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Synthesis and analytical investigation of
C-terminally modified peptide aldehydes
and ketone: application to oxime ligation
Corinne Buré,a,b* Philippe Marceau,a Hervé Meudala and Agnès F. Delmasa
C-terminally modified peptides aldehyde (glycinal and alpha-oxo aldehyde peptides) and ketone (pyruvic acid-containing
peptide) were synthesised to get new insights into the mechanism of acido-catalysed oxime ligation. Their tetrahedral
hydrated forms were investigated in solution and in the gas phase, using NMR and in-source collision-induced dissociation mass
spectrometry, respectively, and the kinetics of the oximation reactions followed using analytical HPLC. The results obtained con-
firmed that the first step of the oximation reaction was the limiting step for the pyruvic acid-containing peptides because of the
steric effect and of the carbon angular strain of the ketone. The second step is the determining step for the aldehyde peptides
because the basicity of the oxygen of the hydroxyl function of the tetrahedral form is greater for glycinal than for alpha-oxo
aldehyde. These data strongly suggest that the hydrated form of the aldehyde partner has to be considered when oxime
reactions are performed in aqueous buffer. Copyright © 2011 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

The chemoselective ligation, i.e. condensation of unprotected pep-
tides in aqueousmedium, is a usefulmethod allowing the assembly
of biomolecules. In this technique, aldehyde group [1] is the electro-
philic partner for the formation of oxime [2,3], hydrazone [2,4–6]
and thiazolidine [2,7–9] bond. Among these ligations, the oxime
ether is the most largely used chemistry because of the in vitro
stability of the oxime bond in a wide range around the physiologi-
cal pH [2,10,11] and the high efficiency and selectivity of oximation
reactions [12–14]. The oximation reactions have been applied to
the ligation of peptides with peptides or proteins [15], with carbo-
hydrates [16,17] and with oligonucleotides [18]. Oxime chemose-
lective ligation that requires minimal chemical handling is carried
out under optimal conditions at moderate acidic pH without any
degradation or unwanted side reactions [10,11,19]. Moreover, to
accelerate oxime ligation, aniline was recently used as a nucleo-
philic catalyst [5]. Indeed, aniline allowed the use of much lower
concentrations of reagents and/or reaction at a pH closer to neutral.

In previous reports, we observed that under slightly acidic con-
ditions [10,11], the methyloxime-forming ligation proceeded at a
faster rate than the a-oxo oxime, using model peptides [20], immu-
nologically relevant peptides [21] or glycopeptides [22]. These
acido-catalysed oxime reactions were assumed to involve two
equilibria, with a carbinolamine as the tetrahedral intermediate
(Scheme 1) [19]. Although a great body of literature deals with
the kinetics of carbonyl compound reactions with nucleophiles
such as aminooxy or hydrazine, no data are available concerning
differences in reactivity of peptide aldehydes whose electrophilic-
ity is directed by the substituent of the carbonyl. Moreover,
although there are evidences that the unhydrated rather than
the hydrated aldehyde is the reactive species in the aminooxy
addition [23], the hydration degree of the peptide aldehyde partner
is scarcely documented in reports related to oxime ligation reaction.
J. Pept. Sci. 2012; 18: 147–154
In this study, we revisited the kinetics of the oximation reaction
using two aldehyde-containing peptide sequences, glycinal and
alpha-oxo aldehyde peptides, which only differ by the sub-
stituents of the electrophilic carbonyl group and a unique
aminooxy-containing peptide as the nucleophilic partner (Table 1)
in buffered aqueous conditions at pH 4.6. A pyruvic acid-containing
peptide, i.e. a ketone-containing peptide, known to usually induce
incomplete oximation reaction was included in this study. To get
further insight into the oxime ligation reaction, the hydration of
each aldehyde-containing and pyruvic acid-containing peptide
was analysed using NMR and in-source collision-induced dissocia-
tion (CID) using electrospray mass spectrometry (ESI-MS). The aim
was to extend our knowledge in the oximation reactions to better
understand why the methyloxime-forming ligation proceeded
faster than the ketooxime-forming ligation [21,22] and, thus, to
improve strategies to synthesise artificial proteins.
Results and Discussion

In this paper, we reinvestigated the reactivity of peptide aldehydes
(glycinal and alpha-oxo aldehyde peptides) and ketone (pyruvic
acid-containing peptide) towards an aminooxy-containing peptide
Copyright © 2011 European Peptide Society and John Wiley & Sons, Ltd.
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Scheme 1. Reaction mechanism of oximation reaction.

