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Abstract: The functionalisation of peptides at a late synthesis
stage holds great potential, for example, for the synthesis of
peptide pharmaceuticals, fluorescent biosensors or peptido-
mimetics. Here we describe an on-resin iodination-substitu-
tion reaction sequence on homoserine that is also suitable for
peptide modification in a combinatorial format. The reaction
sequence is accessible to a wide range of sulfur nucleophiles
with various functional groups including boronic acids,
hydroxy groups or aromatic amines. In this way, methionine-

like thioethers or thioesters and thiosulfonates are accessible.
Next to sulfur nucleophiles, selenols, pyridines and carboxylic
acids were successfully used as nucleophiles, whereas phenols
did not react. The late-stage iodination-substitution approach
is not only applicable to short peptides but also to the more
complex 34-amino-acid WW domains. We applied this
strategy to introduce 7-mercapto-4-methylcoumarin into a
switchable ZnII responsive WW domain to design an iFRET-
based ZnII sensor.

Introduction

Powerful methods for introducing natural or unnatural mod-
ifications into a peptide are of great importance, as this is a
possibility to either modulate peptides’ function or to label
them in order to elucidate their function.[1] For example,
pharmaceutically relevant peptides require modifications that
modulate their pharmacokinetic profiles such as the half-life or
bioavailability.[2] Modifications can be introduced either during
peptide chain assembly or at a later synthesis stage, ideally
post-synthetic, by biorthogonal chemical means. The introduc-
tion of modifications during solid-phase peptide synthesis
(SPPS) usually requires specific amino acid building blocks,

which often have to be prepared in advance by chemical
synthesis. As this is time-consuming and tedious, chemical
methods that allow late-stage functionalisation (LSF) are very
attractive.

These methods usually provide rapid and easy diversifica-
tion of peptides from a single peptide precursor synthesised by
SPPS.[3]

Among the available methods, bioconjugations that do not
rely on the protection of functional groups, such as the
copper(I)-catalysed azide–alkyne cycloaddition,[4] the tetrazine
click reaction[5] or the recently established arylation
chemistries,[6] certainly appear highly useful, as they also can be
applied for biomolecules that are not accessible by chemical
synthesis. However, many biorthogonal reactions often suffer
from the need for additional unnatural and bulky linkers
between biomolecule and modification, which limits their use
for the functionalisation of peptides. Alternatively, synthetic
peptides can be easily modified at a late synthesis stage on the
solid phase after peptide chain assembly. Typically, orthogonal
protection of a lysine or glutamic acid side chain allows
selective deprotection and modification, for instance, by amide
bond formation. However, to expand the availability of different
linkages that also affect the function of the introduced
modification, several new LSF methods have recently been
developed. These include C� H activation on aromatic amino
acid side chains or other transition metal-catalysed reactions
such as the Suzuki–Miyaura cross-coupling reaction or Ni-
catalysed decarboxylative coupling.[7] Furthermore, a transition-
metal-free method, the on-resin Petasis reaction, was recently
applied for LSF by Ricardo et al.[8] and Openy et al. performed
the functionalisation of lysine residues by a Katritzky salt
formation and subsequent Giese reaction.[9] Surprisingly, less
complex chemical transformations like on-resin nucleophilic
substitutions are rare. Very few examples describe the introduc-
tion of halogenated amino acids such as bromo- or
chlorohomoalanine[10] that were only used to integrate stable
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cystathione as disulfide mimetics.[10b,11] However, iodohomoala-
nine was not used in this regard, and the potential of
halogenated homoalanine for LSF and consequently peptide
diversification was also not demonstrated. Here we present an
easy-to-use iodination-substitution LSF that takes advantage of
the on-resin conversion of homoserine to iodohomoalanine,
which is then susceptible to subsequent functionalisation by
nucleophiles, and in a combinatorial manner, if desired. Our
method is suitable for a range of aromatic and aliphatic thiols,
as well as pyridine derivatives and benzoic acids. We were able
to successfully apply this method to 34 amino acid WW
domains. By using our method in the fluorescent labelling of a
designed ZnII mini-receptor prototype, we developed an
intrinsic FRET (iFRET)-based ZnII sensor.

