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Solution-phase and solid-phase sequential,
selective modification of side chains in KDYWEC
and KDYWE as models for usage in
single-molecule protein sequencing†
Erik T. Hernandez,a Jagannath Swaminathan,b Edward M. Marcotteb and
Eric V. Anslyn*a
Single-molecule protein sequencing is regarded as a promising new method in the field of proteomics.
It potentially oﬀers orders of magnitude improvements in sensitivity and throughput for protein detection
when compared to mass spectrometry. However, the development of such a technology faces significant
barriers, especially in the need to chemically derivatize specific amino-acid types with unique labels. For
example, fluorescent dyes would be suitable for single-molecule microscopy or nanopore-based sequencing.
These emerging single-molecule protein-sequencing technologies suggests a need to develop an amino acid
side chain-selective modification scheme that could target several side chains of interest. Current work for
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modifying residues focuses mainly on one or two side chains. The need to label many side chains, as recent
computational modeling suggests, is required for high protein, sequencing coverage of the human proteome.
Herein, we report our strategy for modifying two model peptides KYDWEC and KDYWE containing the most
reactive residues, using highly optimized mass labels in a sequential and selective fashion both using solutionphase and solid-phase chemistries, respectively. This will serve as a step towards a modification scheme
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appropriate for single-molecule studies.

Introduction
Recent theoretical work on single-molecule peptide or protein
sequencing suggests that modifying proteins with amino acid
side chain specific labels, and determining the order of the
subset of modified amino acids (e.g. via single molecule fluorescence microscopy in combination with Edman sequencing1
or nanopore-based sequencing2) can be suﬃcient to identify
proteins in complex mixtures at the single molecule level. Such a
technology oﬀers the potential for multiple orders of magnitude
improvements in sensitivity and throughput over existing
approaches, but still faces barriers for its practical implementation. A key barrier is the development of a side-chain specific
labeling scheme capable of modifying multiple amino acid
types with specific and detectable labels, such as residuespecific fluorophores. In such a scheme, only the positions of
the fluorescent amino acids are determined for a peptide or
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protein, which is then identified by comparison with the
sequences expected based upon that organism’s known genome
sequence. Thus, more amino acid-specific modifications translate
directly into richer sequence information about a given peptide
or protein, ultimately allowing for greater coverage of that
organism’s proteome. Computational modelling suggests that
schemes incorporating modifications to cysteine, lysine, tryptophan,
aspartic, and glutamic acid residues can in principle provide a
high coverage of the human proteome.1
Fortunately, work developed for mass spectrometry proteomics
has provided optimized chemistries that selectively target residues
for modification. These techniques have gained widespread use
and are employed to understand biological processes such as
expression, post-translation modifications, and protein interactions. These labelling chemistries are highly regarded for
their eﬃciency and low cross-reactivity. Side chain specific
protocols are routinely used to tag and modify proteins with
high selectivity, where little to no cross-reactivity has previously
been established.3 For example, kits are commercially available
for targeting cysteine and lysine. The cysteine is modified
with an iodoacetamide, followed in the same-pot by selective
modification of lysine using O-methylisourea hemisulfate.4
Acylation and reductive alkylation are also employed to modify
both Ne-amines and N-termini.5 Cross-modification of threonine,
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serine, and tyrosine can occur with acylation and alkylating
conditions.6 Recently, peptide amines have been modified via
reductive methylation preventing cross-reactivity with alcohol and
phenol residues. Once these amines were modified, the Smith
group achieved global modification of aspartate and glutamate
via amidation with amine-containing compounds. Furthermore, studies with less abundant side chains have been
explored. For example, Horton, Koshland, and Scoﬀone demonstrated the modification of tryptophan under acidic conditions
using 2-hydroxy-5-nitrobenzyl bromide and dinitrophenylsulfenyl
chloride.7–9 More recently, studies of the N-terminus using
pyridinecarboxyaldehydes have expanded the chemical repertoire
available for selective targeting of functional groups.10 However,
missing in these studies is a route integrating all these selective
modifications into a sequential protocol. Such a route, taking
advantage of these techniques, could have potential applications
not only in these emerging single-molecule technologies, but
also in protein/peptide mass spectrometry studies. In addition,
devising a generalized sequential route consisting of the
selective modification of side chains also has applications for
synthetic peptide and protein design.11–13 Herein, we describe
studies that put this sequential strategy described in Fig. 1 and
3 into practice. As described, a series of selective modification
steps for KDYWEC (1) and KDYWE (2) was achieved. Modification studies were initially performed in solution-phase targeting cysteine, lysine, the N-terminus, aspartic, glutamic acid,
and tryptophan. For ease of identification and purification
solution-phase studies were performed. These chemistries were
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transitioned to the solid-phase. Both peptides proved to be
suitable models for the ultimate use in single-molecule peptide/protein sequencing.