Table 1. Sequences used in this study

Model peptide

1 H-Tyr-Lys-Ala-Gly-Leu-Gly-Ala-NH-CH2-CO-H

2 H-Tyr-Lys-Ala-Gly-Leu-Ala-NH-(CH2)2-NH-CO-CO-H

3 H-Tyr-Lys-Ala-Gly-Leu-Gly-NH-(CH2)2-NH-CO-CO-CH3

MUC1-derived peptide

4 H-Pro-Pro-Ala-His-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr-Arg-Pro-Ala-Pro-Gly-Ser-Thr-NH-CH(CH3)-CO-NH-CH2-CO-H

5 H-Pro-Pro-Ala-His-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr-Arg-Pro-Ala-Pro-Gly-Ser-Thr-NH-CH2-CH2-NH-CO-CO-H

6 H-Pro-Pro-Ala-His-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr-Arg-Pro-Ala-Pro-Gly-Ser-Thr-NH-CH2-CH2-NH-CO-CO-CH3

Aoa-peptide

7 H2N-O-CH2-CO-Ala-Leu-Lys-Trp-Ser-Leu-Ala-OH
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in buffered aqueous conditions at pH 4.6. According to Sayer et al.,
studies of the detailed mechanism of the addition of nitrogen
nucleophiles to carbonyl compounds have demonstrated the gen-
erality of the mechanism outlined in Scheme 1 [19]. In acidic me-
dium, the first step corresponds to a nucleophilic addition of the
amine on the carbonyl compound affording a tetrahedral carbon
as a carbinolamine. It followed a concerted mechanism because,
in our case, the amine function is weakly basic. The second step
corresponds to the protonation of the hydroxyl leading to the de-
hydration of the carbinolamine into an oxime. Despite the impor-
tance of the oxime ligation in bioconjugation of macromolecules
[24] and a voluminous literature dealing with the kinetics of reac-
tion of carbonyl compoundwith aminooxy or hydrazine-containing
compounds, no data are available concerning a comparison of the
reactivity of peptides whose electrophilic moiety is directed by the
substituent of the carbonyl. Taking advantage of our previous expe-
rience in C-terminally modified peptides [25–27], we efficiently
synthesised peptides bearing a glycinal, an alpha-oxo aldehyde or
a pyruvic acid moiety, to study the addition to water giving the
hydrated form of the peptide and the addition to aminooxy-
containing peptide giving the oxime ether compound.

Peptide Design and Synthesis

Two series of C-terminally modified peptide aldehydes and
ketone were synthesised (Table 1). The first series correspond to
model peptides 1–3. The peptide sequence of the second series
(peptides 4–6) was derived from the repeat unit of the glycopro-
tein MUC1 [28] whose tumour-associated form is a good target
for immune intervention [29] and was part of our ongoing
MUC1-based tumour vaccine programme [21,22].
In each series of peptides, besides the pyruvic acid-containing

peptide (peptides 3 and 6), two aldehyde peptides, one glycinal
(peptides 1 and 4) and one alpha-oxo aldehyde peptide
wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European Pe
(peptides 2 and 5) were designed to mainly differ in the a-substit-
uent of the carbonyl function to modulate their electronic prop-
erties (Table 1). A great care was taken to design electrophilic pep-
tides with similar molecular masses for in-source fragmentation of
the hydrated aldehyde being not impacted by the peptide length
[30]. Moreover, to avoid fragmentation that could interfere with
the studied phenomenon such as losses of H2O or NH3 from the
C-terminus as -COOH or -CONH2, respectively [30], the aldehyde
and ketone group were installed at the C-terminus. One tyrosinyl
and one lysyl residues were included in the sequence of the model
peptides 1–3 to help following the kinetics of the oximation
reaction using UV-HPLC and to facilitate the peptide ionisation us-
ing ESI/MS, respectively. The biologically relevant peptides 4–6 of
the second series (Table 1), derived from the sequence of the
repeat unit of the MUC1 protein, are slightly different in molecular
masses to keep unmodified the primary sequence.

The synthesis of glycinal peptides 1 and 4 were carried out as
previously described. The glycinal group was introduced at the
C-terminus by nucleophilic displacement of the ester bond
between the peptide and the phenylacetamidomethyl (PAM)
linker with aminoacetaldehyde-dimethylacetal [25]. The PEGA
(polyethylene glycol dimethylacrylamide) resin was used as a
polymeric matrix to facilitate the aminolysis of a peptide longer
than ten amino acids [26].

