.

2001; 14: 639–646.
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