Results and discussion
We figured that global modification of several amino acids
of diﬀerent classes should be possible if the appropriate conditions and the right sequence of derivatization steps were used.
For example, by using iodoacetamide, guanidination reagents,
amide-coupling reagents, and aromatic-targeting electrophilic
reagents, we may selectively functionalize cysteine, lysine,
aspartic and glutamic acids, and tryptophan, respectively,
if used in the proper protocol. Minimizing cross-reactivity
between each step was to be achieved if the nucleophilicity
and pKa of each side chain, as well as the reactivity of modification of reagents, reactions times, and temperature are all
considered. Good nucleophiles, such as the thiol in cysteine
or the amine in lysine, and the N-terminus, should be targeted
first. Selective modification of cysteine between pH 7–8 is
possible, while modification of amines is possible at a higher
pH.14 Because guanidinating reagents are selective for amines,
distinguishing between the Ne-amine of lysine and the terminal
a-amine was possible. As described herein, a different modification of reagent is required for each kind of amine. Once the
most nucleophilic sites were modified, we tested if the carboxylate
side chains could then be targeted followed finally by modification
of tryptophan (Fig. 2).

Fig. 1 Selective modification route in solution. (a and b) Labeling of cysteine and lysine are done consecutively in the same vial. (c) Labeling of
N-terminus occurs with 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl diethyl phosphate formed in situ. (d) Labeling of carboxylates were
done using three diﬀerent amines. (e) Labeling of tryptophan.
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Modified model peptide intermediates for KDYWEC.

Characterization of the resulting peptides in nearly all
these examples is performed only with HPLC for purity
and mass spec for identity due to the minimal quantity of
material produced. As is the case with the studies reported
herein, the quantity of material is not amenable to 1H and/or
13
C NMR spectroscopy. Our goals herein were to create
a protocol for sequential modification of numerous side
chains using known selective derivatizations, and to verify
that each gave the expected products after step-by-step linear
implementation.
In the experimental design we implement here, we are
exploiting reagents that have already been proven to have high
selectivity for their individual amino acid side chains. Our goal
was to direct the derivatizations by modifying experimental
conditions and then use each derivatization step sequentially,
which, to our knowledge, has not been previously accomplished. The order of steps in Fig. 1 took into consideration
the nucleophilicity and acid/base-dependent reactivity of
the target side chains in KDYWEC. This peptide was synthesized to contain the most reactive natural amino acids.
The sulfhydryl group in cysteine is the most nucleophilic,
and is prone to oxidation and disulfide bond formation.
To ensure selectivity in future modification steps, cysteine
was first alkylated with iodoacetamide, forming a stable
thioether. Maintaining a pH between 7–8 ensured the amines
remained protonated, thus limiting the possibility of undesired
alkylation. Subsequently, the pH was raised to 11 and
2-methylthio-2-imidazoline hydroiodide (MDI) was introduced.
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Modification of the Ne-amine occurred in 24 minutes when
heated to 50 1C. Longer reaction times increased the extent
of N-terminal modification. The Cys and Lys modification
steps were performed in one-pot. The yield of peptide 3
after purification was 38%. Because the lysine was modified
while heating under basic conditions, the thioether and
guanidinium group were considered to be stable in future
derivatization steps.