To introduce the alpha-oxo aldehyde and the pyruvic acid at
the C-terminus of a peptide sequence, we took advantage of
the commercially available NovaTag™ resin (Novabiochem-Merck,
Nottingham, UK) (Scheme 2) that was designed for bis-labelled
peptides at the N and C-terminal side for FRET (Fluorescence
Resonance Energy Transfer) experiments [31]. The elimination
of the Mmt ((4-methoxyphenyl)diphenylmethyl) group under
very mild acidic condition enables the installation of the alpha-
oxo aldehyde and the pyruvic acid group at the C-terminus by
coupling a serine and pyruvic acid, respectively. The solid phase
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 147–154
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Scheme 2. NovaTag™ resin.
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synthesis of alpha-oxo aldehyde peptides 2 and 5 is depicted in
Scheme 3. After removal of the Mmt group, the seryl residue
was introduced as Boc-Ser(tBu)-OH with HBTU (2-(1H-benzotria-
zole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate)/DIEA
(diisopropylethylamine) as coupling reagent [32]. Completion of
the reaction was checked using Kaiser’s test [33]. After removal
of the Fmoc group, the first amino acid was coupled using
HATU ((O-(benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate))/DIEA as an efficient coupling reagent on hin-
dered amine [34], and the completion of the reaction was checked
using the choranil test for secondary amine [35]. The elongation
was then carried out using the Fmoc/tBu strategy, and HBTU was
used as coupling reagent. After cleavage of the peptide from the
resin with TFA treatment, the crude peptide was oxidised using
NaIO4 to afford an alpha-oxo aldehyde at the C-terminus. Peptides
2 and 5 were purified using HPLC and obtained in 50 and 60%
overall yield, respectively. This straightforward method is an inter-
esting alternative to that developed by Melnyk et al. [36] with the
advantage of affording a masked -CO-CHO.

The synthesis of C-terminal modified pyruvic acid-containing
peptides 3 and 6 has already been reported [27]. Pyruvic acid
was cleanly coupled at the C-terminus provided that no base or
reducing agent was used for the synthetic pathway [27]. It was
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Scheme 3. Synthesis of alpha-oxo aldehyde peptides 2 and 5 using Nova
HBTU, DIEA. (ii) 20% piperidine in DMF; Fmoc-Thr(tBu)-OH, HATU, DIEA; and
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thus introduced after peptide elongation, the N-terminal amino
acid being Na-Boc protected.

The synthesis of the aminooxy-containing peptide 7 was
carried out using Fmoc SPPS (Solid-Phase Peptide Synthesis)
elongation. Boc-(aminooxy)acetic acid derivative (Boc-Aoa) was
coupled using DCC/HOBt [37] to minimise N-overacylation of
the NH-O group [37–39]. Because of the high sensitivity of ami-
nooxy to trace amount of aldehydes and ketone, the peptide
was precipitated into high-grade diethyl ether [40].

Kinetics of the Oxime Formation between
Aldehyde and Ketone-Containing Peptides
1–6 and Aminooxy-Containing Peptide 7

The reactivity of the different electrophilic peptides 1–6 in oxime
ligation reaction was evaluated at pH 4.6 by following the forma-
tion of the oxime bond using analytical HPLC. Figure 1 depicted
the percentage of the ligation product as a function of time.
The resulting data were fit to the second-order rate equation,
leading to calculation of the ligation rate kobs. The half-time (t1/2)
of the reaction corresponds to the time where 50% of ligation
product was obtained compared with the maximum ligation
product. For model peptides (Figure 1(A)), t1/2 is 63 (kobs =0.35�
0.02 M�1 s�1), 125 (kobs = 0.176� 0.009 M�1 s�1) and 421min
(kobs = 0.052� 0.005 M�1 s�1), corresponding to glycinal, alpha-
oxo aldehyde and pyruvic acid-containing peptide (Table 2). Like-
wise, for MUC1-derived peptides (Figure 1(B)), t1/2 is 4 (kobs = 6.8�
0.7 M�1 s�1), 150 (kobs = 0.146� 0.009 M�1 s�1) and 185min
(kobs = 0.12� 0.03M�1 s�1), corresponding to glycinal, alpha-oxo
aldehyde and pyruvic acid-containing peptide (Table 2). Globally,
in the two series of peptides tested here, the pyruvic acid-
containing peptide has the highest half-time and the smallest li-
gation rate that led to the slowest oximation reaction. The smallest
half-time and the highest ligation rate obtained for glycinal
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Figure 1. Kinetic of the oxime ligation. The percentage of the ligation
product is in the function of time for (A) the model peptides (♦: glycinal
peptide 1; ■: alpha-oxo aldehyde peptide 2; ▲: pyruvic acid-containing
peptide 3) and (B) the MUC1-derived peptides (♦: glycinal peptide 4;
■: alpha-oxo aldehyde peptide 5;▲: pyruvic acid-containing peptide 6).