Results and Discussion

Optimisation of the iodination-substitution LSF

The concept of our LSF strategy relies on the on-resin iodination
of homoserine (Hse) followed by nucleophilic substitution
(Scheme 1). We chose homoserine rather than the more
obvious serine because the serine-derived iodoalanine is prone
to side reactions such as 2-oxazoline formation[12] or elimination
to dehydroalanine.[13] To allow selective modification of the Hse
side chain, the hydroxy group of the Fmoc-Hse building block
was protected with the hyper acid-sensitive 4,4’-dimethoxytrityl
(Dmt) group, which can be removed with 1% trifluoroacetic
acid (TFA) in dichloromethane, leaving all other protecting
groups within the peptide sequence intact.[14] To establish the
on-resin iodination-substitution reaction sequence, we chose
the simple test peptide P1 (Ac-GFXFGG-NH2), in which Hse (X)
was the only amino acid that carried an additional functional
group in its side chain. ChemMatrix was selected as the resin
for the SPPS because of its excellent swelling properties in
diverse solvents.[15] After microwave-assisted SPPS, the Dmt

group was removed under mild acidic conditions, using the
orange colour of the trityl cation to monitor the reaction.[16]

Accordingly, the resin was washed with 1% TFA in CH2Cl2 until
the filtrate was colourless. Hse was then iodinated with meth-
yltriphenoxyphosphonium iodide (MTPI), a reagent that was
previously used successfully in DNA functionalisation,[17] to yield
iodohomoalanine, which was then susceptible to nucleophilic
substitution.

During the optimisation process, peptide synthesis, iodina-
tion and nucleophilic substitution were followed by acidic
cleavage of the respective peptide from the resin to allow HPLC
and mass spectrometry (MS) analysis of the peptide species
formed (Figure 1). Synthesis of P1 was almost quantitative,
which was expected for a peptide of such small size (Figure 1A).
Interestingly, iodination with MTPI followed by TFA cleavage
resulted in the formation of several by-products (Figure 1B).
After detailed analysis, we found that some of these by-
products were short peptide species from nucleophilic frag-

Scheme 1. Concept of the on-resin iodination-substitution late-stage peptide
functionalisation.

Figure 1. Monitoring of the iodination-substitution LSF in P1. HPLC chroma-
togram of cleaved peptide GFXFGG after A) peptide synthesis, B) iodination
and C) nucleophilic substitution.
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mentation and lactone formation (Figures S1 and S2 in the
Supporting Information).

Such side reactions have previously been reported for
similar compounds.[18] Furthermore, the Hse species was
detected, which could result from either incomplete iodination
or hydrolysis. However, as our studies progressed (see below),
we found that all these by-products were formed during the
acidic cleavage of the reactive iodinated peptide and not during
the iodination reaction. Another by-product found mainly after
prolonged storage of the Hse peptide resin was the depsipep-
tide, the formation of which may have been promoted by traces
of TFA on the resin after Dmt deprotection (Figure S3).[19] This
side reaction lowered the iodination efficiency but could be
minimised by immediate iodination after Dmt deprotection. To
test the on-resin nucleophilic substitution we chose the
excellent nucleophile thiophenol (N1). The reaction was
performed in the presence of N,N-diisopropylethylamine
(DIPEA). HPLC and MS analyses showed near quantitative

formation of the thioether, thus, also confirming near quantita-
tive yields for the earlier reaction steps. It should be noted,
however, that satisfactory conversion was achieved only with
an excess of the iodinating reagent or nucleophile.

Scope and limitations of the iodination-substitution LSF

We tested a range of nucleophiles potentially suitable for our
iodination-substitution LSF protocol (Scheme 2). In general,
polar aprotic solvents such as DMF, DMSO, NMP, and THF were
used as they promote SN2 reactions, and support excellent
swelling of the ChemMatrix® resin.[15] Variations in the choice of
solvent mainly depended on the solubility of the nucleophile of
interest. However, in few cases (e.g., N1 or N3) we performed
the SN2 reaction comparatively in DMF and THF or DMSO,
respectively, and found that DMF gave the better yield. There-
fore, DMF was generally our first choice.

