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ABSTRACT: A random hexapeptide library (one-bead-one-compound),
containing sixteen amino acids (166 different sequences) was synthesized
on a Tentagel resin previously modified with a dipeptide linker (Asp-Pro).
This peptide bond is highly susceptible to cleavage under mild acidic
conditions in a salt-free solution prepared with H2

16O/H2
18O (60/40% v/

v). In the hydrolysis, hexapeptides are released with an additional Asp
residue partially labeled with 18O at the C-terminus. These conditions are
fully compatible with ESI-MS analysis and facilitate sequencing by MS, as
N- and C-terminal ions can be easily differentiated in MS/MS spectra.
The peptides were sequenced manually and also with de novo sequencing
programs, and identifying them in a database containing all possible
heptapeptide sequences or in a filtered database. The proposed strategy is
also compatible with stepwise Edman degradation using either intact
beads or the released free peptides.
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Combinatorial chemistry has a direct impact on drug
discovery, allowing the synthesis and screening of a large

number of compounds with potential therapeutic or diagnostic
uses. Phage display peptide libraries, together with one-bead-
one-compound (OBOC) peptide libraries,1 have become
important tools for understanding the biological basis of
molecular recognition. OBOC libraries, in particular, allow for
further optimization of lead compounds by simply including
non-natural, or D-amino acids and other organic building
blocks, thus accelerating the drug discovery process.2−5

After library screening, the structural elucidation of the
selected compounds is a critical step. Edman sequencing has
been widely used for this purpose because the beads can be
directly analyzed without cleaving off and retrieving the
peptide. However, this procedure is time-consuming, expensive,
requires a free N-terminus on the peptide and is not compatible

with modified amino acids and other organic blocks commonly
used during lead optimization.
Mass spectrometry has been successfully used for sequencing

peptides isolated from OBOC libraries by the combination of
“ladder-synthesis”,6 “ladder-sequencing”,7 and MALDI-MS
analysis. The major disadvantage of ladder-synthesis is that
peptide ladders and the full length sequence coexist on the bead
surface, which might interfere with biological screening.8 To
overcome this disadvantage, Son et al.9 reported the application
of “ladder synthesis” and bilayer bead concepts to segregate
full-length peptides and their truncated variants. The outer
layer carries the full-length library compound synthesized at low
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concentration, tuned for the selection of high affinity
interactions during biological screening. The inner layer is
fully substituted with truncated ladder members to ensure that
the bead can be successfully decoded by MALDI-MS.10 In this
library the peptides of interest are excised from the library by
CNBr treatment and carry an alanine bromoderivative to
facilitate their sequencing. Other authors11 have used similar
approaches, but introducing a bromide atom at the aldehyde
group formed at the C-terminal end during the hydrolysis
reaction.
Lorthioir et al.12 have reported an analytical construct for a

OBOC library consisting of two orthogonal linkers that allow
releasing the peptide either in the free form or attached to a MS
sensitizer with a linker having a mixture of H2/D2 to facilitate
its sequencing by MS/MS. Each cleavage uses a different
treatment: 90% TFA during 4 h for the first, and consecutive
treatments with oxone, methanol, and 1-methylpiperazine,
(overnight) for the second. In both cases peptides are
recovered in DMSO; therefore, a drying step is required.
To our knowledge, partial 18O-labeling,13 has never been

used in peptide libraries to facilitate the identification of hits
and their sequencing by MS. Peptide sequencing by MS/MS is
fundamental for identifying hits during the biological screening
of peptides libraries. However, the interpretation of certain
mass spectra can be difficult even for specialists, so its
automation would require optimization. Furthermore, colli-
sion-induced dissociation is not efficient enough to fragment all
peptides present in a library and provide full sequence coverage.
18O-Labeling can be useful in these types of situations as well.

ESI-MS analysis has been also used to analyze peptides
isolated from libraries, although to a much lesser extent than
MALDI-MS. ESI-MS is more sensitive to the presence of salts,
detergents, and other additives, imposing stricter demands on
sample processing. Hoffmann and Frank14 proposed a linker
based on the well-known glycolic acid anchor, with structural
modifications allowing the recovery of peptides by treatment
with phosphate buffers. However, full compatibility with ESI-
MS analysis requires a desalting step. The authors argued that
the use of a volatile buffer (triethylammonium acetate, pH 7.3)
would circumvent this problem; however, the rate of hydrolysis
is much slower, and a drying step would be required anyway.
Photocleavable linkers can overcome this limitation because

peptides are excised from the beads by irradiation with direct
UV light, and in a second step, they are recovered in an ESI-
MS-compatible solution.15,16 Unfortunately, these linkers are
expensive, and storage and handling of such libraries require
special care.
As a convenient solution to these problems, we explored the

use of the Asp-Pro dipeptide since it contains the peptide bond
most susceptible to cleavage by controlled acid hydrolysis.17 To
our knowledge, this dipeptide has never been used in peptide
libraries as a linker. We synthesized an OBOC hexapeptide
library on a Tentagel S NH2 resin previously modified by a
dipeptide Asp-Pro linker allowing the release of heptapeptides,
(hexapeptides + Asp at their C-terminus) for analysis by either
ESI-MS and/or Edman sequencing (Figure 1). This library
contains 16 amino acids at each position. To ensure a longer
stability of the synthesized library and to allow its usage in
several screening experiments, amino acids that can undergo