Table 2. Half-time of the ligation reaction and ligation rate mea-
sured by HPLC

t1/2 (min) kobs (
M�1 s�1)

Model peptide

1 63 0.35� 0.0.2

2 125 0.176� 0.009

3 421 0.052� 0.005

MUC1-derived peptide

4 4 6.8� 0.7

5 150 0.146� 0.009

6 185 0.12� 0.03
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peptides confirm our previous observations that the glycinal pep-
tides led more quickly to the oxime ether compound than the al-
pha-oxo aldehyde peptides. When comparing the two series of
peptides, model peptides appear to have a different ligation rate
than MUC1-derived peptides. For glycinal peptides, the oxime liga-
tion is much more rapid with MUC1-derived peptide (t1/2 = 4min)
than with model peptide (t1/2 = 63min). A similar phenomenon is
observed for pyruvic acid-containing peptide because the oxime li-
gation is faster with MUC1-derived peptide (t1/2 = 185min) than
with model peptide (t1/2 = 421min). The difference between the
two series that could be noticed is the difference of length. The re-
action seems to be faster when the peptide is longer. Surprisingly,
the oxime ligation is quite similar for alpha-oxo aldehyde peptides
(t1/2 = 150min for MUC1-derived peptide and t1/2 = 125min for
model peptide). This difference should be explained by another
phenomenon, which could be a slight variation in pH (because of
wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European Pe
the accuracy of the pH measure) after the mixture of peptides to
form the oxime, implicating a difference in reaction rate, because
the oximation reaction is very sensitive to pH. Indeed, it proceeds
faster at a low pH and very slowly with a pH close to neutral
[2,10]. We have previously shown that the oximation reaction
implicated that the MUC1-pyruvic acid-containing peptide
occurred faster at pH 2 than at pH 4.6 [27].

Hydrated Form of Model Peptides 1–3 and
MUC1-Derived Peptides 4–6 Studied using
NMR and In-Source CID ESI-MS

According to literature, the most reactive carbonyl compounds to
addition of nitrogen nucleophiles are generally the most
hydrated in aqueous solution [23,41]. The percentage of the hy-
drated form of glycinal, alpha-oxo aldehyde and pyruvic acid-
containing peptide was determined using NMR (Table 2). For
the two series of peptides, the hydration of the modified pep-
tides under oximation reaction conditions at pH 4.6 is ranked as
follows: alpha-oxo aldehyde peptide 2 and 5> glycinal peptide
1 and 4>>pyruvic acid-containing peptide 3 and 6. This hydra-
tion difference can be explained because in function of the pH,
the hydration of the aldehyde-containing or ketone-containing
peptides could vary as for keto acids [42]. Indeed, the hydrated
form of keto acids is favoured at low pH (below the pKa of the
carboxylic acid group), whereas the keto form is favoured at neu-
tral pH. In this way, pH 4.6 is the more favoured for the hydration
of aldehyde-containing peptide than for ketone-containing pep-
tide. Moreover, the percentage of the hydrated forms of glycinal,
alpha-oxo aldehyde and pyruvic acid-containing peptide are the
same for model peptides than for MUC1-derived peptide. Indeed,
as model peptides have the same chemical environment near the
C-terminal function than the MUC1-derived peptides, the NMR
results are close.