Scheme 2. Scope and limitations of iodination-substitution LSF of test peptide P1. Yields were calculated from HPLC traces. In the case of N17, the yield refers
to homocysteine-containing peptide after acidic cleavage of the p-methoxybenzyl group at 40 °C (Figures S19, S20). a) DIPEA was used as base. b) THF was
used as solvent instead of DMF. c) HPLC traces of the by-product and product overlap. d) DMSO was used as solvent instead of DMF. e) Caesium carbonate
was used as base. f) Benzeneselenol was obtained in situ from the diselenide by reduction with tris(2-carboxyethyl)phosphine (TCEP). g) No additional base
was added. h) NMP was used as solvent instead of DMF. i) 25 equiv. were used instead of 50 equiv. j) Reaction time was increased to 3 days. k) 200 equiv.
were used instead of 50 equiv. Detailed reaction conditions can be found in Table S19.
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Aromatic thiols and selenols reacted very well in the
nucleophilic substitution of iodohomoalanine, giving methio-
nine-like thioethers in yields ranging from 70 to 96%. The
reaction was selective for the aromatic thiol even when other
potential nucleophiles such as aromatic amines, pyridines, and
other heterocyclic residues or carboxylic acids were present
(Figures S4–S15). The compounds tested included 2-
naphthalene thiol (N2) and 7-mercapto-4-methylcoumarin (N3),
which gave fluorescently labelled peptides. Both fluorophores
have already been integrated as thioethers into an amino acid
structure and incorporated into peptides by Navo et al.[20] Our
LSF approach now allows more efficient and inexpensive access
to such labelled peptides. In addition to aromatic thiols, we also
tested other sulfur nucleophiles. Thioacids and thiosulfonates as
well as sterically undemanding aliphatic thiols reacted quantita-
tively (Figures S16–S22). Substitution of iodide by unprotected
thioglucose (N19) highly selectively afforded the corresponding
thioglycoside in very good yield. This highlights the potential of
our approach for the selective late-stage synthesis of thioglyco-
sylated peptides, which represent a highly interesting class of
compounds due to the higher hydrolytic stability of the S-
compared to the O-glyosidic bond.[21]

Cysteine derivatives, on the other hand, showed reduced
reactivity when aliphatic amines or carboxylic acids were
present, as was the case with cysteine ethyl ester (N21) or
glutathione (N23) (Figure S23–S26). In addition, glutathione
could only be used in 25 equivalents, due its comparatively low
solubility in DMF. For N-acetylcysteine (N20), as well as other
nucleophiles, the yield was improved by using the stronger
base caesium carbonate instead of DIPEA (N11, N16, N17, N20,
N24), while changing the solvent from DMF to the slightly less
polar NMP[22] (N20) had no effect. In particular, in the case of
the sterically very demanding tert-butyl mercaptan (N24) the
yield of the corresponding thioether was increased from 7 to
37% when caesium carbonate was used (Figure S27). However,
caesium carbonate also promoted the competing elimination
reaction to vinylglycine. For instance, for N21, which was used
as hydrochloride, the hydrochlorination product was found in
significant amounts, which we assume resulted from the initial
Cs2CO3-promoted elimination and subsequent addition (Fig-
ure S24).

In addition to sulfur nucleophiles, we also investigated N-
and O-nucleophiles, which were less reactive than S-nucleo-
philes and therefore required longer reaction times and/or
usage in higher excess. The aliphatic amine piperidine (N25)

could be used without additional base and gave the desired
product in 41% yield; however, a considerable amount of the
elimination product vinylglycine was formed (Figures S28, S29).
Nicotinamide (N26) reacted in almost 50% yield and gave the
corresponding pyridinium compound (Figure S30). Such pep-
tide derivatives can be used as NAD+ mimetics and are of
interest for enantioselective reductions.[23] Carboxylic acids such
as the fluorescent dye carboxyfluorescein (N28) reacted in
moderate yield (Figure S32), and phenols were unreactive even
when caesium carbonate was used as a base.

Fluorescent labelling of peptides

Having shown that different modifications can be introduced
into the test peptide P1, we applied our method to fluores-
cently label functional peptides (for sequences, see Table 1)
using 7-mercapto-4-methylcoumarin (N3), for example the
recognition motif of the WW domain of hPin1 (hPin1WW) within
the C-terminal domain of RNA polymerase II (CTD peptide, P2)
and the hPin1WW itself. The CTD peptide contains a phosphory-
lated amino acid, phosphoserine, whose phosphate group is
only partially protected during SPPS and therefore can function
equally as a nucleophile or leaving group. This usually requires
careful consideration of peptide synthesis conditions, such as
reduced temperatures during microwave-assisted SPPS. Appli-
cation of our iodination-substitution protocol led to complete
conversion to the thioether and yielded P2_N3 in excellent
quality (Figure S33). We then increased the complexity and
labelled hPin1WW at various positions. hPin1WW is an independ-
ently folding triple-stranded β-sheet peptide of 34 amino acids
and contains all canonical amino acids except cysteine,
aspartate, and methionine, with methionine replaced by
norleucine for ease of handling. Five labelled hPin1WW variants
were synthesised: K13coum (P3_N3), S19coum (P4_N3),
Y24coum (P5_N3), Q33coum (P6_N3), and W34coum (P7_N3).
In all cases, electrophilic LSF followed by nucleophilic substitu-
tion with N3 worked excellently (for HPLC and MS analysis, see
Figures S34–S38), demonstrating the power of this approach
even in the context of complex peptides. Because the
introduction of a fluorescent label can disrupt the folding of
hPin1WW, we investigated the structure and thermodynamic
stability of P3_N3 to P7_N3 using circular dichroism (CD)
spectroscopy (Figure 2A). The CD spectra showed correct
folding, indicated by the characteristic exciton signal at 227 nm

Table 1. Sequences of late-stage functionalised peptides with 7-mercapto-4-methylcoumarin (N3). X: Position of Fmoc-Hse(Dmt)-OH.