Figure 1. General strategy proposed for identifying biologically active peptides isolated from the hexapeptide library containing an Asp-Pro linker.
Shadowed areas in the ESI-MS/MS spectra represent the immonium ions and a sequence tag used to filter sequence database.
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oxidation or that promote aggregation (Trp, Cys, and Met)
were excluded from the synthesis. Asp was also excluded from
the combinatorial approach to eliminate the possibility that
some sequences selected at random might contain internal Asp-
Pro bonds that would be destroyed during hydrolysis. In
principle, this peptide library could contain about 16.8 million
different sequences. It should be noted, however, that if Asp is
included the synthesized library gains 6.9 millions new
sequences, losing only 417 605 sequences to the hydrolysis of
internal Asp-Pro bonds (only 1.73% of the total). After
biological screening, positive beads can be isolated, placed in an
Eppendorff tube and treated under mild acidic conditions in 10
μL of 1% formic acid solution, 50% acetonitrile, at 100 °C for
25 min for peptide release and analysis.
This salt-free hydrolysis solution was selected to allow the

release of heptapeptides attached to a single bead in sufficient
amounts for a sensitive analysis by ESI-MS without further
processing. This is particularly advantageous for an efficient
recovery of either hydrophilic or hydrophobic peptides present
in the wide diversity of the library. Several concentrations of
formic acid (0.1%, 1%, 2%, and 5%) were also evaluated in the
hydrolysis solution, but no significant improvement in the
relative recovery of P90 model peptide was observed from 1%
to 5% (see Supporting Information). If the hydrolysis solution
is prepared in 40% (v/v) H2

18O, the released heptapeptides will
be partially labeled with 18O at their C-terminal end. The
resulting isotopic ion distribution facilitates their identification

among the background signals that might be generated during
hydrolysis. Additionally, partial 18O-labeling makes manual
sequencing of the target peptides easier and more reliable13

since N- and C-terminal ions are unambiguously differentiated
in their ESI-MS/MS spectra (Figure 1).
In our strategy the identification of hits relies on the

integration of several complementary approaches. In addition
to manual interpretation, the ESI-MS/MS spectra are analyzed
with the aid of de novo sequencing software (PepSeq and
Peaks18). MASCOT19 software commonly used in proteomics
for protein identification can be also used with peptide libraries,
identifying the released peptides in a database with all possible
sequences or in a filtered database restricted to sequences
complying with specific criteria (molecular mass and accuracy,
qualitative amino acid composition, or a sequence tag). The
most-likely sequences are proposed after analyzing the output
of all of these approaches. Beside ESI-MS analysis, the peptides
are also amenable to sequencing by Edman degradation
because they are released as free N-terminal species and only
1/3 of the total amount is consumed by MS analysis. If MS is
not available, the intact bead can be also loaded inside the N-
terminal sequencer, and the sequence can be readily obtained.
Four model hexapeptides: KNPYHS (P90), EQPAFH (P91),

KKNNPK (P92), and VAGFFL (P93) were synthesized to
evaluate if the chosen hydrolysis conditions permit a sufficiently
sensitive MS analysis and to explore the occurrence of some
potential side reactions. The resultant ESI-MS spectra (Figure

Figure 2. ESI-MS spectra shown in (A−D) correspond to model peptides (P90−P93) released from individuals beads. Peptide code, sequence,
expected molecular mass, and charge are boxed in each ESI-MS spectrum. The expanded regions (E−H) show the isotopic ion distribution of
individual peptides.

Table 1. Summary of the Identification of Four Model Peptides and Two Peptides Randomly Selected from the Library by
Using De Novo Sequencing and a Database Searching

rankb

code sequence m/z (obs/calcd) z error (ppm) PepSeq Peaks MASCOTc

P90 KNPYHSDa 430.6869/430.6985 2 26.9 1 1 1/(1)
P91 EQPAFHDa 422.1805/422.1852 2 11.1 1 2 (QEPAFHD)e 2/(1)
P92 KKNNPKDa 422.2393/422.2378 2 3.6 1 1 2/(1)
P93 VAGFFLDa 768.3958/768.4000 1 5.5 >10 1 1/(1)
R01 APQTKYDd 411.7152/411.7032 2 29.1 1 1 1/(1)
R02 FPQTRKDd 297.8286/297.8276 3 3.3 - >10 (1)f 1/(1)

aSequences correspond to the synthesized model peptides attached to Tentagel S NH2 resin.
bRanking of the correct sequence in the program