Of the remaining nucleophilic sites, the N-terminus was
first targeted. Protection of the N-terminus was required prior
to modification of aspartate, glutamate, and the C-terminus.
If not, concatenation of peptides could occur during amidation. The modification conditions of the N-terminus also
required a group compatible to both basic and acidic conditions in subsequent derivatization steps. Literature accounts
have reported using 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3methylbutyl to protect amines during peptide synthesis. This
protecting group is stable to highly basic and acidic conditions,
and is removed under hydrazinolysis conditions.15
However, refluxing overnight to eﬃciently add the protecting
group is common. Heating overnight was undesired so as to
minimize observed degradation. Thus, we devised the use of
5,5-dimethyl-2-(3-methylbutanoyl)-3-oxocyclohex-1-en-1-yl diethyl
phosphate (phos-DOD) as an alternative. Diethyl phosphate was
anticipated to be a better leaving group, thereby facilitating the
reaction. This compound was formed with chloro diethyl phosphate in situ, followed by incubation with a basic solution
of peptide 3 overnight. Post-purification the yield of peptide 4
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was 67%. Protection of the N-terminus thus occurred as shown in
eqn (1).
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(1)

Once the most nucleophilic sites in the model peptide were
modified, the carboxyl groups were targeted. Amidation has
been used for derivatization of aspartate, glutamate, and the
C-terminus.16 Unlike the modification of lysine and the
N-terminus, distinguishing among these target side chains
was not possible. Also, because there were three sites for
reaction, an eﬃcient modification approach was necessary.
Highly eﬃcient, global modification using (7-azabenzotriazol1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAOP)
and N-methylmorpholine (NMM) has been reported.6 Peptide 5,
amidated with benzylamine dissolved in MeCN/H2O mixtures,
and purification of the resulting modified peptides was possible.
Yield for peptide 5 was 29%. To improve the solubility of the
model peptide, 3-dimethylaminopropylamine (DMAPA) was
used to increase the overall positive charge under acidic conditions. Purity checks of the peptide demonstrated an approximate 10 minute diﬀerence in elution when comparing peptide
5 and 6. For peptide 7, isobutylamine was explored as an
alternative, believed to form a peptide less hydrophobic than
peptide 5, but more hydrophilic than peptide 6. Peptide 7
readily dissolved in MeCN/H2O mixtures, but coeluted with
an impurity characterized by LCMS as m/z 313.4. The impurity
was removed after synthesizing peptide 8.
Tryptophan was the remaining target. As a less abundant
amino acid in nature, the ability to identify this side chain can
be informative for determining the protein origin of peptides in
proteomic studies.17 In synthetic peptide design, incorporating
an additional site for derivatization increases the repertoire of
side chains to modify. Therefore, devising a selective modification strategy incorporating modification of tryptophan was
seen as important. Cysteine reacting with sulfenyl chlorides
has been reported.18 As with the other modification steps,
modification of cysteine prior to that of tryptophan was chosen.
However, under acidic conditions the tryptophan could be
selectively targeted in the presence of unprotected N-terminus
and lysine. The advantage to modification of the tryptophan
last was the relative ease of the reaction. Peptides 5 and 6 readily
dissolved in glacial acetic acid, and the reaction occurred in 4 h at
RT. 2,4-Dinitrobenzenesulfenyl chloride (DBSC) was a chromophore and the peptides could also be monitored at 330 nm (ESI†).
Yields were 32% and 49% for peptides 8 and 9, respectively.
The ultimate application in single molecule sequencing of
our derivatization protocol will employ immobilization of the
peptides on solid supports, and subsequent attachment of
the peptides to surfaces via the thiols on cysteines. Thus,
in a protocol that employs solid supports for derivatization,
cysteines do not need to be derivatized, because they will be the
points of attachment to the surface. Hence, we removed the

cysteine of the peptide we studied in solution, resulting in
KDYWE, for our solid-phase synthesis studies.