We have previously shown that the equilibrium occurring in
solution between a peptide aldehyde and its tetrahedral hy-
drated form, the gem-diol, is retained in an electrospray source
during the ionisation process [43]. Increasing the voltage applied
to the cone increases the energy of ions as they go through the
ESI atmospheric pressure/vacuum interface and progressively in-
duced the fragmentation of the hydrated form into an isobaric
ion of the aldehyde [30,43]. This energy-dependent ESI-MS meth-
odology enables to compare the stability of the ionised tetrahe-
dral hydrated form of different peptide aldehydes provided that
their masses and charges were similar [43]. For each model pep-
tide, the molecular peptide MH+ ion and its hydrated form, the
[M+H2O+H]+ ion, were observed on the mass spectra (data
not shown). In-source CID mass spectra were recorded by in-
creasing the sample cone voltage from 10 to 35 V in 5-V incre-
ments. The percentages of the hydrated forms of the peptides
were calculated as mentioned in the experimental part and
expressed as a function of the cone voltage (Figure 2). The hy-
drated forms of pyruvic acid-containing peptides 3 and 6 were
hardly detected clearly indicating different hydration behaviour
compared with the aldehyde peptides. The gas phase stability
of the hydrated forms of the electrophilic peptides can be ranked
as follows: alpha-oxo aldehyde peptide>glycinal peptide
>pyruvic acid-containing peptide. Because of the steric effect
and of the carbon angular strain, the functional carbon of a pyru-
vic acid is less accessible to nucleophilic addition than that of
aldehydes. The first step of the oxime ligation is then unfavoured
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 147–154



Figure 2. In-source CID ESI-MS of aldehyde-containing and pyruvic acid-
containing peptides. The percentage of the hydrated form of the peptide
is in the function of cone voltage Vc for (A) the model peptides (♦: glycinal
peptide 1; ■: alpha-oxo aldehyde peptide 2; ▲: pyruvic acid-containing
peptide 3) and (B) the MUC1-derived peptides (♦: glycinal peptide 4;
■: alpha-oxo aldehyde peptide 5;▲: pyruvic acid-containing peptide 6).

Table 3. Percentages of hydrated forms of the peptides measured
using NMR and ESI-MS at Vc = 10 V

NMR (%) ESI-MS (%)

Model peptide

1 93 36

2 100 58

3 40 6

MUC1-derived peptide

4 92 52

5 100 87

6 38 8
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and is the limiting step for pyruvic acid-containing peptides in
the oximation reactions. Contrary to these ketone peptides, the
glycinal and the alpha-oxo aldehyde peptides are nearly equally
and totally hydrated in solution, as judged using NMR, indicating
that the nucleophilic addition is not a limiting step. This observa-
tion is in accordance with the study of Sayer et al. [19] on the
oxime bond formation.

Even at the lowest cone voltage, that is Vc = 10 V (Table 3), the
hydration degree of peptides is underestimated when compared
with the hydration degree measured in solution using NMR
(Table 2). This indicates that even if the fragmentation is mini-
mised at such a low cone voltage, it still occurs. In contrast to
the hydration degree determined using NMR (Table 2), which is
the same for a given type of aldehyde whatever the peptide
series, the hydration degree of the series of model peptides is
more underestimated than that of the series of the peptide
derived from MUC1 (Tables 2, 3). This is in accordance with the
J. Pept. Sci. 2012; 18: 147–154 Copyright © 2011 European Peptide Society a
fragmentation in the gas phase that is facilitated for ions of lower
m/z value [44]. More interesting, in gas phase, the underestima-
tion of hydration degree of the glycinal peptide is more dramatic
than that of the alpha-oxo aldehyde peptide suggesting that its
ionised tetrahedral hydrated form is less stable than that of the
alpha-oxo aldehyde peptide. The dehydration of the tetrahedral
form of the aldehyde depends mainly on the protonation of the
oxygen of the hydroxyl function whose glycinal is more basic
than that of the alpha-oxo aldehyde owing to electronic effect.
This hydrated form can impair the nucleophilic attack of the ami-
nooxy peptide in the oxime reaction. Moreover, the stability of
the hydrated form of the aldehyde can be indicative of the stabil-
ity of the carbinolamine intermediate in the oxime reaction that
cannot be isolated. In the cases studied here, the stability of the
tetrahedral forms related to the alpha-oxo aldehyde correlated
well with their lesser reactivity in the oximation reaction showed
by their highest half-time and their smallest ligation rate.
Conclusion

In this paper, we reinvestigated the reactivity of peptide alde-
hydes and ketone towards an aminooxy-containing peptide in
buffered aqueous conditions at pH 4.6. According to Sayer et al.
[19], in acidic medium, the first step corresponds to a nucleophilic
addition of the amine on the carbonyl compound affording a
tetrahedral carbon as a carbinolamine. It followed a concerted
mechanism because in our case, the amine function is weakly
basic. The second step corresponds to the protonation of the
hydroxyl leading to the dehydration of the carbinolamine into
an oxime.