output. cThe values within parentheses correspond to the ranks of the correct sequence after performing the search in a subdatabase. dRandomly
selected beads. The sequences were obtained by manual sequencing. eTop-ranked sequence. fThe value in parentheses indicates the rank of the
correct sequence after performing a hybrid search (de novo sequencing + database search).
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2A−D) showed intense signals at m/z that agreed with the
expected values with a mass error lower than 50 ppm (Table 1).
No evidence of deamidation, peptide degradation or

pyroglutamic acid formation were detected (Figure 2A−D).
Analysis of the isotopic ion distribution of model peptides
(Figure 2E−H) revealed that approximately 40% of 18O was
incorporated in all cases, confirming that additional 18O was not
incorporated by acid-catalyzed exchange. The fact that all
isotopic labeling was located at the C-terminus makes peptide
sequencing easier and more reliable.13 Stable isotope labeling
has been chemically encoded in the synthesis of OBOC
libraries10−12 to release the peptides as partially labeled species
for MS analysis. In our case, the user can choose to employ
partial 18O-labeling or not, since only 2 μL of H2

18O is needed
in the hydrolysis solution (10 μL) required for a single bead.
While we typically analyzed the released peptides by MS just
after hydrolysis, freezing partially 18O-labeled peptides at −20
°C for a week in the hydrolysis solution did not incorporate
18O beyond 40%. Table 1 summarizes the identification of
model peptides as well as peptides isolated from beads
randomly selected from the library using the strategy described
in Figure 1.
Best results during de novo sequencing of model peptides

were obtained by using Peaks software. However, none of these
applications were able to take full advantage of partial 18O-
labeling, as a skilled practitioner would do in analyzing
individual spectra. Moreover, they cannot be customized to
restrict their output to 7 amino acid-long sequences, favoring
instead longer sequences where heavier amino acids such as
Trp, Lys/Gln or Arg have been replaced by pairs of lighter
amino acids. This later limitation, however, can be overcome in
the case of Peaks, since it is possible to perform a hybrid search
by combining de novo sequencing and database search
approaches (see Table 1). For model peptides (P90−P93,

Table 1), MASCOT always ranked the correct sequence among
the top two. However, when the database was filtered taking
into account additional information obtained from manual
sequencing (immonium ions and a sequence tag) the correct
sequence was always ranked at the top. To our knowledge this
is the first time that MASCOT has been applied successfully to
decode peptide libraries. Therefore, the results (manual,
automatic sequencing and database search) should always be
analyzed as a whole before selecting the correct sequence
among a number of possibilities.
Two randomly selected library beads (R01 and R02, Table 1)

were also analyzed by hydrolysis and MS sequencing. The
peptide contained in bead R01 was fragmented by conventional
CID in a QTOF-1, and the resulting ESI-MS spectrum (Figure
3A) showed an intense doubly charged signal at m/z 411.71
with the typical isotopic ion distribution of a partially 18O-
labeled peptide (Figure 3B). The ESI-MS/MS spectrum
(Figure 3C) clearly showed different isotopic distributions13

for the N- and C-terminal ions (Figure 3D and 3E) leading us
to propose the sequence: AP-(K/Q)-T-(K/Q)-YD. On the
basis of the mass accuracy of the consecutive bn ions, Q and K
could be tentatively assigned at the positions third and fifth of
the sequence. De novo sequencing and identification of this
peptide in a sequence database is shown in Table 1.
It was impossible to obtain a full sequence for the peptide in

bead R02 when fragmented by HCD in an Orbitrap MS, due to
gaps in the resulting ESI-MS/MS spectra. Only when
fragmented by ETD (see Supporting Information) was it
possible to sequence the peptide in its entirety. Since the
proposed method is compatible with ESI-MS analysis, the use
of state of the art MS (such as Orbitrap or FT-MS) is also
advisible because their highest accuracy (<5 ppm) allows
discarding sequences with very close molecular masses that
otherwise would be a source of false identifications, also

Figure 3. (A) ESI-MS spectrum of peptide AP-(K/Q)-T-(K/Q)-YD released from a bead (R01) randomly selected from the library. The expanded
region in (B) shows its isotopic ion distribution. (C) ESI-MS/MS spectrum of this peptide partially labeled with 18O at its C-terminus. Continuous
and dashed lines indicate the sequences deduced from the N- and C-terminal ions, respectively. The expanded regions in D and E show the isotopic
ion distributions of the N- and C-terminal ions, respectively.13
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permitting the unambiguous differentiation of isobaric amino
acids (Lys/Gln). The end result is a reduction in the number of
peptides to be synthesized in validation stages.
Taking into account that the cleavage sequence (Asp-Pro) is

linked directly to the hexapeptide library, in principle it should
also be synthesized during the validation stages of positive hits.
If it turned out not to be relevant for biological activity it can be
ignored but only after careful experimental validation. If
libraries based on Asp-Pro cleavage do not contain unstable
amino acids, they are compatible with on-bead assays over long
periods of time and can be reused for multiple screening
experiments. Designing and synthesizing Asp-Pro linkage
libraries is simple and affordable in any laboratory dedicated
to peptide synthesis or combinatorial chemistry.
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