Peptide Sequence Yield [%][a]

P2_N3 Ac-SPTpSPSX-NH2 10
P3_N3 Ac-KLPPGWEXRNleSRSSGRVYYFNHITNASQWERPSG-NH2 15
P4_N3 Ac-KLPPGWEKRNleSRSXGRVYYFNHITNASQWERPSG-NH2 21
P5_N3 Ac-KLPPGWEKRNleSRSSGRVYXFNHITNASQWERPSG-NH2 21
P6_N3 Ac-KLPPGWEKRNleSRSSGRVYYFNHITNASXWERPSG-NH2 17
P7_N3 Ac-KLPPGWEKRNleSRSSGRVYYFNHITNASQXERPSG-NH2 23
P8_N3 Ac-KLPPGWEKHNleSRSSGQVHYHNSITNASQXERPSG-NH2 28

[a] Isolated yields are given and were determined by weight. Based on the HPLC analysis of the crude peptides, the iodination-substitution protocol
proceeded in almost quantitative yields (Figures S33–S38, S41).
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for all hPin1WW variants. Y24coum, however, was only weakly
folded, which we attributed to the fact that the highly
conserved Y24 is a key residue of the inner hydrophobic core
and is therefore important for the structural integrity of the
peptide.[24] Mutation of W34 also resulted in decreased intensity
of the exciton signal, because W34 usually contributes to the
exciton coupling in WW domains.[25] Thermodynamic stability
was investigated by recording the thermal denaturation curves
at 227 nm, which showed cooperative folding-to-unfolding

transitions for all peptides except of Y24coum, consistent with
the results of CD spectra measurements (Figures S39 and 2A).
Interestingly, the coumarin-labelled hPin1WW variants proved to
be more stable than the wildtype hPin1WW,

[24] with the exception
of Y24coum, as melting temperatures of 54.6–64.6 °C were
determined, an increase of up to 5 °C.

Design of a ZnII sensor

7-Mercapto-4-methylcoumarin (N3) is weakly fluorescent in the
mercapto form but emits strongly between 413 and 427 nm,
depending on the hydrophobicity of the environment, when
converted to a thioether.[20b] In addition, N3 is a FRET acceptor
for intrinsically fluorescent tryptophan and can therefore be
used, for example, to study conformational changes in peptides
or proteins. We sought to exploit the unique properties of 7-
mercapto-4-methylcoumarin (N3) to develop a ZnII sensor based
on the WW-domain scaffold. Previously, we reported an
engineered WW domain, WW-CA, that was able to bind ZnII via
a His3-site on its surface. The binding of ZnII resulted in a
significant conformational change from a molten globule to a
folded WW domain.[26] Such a change should be detectable by
iFRET, as it is strongly distance dependent.

However, before starting the synthesis of a WW-CA variant
labelled with N3, we examined the labelled hPin1WW variants
P3_N3 to P7_N3 with respect to iFRET efficiency in dependence
on the positioning of the coumarin dye. As mentioned earlier,
the fluorescence measurements showed a strong distance
dependence of the iFRET. When the iFRET acceptor was
positioned directly adjacent to the hydrophobic core and
tryptophans, as is the case of K13coum (P3_N3), the tryptophan
fluorescence is completely quenched (Figure 2B). In contrast,
S19coum (P4_N3), in which coumarin is positioned in a loop,
showed significantly lower iFRET efficiency (Figure 2C). The
lowest iFRET efficiency was observed for Q33coum (P6_N3)
(Figure 2E), whereas W34coum (P7_N3) gave a good iFRET
signal but no complete quenching of tryptophan fluorescence
(Figure 2F). In addition, environment sensitivity of coumarin
was observed, with a more hydrophobic environment leading
to a blue shift in wavelength emission. In the case of K13coum
(P3_N3), the emission maximum was at 413 nm, whereas for
S19coum (P4_N3) it was shifted to 422 nm. An efficient iFRET-
based sensor should allow detection of both decreasing and
increasing distance between iFRET donor and acceptor, that is,
a good iFRET efficiency with residual donor fluorescence
remaining at the sensory start point is desirable. In addition, the
donor and acceptor should be in close proximity in the folded
peptide, but ideally far apart in the unfolded peptide. After
reviewing the results of iFRET measurements of the labelled
hPin1WW variants, only W34coum (P7_N3) met these two
criteria. We therefore synthesised WW-CA(W34coum) (P8_N3) in
which the coumarin label was reintroduced through the late-
stage iodination-substitution reaction sequence (Figure S41).
The synthesis proceeded smoothly, and CD measurements
revealed ZnII-dependent changes in structure and thermody-
namic stability. The exciton signal at 227 nm was enhanced by