Surprisingly, the oximation ligation has a different rate with
MUC1-derived peptide than with model peptide, except for
alpha-oxo aldehyde peptide. As the oximation ligation is sensitive
to pH, this difference could be attributed to a slight variation of
pH (because of the accuracy of the pH measure) when the pep-
tides were mixed during the oximation ligation. For the two
series of peptides, NMR results were close because the structure
environment of the C-terminal function is the same, whereas
ESI-MS results showed a difference in stability of the hydrated
form ion. That could be as a result of the difference of length
because the fragmentation in ESI-MS is related to the length of
the peptide.

For the two series of peptides, in NMR and in ESI-MS, the hy-
dration of the modified peptides under oximation reaction condi-
tions at pH 4.6 is ranked as follows: alpha-oxo aldehyde peptide 2
and 5> glycinal peptide 1 and 4>>pyruvic acid-containing
peptide 3 and 6. As expected, we showed that for pyruvic
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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acid-containing peptides, the oxime ligation is less rapid com-
pared with peptide aldehydes. The peptide ketones were also
less hydrated than the peptide aldehydes studied here because
of the steric effect and of the carbon angular strain. The first step
of the oxime ligation is then unfavoured and is the limiting step
for pyruvic acid-containing peptides in the oximation reactions.
The second step of the reaction is determining for aldehyde-
containing peptides. The dehydration of the tetrahedral form of
the aldehyde depends mainly on the protonation of the oxygen
of the hydroxyl function whose glycinal is more basic than the
one of the alpha-oxo aldehyde owing to electronic effect. This hy-
drated form can impair the nucleophilic attack of the aminooxy
peptide in the oxime reaction.
This study gives an insight in the mechanism of oximation

reaction and strongly suggests that the hydrated form of the
aldehyde partner has to be considered when oxime reactions
are performed in aqueous buffer. These results would open
new perspectives for the design of reactive peptides for biocon-
jugation and the synthesis of artificial proteins.
Experimental Part

General

Organic solvents were from SDS (Peypin, France) or Carlo Erba (Val
de Reuil, France), with DCM, NMP (N-methyl-2-pyrrolidone) and
piperidine of synthesis grade and MeCN and MeOH of HPLC
grade. Diethyl ether was from SDS (Peypin, France) and the higher
purity (>99.5) from Acros (Noisy-le-Grand, France). DMF was from
Applied Biosystems (Courtaboeuf, France). TFA was from SDS
(Peypin, France). Water was purified on a Milli-Q reagent system
(Millipore, St Quentin Fallavier, France). Boc-Ala-Ф-CH2-COOH
was from Polypeptide (Strasbourg, France). NovaTagTM resin and
PEGA resin were purchased from Novabiochem-Merck (Notting-
ham, UK). Fmoc-protected amino acids were obtained from Nova-
biochem-Merck. Boc-Ser(tBu)-OH was from Bachem (Bubendorf,
Switzerland). Aminoacetaldehyde-dimethylacetal and aminooxy
acetic acid (Aoa) were from Sigma (St Quentin Fallavier, France).
Na-Boc–protected Aoa was obtained according to the process pre-
sented by Offord et al. [45]. Coupling reagents were purchased from
commercial sources and were of the highest purity available.
Analytical and semi-preparative RP-HPLC were performed

using a LaChrom 7000 system equipped with a Merck-Hitachi
L-7100 pump and a Merck-Hitachi L-7455 diode array detector
with an Merck-Hitachi D-7000 interface. The column used were
a C18 column, nucleosil 300 Å (5 mm, 250� 4.6mm) for the ana-
lytical separations or a C18 column, nucleosil 300 Å (5 mm,
250� 10.5mm) for purification. Peptides were eluted with a
linear gradient of MeCN/H2O/0.1% TFA. Buffer A was water
containing 0.1% TFA, and buffer B was MeCN containing 0.1%
TFA. The elution followed at 275 nm.
General procedure for automated solid phase synthesis is