Eﬀorts to modify the amino acids on solid phase supports
were explored after the sequence of targeting side chains
had been successfully demonstrated in solution. Synthetic
peptides have been commonly modified when immobilized
on a solid support, usually at reactive side chains such as
lysine.19 Requirements for successful solid-phase reactions
include making sure each step is highly selective. Further, the
reagents must be able to diﬀuse into the resin to reach sites for
reaction. A high concentration of starting material in the bulk
solution ensures a concentration gradient is formed for reactants
to diﬀuse.20 Inherent in this study was devising an approach that
selectively modified target side chains in a sequential fashion.
Therefore, high specificity was required. Literature, and the work
presented here, has demonstrated that excess reagent can be
used while maintaining selectivity. The final requirement for
solid-phase studies was using a resin that would not cleave with
acid or base. 4-Fmoc-hydrazinobenzoyl resin AM was selected,
because literature accounts describe the stability towards strong
acids and bases. Peptides immobilized on this resin were isolated
after oxidative cleavage with Cu(II) and base.21,22
Fig. 3 summarizes the modification of reactions performed
on the solid support for peptide KDYWE. The first side
chain targeted was the lysine. Two changes were made from
the solution approach. The reaction time was longer. The
immobilized peptide was incubated overnight with MDI. A
solution of MeOH/DIPEA/H2O (7 : 2 : 1) (v/v/v) was used instead
of a solution of NH4OH. Overnight incubation and the use of
DIPEA have been reported in the literature.23 The doubly
modified peptide was not observed after an overnight reaction
at RT, however, extending the reaction time to 48 h led to
doubly modified peptide. Selectivity for the Ne-amine can be
explained due to inductive and steric eﬀects. The Ne amine in
lysine is part of a hydrocarbon side chain and not adjacent to
an electron-withdrawing amide group, and thus, the lysine side
chain amine is more nucleophilic than the a-amine. Furthermore, the N-terminal amine is closer to the amide backbone,
impeding MDI due to sterics. The same inductive and steric
eﬀects played a role when modifying KDYWEC in solution
phase. However, lowering the reaction temperature from
60 1C to RT made these eﬀects more pronounced. A protection
step of the N-terminus was not performed. One reason was to
discover if in the presence of excess amine, the carboxylates
would be modified without concatenation to this terminal
amine. A second goal was to check if the number of modification of steps could be reduced, leaving the terminal-amine
unmodified for future reactions. This approach could provide
synthetic flexibility by diversifying the kinds of reactions
performed at the N-terminus once the peptide is cleaved from
the resin. The amine used in solid-phase synthesis diﬀered
from that of the solution-phase studies. 1-Amino-3-butyne had
an alkyne group that could also provide sites for derivatization
via Huigen–Sharpless.24 The same coupling reactants PyAOP
and NMM were employed for solid-phase studies. Two repetitions ensured all carboxylates were modified. Cleavage of the
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Fig. 3 Solid-phase modification of KDYWE. (a) Modification of lysine was done similarly for immobilized KDYWEC. (b) Two repetitions were performed
to drive reaction to completion. (c) Modification of tryptophan. (d and e) Cleavage with water releases C-terminus as an acid. (f) Cleavage with amine
functionalized C-terminus with an alkyne.

peptide was performed using a catalytic amount of Cu(II) and a
mixture of MeCN/H2O/Pyr. To a different batch of resin, the
lysine and carboxylates were also modified. Tryptophan was
modified in a similar fashion as in solution, four hours at RT.25
Two diﬀerent cleavage conditions were tested for the model
peptide after the target side chains were modified. The first
condition was water, liberating a carboxylate at the C-terminus.
Peptide 11 was thereby isolated with a HPLC purified yield of
4%. Additionally, a nonaqueous condition in the presence of
a nucleophile could also be employed to cleave the peptide.