Figure 2. Biophysical characterisation of labelled hPin1WW variants. A) CD
spectra of coumarin-labelled hPin1WW peptides. Fluorescence spectra of B)
P3_N3, C) P4_N3, D) P5_N3, E) P6_N3, and F) P7_N3. Conditions for CD
spectroscopy: 20 °C, 50 μM peptide in phosphate buffer (10 mM, pH 7).
Conditions for fluorescence spectroscopy: 10 μM peptide in phosphate
buffer (10 mM, pH 7). The excitation wavelength corresponds to the
absorbance maxima in the UV-VIS spectra (Figure S40).
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the addition of ZnII, and the melting temperature for holo WW-
CA(W34coum) increased from 17.6 to 47.0 °C (Figure 3B, C). We
then investigated the suitability of WW-CA(W34coum) (P8_N3)
as an iFRET-based ZnII sensor. In the absence of ZnII, the residual
fluorescence of tryptophan was clearly detectable, but was
almost completely quenched after the addition of ZnII, while
the iFRET efficiency was increased by a factor of two (Fig-
ure 3D).

Conclusion

We have presented a new approach for late-stage functionalisa-
tion that combines on-resin iodination of homoserine with
subsequent nucleophilic substitution. Our approach is straight-
forward, metal-free, and yields a functionalisation product that
features a short, sterically undemanding linker compared to
other methods. The iodination-substitution approach is suitable
for a broad range of nucleophiles, for example, aromatic and
aliphatic thiols, yielding methionine-like thioethers that display
a range of functional groups, including aromatic amines,
boronic acids, phenols, or hydroxy groups. Similarly, sele-
noethers, thioesters, or thiosulfonates are accessible. In addition
to sulfur nucleophiles, iodohomoalanine was successfully
reacted with pyridines and carboxylic acids. Aliphatic amines
also provided the desired substitution product, though elimi-
nation was a significant side reaction. Furthermore, the easy-to-
use synthesis protocol makes this method very attractive for
combinatorial synthesis approaches.

With this approach, highly relevant components such as
nicotinamide, thiouracil, fluorescent dyes, and even small
peptides such as glutathione have been introduced. Of
particular interest, for example, for the production of novel
vaccines,[21,27] is the synthesis of an S-linked thioglycopeptide, as
they have the same biological function as O-linked glycopep-
tides but are stable to enzymatic degradation. Therefore, several
synthetic strategies have been developed, which are now nicely
complemented by our iodination-substitution protocol.[21,28]

Moreover, we demonstrated that our LSF is applicable not only
to small peptides but also to complex peptides such as a
phosphorylated peptide or WW domains with 34 amino acids.
We used our LSF approach to design and synthesise an iFRET-
based ZnII sensor derived from ZnII-binding WW-CA, which
showed ZnII-dependent iFRET enhancement.

To date, on-resin halogenation of homoserine-containing
peptides has had a niche existence, being used exclusively for
the synthesis of disulfide mimetics,[11b,29] thus significantly
underusing its potential for LSF. In the past, on-resin halogen-
ation of serine followed by nucleophilic substitution has been
attempted, however, the formation of dehydroalanine and
subsequent stereorandom Michael-addition leading to epimer-
ised products has been a major problem,[13] as has the
formation of 2-oxazoline,[12] thus making halogenation of
homoserine a far better option in this regard. With the
development of our approach, we have introduced the reagent
MTPI, previously known only in nucleic acid chemistry,[17] into
the peptide field. Taken together, our approach of iodination-
substitution of homoserine is a powerful method for late-stage
diversification and functionalisation of peptides on a solid
support and therefore very promising for combinatorial syn-
thesis approaches. In this report, we have shown only a fraction
of the possible modifications that can be introduced by
nucleophilic substitution, but we are convinced that this can be
easily extended in future applications.
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