as follows.
Solid phase peptide synthesis was run on an automated

synthesiser 433A from Applied Biosystems using Fmoc/tBu
chemistry at 0.1-mmole scale with HBTU/HOBt as coupling
reagents. Tenfold excess was used for protected amino acids
and coupling reagents. The side-chain protecting groups used
were Lys(Boc), Ser(tBu), Trp(Boc) and Tyr(tBu). The 0.1-mmole
scale programme purchased from the manufacturer was
used, with a single coupling followed by capping with acetic
anhydride solution.
wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European Pe
General procedure for manual coupling is as follows.
Protected amino acid (10 equiv) and HATU (10 equiv) were

dissolved in DMF. The solution was then transferred on resin
(1 equiv) placed in a fritted syringe, and iPr2NEt (12 equiv) was
added after 5min of stirring. After 2 h, the reactants were removed
by filtration and the resin was washed with DMF (three times).

Electrospray mass spectrometry

The ESI-MS analyses were performed on a triple quadrupole mass
spectrometer (Quattro II, Micromass, Manchester, UK) equipped
with a nebuliser-assisted electrospray source. The high-flow
nebuliser was operated in standard mode with N2 as both nebu-
lising (20 l/h) and drying (250 l/h) gas. A voltage difference of 3 kV
was applied between the capillary and the counter electrode. In-
source CID mass spectra were recorded by increasing the sample
cone voltage from 10 to 35 V in 5-V increments. The ion source
was kept at 80 �C. Instrument control and data analysis were
accomplished using MASSLYNX application software, version 3.4,
from Micromass (Manchester, UK). Calibration of the mass
spectrometer was performed using myoglobin.

Each peptide was dissolved in 80/20 acetonitrile/5mM ammo-
nium acetate adjusted to pH 4.6 with acetic acid. Three microli-
tres of each peptide was injected into a Rheodyne model 7125
injection valve with a 10ml sample loop. The peptide was eluted
into the mass spectrometer using 80/20 acetonitrile/H2O as
mobile phase delivered using an isocratic LC-10 AD pump (Shi-
madzu, Les Ulis, France) at a flow rate of 20ml min�1. ESI mass
spectra were obtained in the positive ion mode. Monoisotopic
and average masses were obtained for model peptides and
MUC1-derived peptides, respectively.

The percentages of the hydrated and non-hydrated forms of
the peptides were calculated by mean of the peak’s intensity at
Vc = 10 V as
% hydrated form = {I[M + H2O + zH]z+/[I(M + zH)z+ + I(M + H2O +
zH)z+]}� 100,
where z is the ion charge, M is the molecular mass of the ion
and I is the peak intensity on the mass spectrum.

Nuclear magnetic resonance

The NMR analyses were performed on an Avance-500MHz
(Bruker, Bremen, Germany) spectrometer equipped with a 5-mm
Broadband Inverse probe. The peptides were dissolved in D2O at
pH 4.6 and analysed at a temperature of 25 �C. The percentages
of the hydrated and non-hydrated forms of the peptides were
calculated by integration of peaks corresponding to the chemical
function on NMR spectra. According to Andersson et al. [46], the
chemical shift of the proton of the aldehyde function (-CHO) is
around 9.5 ppm and the chemical shift of the proton of the hydrated
aldehyde function (-CH(OH)2) is around 5.2 ppm. In the case of the
ketone peptide, according to the chemical shift tables, the chemical
shift of the protons of the methyl-ketone function (-CO-CH3) is
around 2.4 ppm and the chemical shift of the protons of the
hydrated methyl-ketone function (-C(OH)2-CH3) is around 1.5 ppm.

Peptide synthesis

Peptide glycinal (1) and (4)

The syntheses were carried out as previously described [25,26].

• H-Tyr-Lys-Ala-Gly-Leu-Gly-Ala-NH-CH2-CO-H (1): Rt 12.2min
(gradient 0–30% B over 25min with A: H2O :MeCN
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 147–154
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95/5 + 0.1% TFA; B: H2O :MeCN 5/95 + 0.1% TFA); ESI-MS:
[MH+] 720.4 (calculated for C33H53N9O9 719.8).

• H-Muc-NH-CH(CH3)-CO-NH-CH2-CO-H (4): Rt 12.2min (gra-
dient 10–35% over 40min with A: H2O + 0.1% TFA; B:
MeCN+ 0.1% TFA); ESI-MS : [MH+] 1928.3 (calculated for
C82H130N26O28 1928.1).