1-Amino-3-butyne was the nucleophile used, liberating peptide
12 with an HPLC purified yield of 5%. The peptide could also
have been cleaved with a diﬀerent nucleophile diversifying
the functional groups, further diﬀerentiating between the
C-terminus and carboxylate side chains. Isolating peptide 12
required extra washes with DMF, because solubility in H2O/MeCN
was reduced once an alkyne was introduced at the C-terminus.
Initially, the peptide was rinsed with MeCN, and LCMS data of
the extract did not indicate the presence of desired product.
Once rinsed with DMF and the solvent removed, peptide 12
was observed.

Conclusion
A sequential and selective scheme using common massmodifications was developed for derivatizing peptides as a
model for ultimate use in single-molecule sequencing studies,
helping to overcome a key barrier identified by previous computational models of single molecule protein sequencing.1,2
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Selective targeting of side chains in KDYWEC was achieved in
solution-phase. Most of the side chains, as well as the N-terminus
and C-terminus were modified. No heating was required to target
N-terminal amine with 4,4-dimethyl-2,6-dioxocyclohex-1-ylidene
when using Phos-DOD. Selective modification also occurred in
solid-phase studies for KDYWE. Modification of all the target side
chains was possible while omitting any reaction at the a-amine.
Oxidative cleavage of the resin provided flexibility to choose
between releasing modified or unmodified C-terminus. The use
of 1-amino-3-butyne as the carboxylate-modification of reagent
introduced further functionality that could be exploited in future
reactions. Such an approach can also have applications for
peptide modification studies and novel synthetic peptide design.
Other tags, like fluorescent probes, can be designed to have the
same functional handles presented in this paper. Work on the
design, synthesis, and selective modification of peptides using
these dyes will be discussed in future publications.

Methods
General
For automated, Fmoc amino solid-phase peptide synthesis,
OtBu (Asp, Glu), Boc (Lys, Trp), tBu (Tyr) were used. Fmocprotected amino acids were purchased from Novabiochem
(USA) and AAPPTec (USA). Fmoc-Cys(Trt)-Wang resin (100–200 mesh)
and 4-Fmoc-hydrazinobenzoyl resin AM NovagelTM were purchased
from Novabiochem (USA). Other chemicals used for automated,
solid-phase peptide synthesis were purchased from Fisher Scientific
and Sigma-Aldrich. Reagents used for selective modification of
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studies were iodoacetamide (IA), 2-methylthio-2-imadazoline
hydroiodide (MDI), sodium methoxide, diethylchlorophosphate,
2-(3-methylbutyryl)-5,5-dimethyl-1,3-cyclohexandione, benzylamine
(BA), isobutylamine, 3-dimethylaminopropylamine (DMAPA),
1-amino-3-butyne (AB), (7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAOP), N-methylmorpholine (NMM), and 2,4-dinitrobenzenesulfenyl chloride
(DBSC). All chemicals were purchased from Sigma-Aldrich.
A Prelude peptide synthesizer (Protein Technologies, Inc.)
was used for automated-solid phase synthesis. Preparative
HPLC purification of peptides was performed using an Agilent
Zorbax SB-C18 Prep HT column 21.2  250 mm; 10 ml min 1,
5–95% MeCN (0.1% TFA) in 90 min. Analytical HPLC characterization of peptides was performed using an Agilent Zorbax
column 4.6  250 mm; 1 ml min 1, 5–95% MeCN (0.1% TFA)
in 40 min (RT). An Agilent Technologies 6530 Accurate Mass
QTofLC/MS was used for high-resolution mass spectra of
purified peptides. Solvents used were HPLC grade.
KDYWEC was synthesized using Fmoc-Cys(Trt)-Wang resin
(0.57 mmole g 1, 100 mmole) by sequential coupling of
Na-Fmoc-amino acid (0.1 M, 1.5 ml) in DMF in the presence
of N,N,N,N-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU, 0.15 M, 1.0 ml) and DIPEA (0.2 M,
0.5 ml) with a reaction time of 30 minutes at room temperature.
A total of three repetitions were performed for each amino acid
building block. DMF (3 ml, 3 min, 3) and DCM (3 ml, 3 min,
3) washes were done before each repetition. After incorporation of the third amino acid, a 0.8 M LiCl wash step was
performed after swelling with DCM (3 ml, 3 min, 3). Post
synthesis, resin was washed with glacial AcOH (5 ml, 3), DCM
(5 ml, 3), and MeOH (5 ml, 3). The resin was placed under
vacuum overnight. The peptide was cleaved from the resin using
trifluoroacetic acid (TFA), triisopropylsilane (TIS), 1,2-ethanedithiol
(EDT), and nanopure water (94 : 1.0 : 2.5 : 2.5), and precipitated
with diethyl ether at 0 1C. No HPLC purification of the
crude peptide was necessary. KDYWE was synthesized using
4-Fmoc-hydrazinobenzoyl resin AM Novagelt. TFA, TIS, and
nanopure water were used (95 : 2.5 : 2.5) to deprotect the side
chains, and the peptide remained immobilized on the solid
support.
Solution-phase modification studies of KDYWEC
Modification of cysteine with iodoacetamide. Peptide 1
(75 mmole) was dissolved in 0.4 ml of nanopure water. A
solution consisting of 0.37 ml of MeOH/Pyr/TEA/nanopure
H2O (7/1/1/1) (v/v/v/v) was introduced (adjusting to pH 8),
followed by addition of iodoacetamide (97 mmole). The reaction
was incubated for 2 h at RT.
Modification of lysine with 2-methoxy-4,5-dihydro-1Himidazole (3). In the same pot, 0.5 ml of a 7 N solution
of NH4OH was added, followed by introduction of MDI (ESI†)
(750 mmole). The reaction mixture was incubated for 24 min at
65 1C, followed by introduction of TFA (0.3 ml) at 0 1C. The
crude peptide was prepared for preparative HPLC using an
Extract Cleant C18 500 mg/4 ml solid phase extraction column
(ESI†). The peptide was purified using preparative HPLC, and
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the organic solvent in the peptide fraction was removed via
rotary evaporation. Aqueous remnants were frozen at 78 1C
and lyophilized overnight. Purified yield: (29 mmole) 38%. Highres MS: found m/z 968.39360, calcd 968.39310 (M + H)+; found
m/z 966.37880, calcd 966.37850 (M H) .
Modification of the N-terminus with 5,5-dimethyl-2-(3methylbutanoyl)-3-oxocyclohex-1-en-1-yl diethyl phosphate
(Phos-DOD) (4). Peptide 3 (12 mmole) was dissolved in 0.1 ml
of nanopure water, followed by dilution with 0.2 ml of MeCN.
To the solution, 0.12 ml of 7/2/1 MeOH/TEA/H2O (v/v/v) was
introduced. A solution of Phos-DOD (ESI†) (18 mmole) was
introduced. The solution was incubated overnight at RT. The
peptide was purified using preparative HPLC. Organic solvent
in peptide fraction was removed via rotary evaporator. Aqueous
remnants were frozen at 78 1C and lyophilized overnight.
Purified yield: (8 mmole) 67%. High-res MS: found m/z 1174.52380,
calcd 1174.52380 (M + H)+; found m/z 1172.50750, calcd
1172.50920 (M H) .
Modification of the carboxylate side chains and C-terminus
with benzylamine (BA) (5). Peptide 4 (51 mmole) was dissolved
in 0.2 ml of 3/1 MeOH/H2O (v/v). In a separate vial, benzylamine
(1.3 mmole) was dissolved in 0.1 ml of MeCN, followed by
addition of NMM (1.0 mmole). The BA/NMM solution was
introduced to the peptide solution, followed by addition of
solid PyAOP (0.51 mmole) and anhydrous HOBt (0.56 mmole).