Alpha-oxo aldehyde peptides (2) and (5)

NovaTagTM resin (0.1mmol, 256mg) was introduced in a fritted
syringe and treated with 1 M HOBt in DCM/TFE 50:50 (2ml) two
times for 1 h. After DMF rinse (three times), Boc-Ser(tBu)-OH
(10 equiv, 1mmol, 261mg) was manually coupled following the
general procedure. The resin was rinsed with DMF (three times)
and treated with piperidine/DMF 20:80 (2ml) for 30min (two
times). Fmoc-Ala-OH was manually coupled. The resin was then
introduced into a reactor for solid phase synthesis. The elonga-
tion was conducted as described in the general procedure. Then,
the peptidyl-resin was introduced into a fritted syringe and trea-
ted with TFA/Phenol/H2O/iPr3SiH, 88:5:5:2 for 2 h. After filtration
and precipitation of the peptide in cold diethyl ether, the peptide
was recovered using centrifugation.

• H-Tyr-Lys-Ala-Gly-Leu-Gly-NH-(CH2)2-NH-CO-CO-H (2): Rt 17.6min
(gradient 3–28% B over 25min with A: H2O :MeCN 95/5+0.1%
TFA; B: H2O :MeCN 5/95+0.1% TFA); ESI-MS: [MH+] 720.5 (calcu-
lated for C33H53N9O9 719.8).

• H-Muc-NH-CO-CO-H (5): Rt 11.9min (gradient 10–35% B over
25min with A: H2O+0.1% TFA; B: MeCN+ 0.1% TFA); ESI-MS:
[MH+] 1914.3 (calculated for C81H128N26O28 1914.1).

Pyruvic acid-containing peptides (3) and (6)

The synthesis was carried out as previously described [27].

• H-Tyr-Lys-Ala-Gly-Leu-Gly-NH-(CH2)2-NH-CO-CO-CH3 (3): Rt
17.8min (gradient 5–40% B over 40min, with A: H2O :MeCN
95/5 + 0.1% TFA, B: H2O :MeCN 5/95 + 0.1% TFA); ESI-MS:
[MH+] 720.4 (calculated for C33H53N9O9 719.8).

• H-Muc-NH-CH2-CH2-NH-CO-CO-CH3 (6): Rt 15.0min (gradient
10–35% over 40min with A: H2O+0.1% TFA; B: MeCN+0.1%
TFA); ESI-MS: [MH+] 1928.6 (calculated for C82H130N26O28 1928.1).

H2N-O-CH2-CO-Ala-Leu-Lys-Trp-Ser-Leu-Ala-OH (7)

Starting from Fmoc-Ala-Wang resin (119mg, 0.1mmol), the elon-
gation was performed according to the general procedure. Pepti-
dyl-resin (0.04mmol) were introduced in a fritted syringe, and
Boc-Aoa-OH (10 equiv, 95mg, 0.5mmol) was manually coupled
using the general procedure. Half of the peptidyl-resin was
washed with DCM (three times) and treated with TFA/Phenol/
H2O/iPr3SiH, 88:5:5:2. Peptide was then precipitated and washed
with ice-cold diethyl ether without carbonyl-containing com-
pounds. The crude peptide was recovered using centrifugation.
Rt 12.9min (gradient: 20–50% B over 27min, with A: H2O :MeCN
95/5 + 0.1% TFA, B: H2O :MeCN 5/95 + 0.1% TFA); ESI-MS: [MH+]
861.6 (calculated for C40H64N10O11 861.0).

Kinetics of the oxime formation

The oximation reaction was carried out in 0.1 M NaAcO, pH 4.6 at
25 �C [3]. Each aldehyde or ketone peptide (1.13mM) was in a
1.5-fold excess over the aminooxy-containing peptide (0.76mM).
Every 40min, aliquots were analysed using micro-HPLC (CapLC)
for 37 h. The percentage of ligation product calculated using
J. Pept. Sci. 2012; 18: 147–154 Copyright © 2011 European Peptide Society a
integration of the HPLC peaks at 280 nm was expressed as a func-
tion of time. Micro-HPLC analyses were performed using a CapLC
(Waters, Manchester, UK) equipped with a C18 column, Symme-
try 100Å (3.5mm, 0.32� 50mm). Detection was achieved on a di-
ode array detector from 200 to 350 nm. Peptides were eluted at
5 ml min�1. The mobile phase was composed of buffer A,
H2O+ 0.1% TFA, and buffer B, MeCN+0.1% TFA. The elution
gradient was 10–30% B for 20min and 30–100% B for 3min.
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