0.1 ml of MeCN was introduced to improve the solubility of
PyAOP/HOBt. The solution was incubated for a total of 4 h at
RT. The peptide was purified using preparative HPLC. The
organic solvent in the peptide fraction was removed via rotary
evaporation. Aqueous remnants were frozen at 78 1C and
lyophilized overnight. Purified yield: (15 mmole) 29%. High-res
MS: found m/z 1441.71230, calcd 1441.71260 (M + H)+; found
m/z 1439.69600, calcd 1439.69800 (M H) .
Modification of the carboxylate side chains and C-terminus
with 3-dimethylaminopropylamine (6). Peptide 4 (11 mmole)
was dissolved in 0.2 ml of dry DMF. DMAPA (1.6 mmole) and
NMM (1.4 mmole) were combined in a separate vial. The
amine/NMM solution was introduced to the peptide solution,
followed by addition of solid PyAOP (1.9 mmole). The solution
was incubated for 24 h at RT. The sample was placed in a
centrifugal evaporator for 21 h at 35 1C. The resulting oil was
dissolved in 1.5 ml of 2/1 H2O/DMF (v/v), and purified by prep
HPLC. The organic solvent in the peptide fraction was removed
via rotary evaporation. Aqueous remnants were frozen at 78 1C
and lyophilized overnight. Purified yield: (2.4 mmole) 23%. Highres MS: found m/z 1426.83900, calcd 1426.83920 (M + H)+.
Modification of the carboxylate side chains and C-terminus
with isobutylamine (7). Isobutylamine (60 mmole) and NMM
(excess) were combined in a separate vial to make 0.1 ml
solution in DMF. Amine/NMM solution was introduced to
peptide 4 (20 mmole), followed by introduction of solid PyAOP.
The solution was incubated for 3 h at RT, followed by quenching with 1 ml of H2O. The solution was placed in centrifugal
evaporator for 14 h at 35 1C. The residual oil was dissolved in
1.5 ml of 1/1 H2O/MeCN (v/v) and purified via prep HPLC. An
impurity and the desired compound both eluted at the same time.
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The peptide was therefore taken directly to the subsequent
modification of tryptophan without further purification.
Modification of tryptophan in peptide 6 (8). Peptide 6
(19 mmole) was dissolved in 1 ml of glacial acetic acid, followed
by introduction of 2,4-dinitrobenzenesulfenyl chloride (57 mmole).
The reaction was shaken for 4 h at RT. Glacial acetic acid was
removed by rotary evaporation. The residual film was dissolved in
1/1 MeCN/H2O (v/v), and purified via preparative HPLC. The
organic solvent in the peptide fraction was removed via rotary
evaporation. Aqueous remnants were frozen at 78 1C and
lyophilized overnight. Purified yield: (6.4 mmole) 32%. High-res
MS: found m/z 812.91050, calcd 812.91000 (M + 2H)2+; found
m/z 1622.79650, calcd 1622.79810 (M H) .
Modification of tryptophan in peptide 7 (9). Peptide 7
(6.2 mmole) was dissolved in 1 ml of glacial acetic acid, followed
by introduction of 2,4-dinitrobenzenesulfenyl chloride (19 mmole).
The reaction was shaken for 4 h at RT. The peptide was purified
using preparative HPLC. The organic solvent in the peptide
fraction was removed via rotary evaporator. Aqueous remnants
were frozen at 78 1C and lyophilized overnight. Purified yield:
(6.4 mmole) 49%. High-res MS: found m/z 769.37050, calcd
769.37020 (M + 2H)2+; found m/z 1535.71420, calcd 1535.71850
(M H) .
Solid-phase modification studies of KDYWE
Before and after each modification step, the resin was washed
with DMF and DCM (3 ml, 3 min, 3). Resins were placed
under high vacuum overnight before cleavage at each step.
Cu(II)Ac (0.3 mmole) was dissolved in 3 ml 45/45/10 MeCN/H2O/
Pyr (v/v/v). The copper acetate solution was introduced to the
dried resin and incubated for 4 h at RT to cleave peptide. This
solution was removed from the resin and collected, followed by
washing with 1/1 MeCN/H2O (v/v) (1 ml, 3 min, 3); washes
were collected.
Modification of the lysine with 2-methoxy-4,5-dihydro-1Himidazole in 2. To the swollen resin (130 mg, 0.66 mmole g 1),
3 ml of a 200 mM solution of 2-methoxy-4,5-dihydro-1H-imidazole
in 7/2/1 MeOH/DIPEA/H2O (v/v/v) was added. The resin was
incubated overnight at RT.
Modification of the carboxylates and C-terminus (10).
1-Amino-3-butyne (0.61 mmole) was dissolved in NMM (0.45 mmole),
and the mixture was diluted with 1 ml of DMF. PyAOP (0.40 mmole)
was separately dissolved in 2 ml DMF. The amine/NMM
solution was introduced to the resin, followed by introduction
of the PyAOP solution. The resin was incubated overnight at RT,
followed by rinsing with MeOH (3 ml, 3min, 3). The peptide
was cleaved with 55 mmole of Cu(OAc)2, and the MeCN and pyr
were removed by rotary evaporation. The remaining aqueous
solution was frozen at 78 1C and lyophilized overnight.
The solid was dissolved in 1.5 ml of 1/1 MeCN/H2O (v/v) and
purified by prep HPLC. The organic solvent in the peptide
fraction was removed via rotary evaporation, and aqueous
remnants were frozen at 78 1C and lyophilized overnight.
Purified yield: (1.4 mmole) 2%. High-res MS: found m/z
910.45740, calcd 910.45700 (M + H)+; found m/z 908.44300,
calcd 908.44240 (M H) .
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Tryptophan modification of immobilized peptide (11).
Immobilized peptide 10 was prepared as described using
193 mg of the same resin. 2,4-Dinitrobenzenesulfenyl chloride
(0.30 mmole) was dissolved in 3 ml of glacial acetic acid. This
solution was introduced to the swollen resin, and incubated for
4 h at RT. The solution was removed from the resin and 6 ml of
DMF was passed through the resin.
Cleavage of peptide 11 from hydrazinobenzoyl resin using
H2O. Cleavage of the peptide was performed as described with
copper acetate (0.3 mmole) dissolved in 3 ml of 45/45/10 MeCN/
H2O/Pyr (v/v/v). MeCN and pyr were removed by rotary evaporation, and the remaining aqueous solution was frozen at 78 1C
and lyophilized overnight. The solid was dissolved in 1.5 ml of
1/1/ MeCN/H2O (v/v) and purified by prep HPLC. The organic
solvent in the peptide fraction was removed via rotary evaporation. Aqueous remnants were frozen at 78 1C and lyophilized
overnight. Purified yield: (5.4 mmole) 4%. High-res MS: found
m/z 1108.42840, calcd 1108.43050 (M + H)+; found m/z
1106.41400, calcd 1106.41600 (M H) .
Cleavage of peptide 12 from hydrazinobenzoyl resin using
1-amino-3-butyne. Copper acetate (0.33 mmole) was dissolved
in 3 ml of 9/8.3/1.6 MeCN/Pyr/1-amino-3-butyne (v/v/v). Subsequently, the solution was introduced to swollen resin. The
resin was incubated for 4 h at RT, followed by filtration to
collect the solution, and the MeCN and pyridine were removed
by rotary evaporation. Collected washes of the resin with DMF
(3 ml, 3 min, 3) were used to improve the solubility of the
peptide. The solvent was removed by centrifugal evaporation
(35 1C, 24 h). The solid was dissolved in 1.5 ml of 1/1 MeCN/
H2O (v/v) and purified by prep HPLC. The organic solvent in the
peptide fraction was removed via rotary evaporation and the
aqueous remnants were frozen at 78 1C and lyophilized overnight. Purified yield: (5 mmole) 5%. High-res MS: found m/z
1159.47250, calcd 1159.47780 (M + H)+; found m/z 1157.46220,
calcd 1157.46330 (M H) .
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