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The well-established peptide chemistry on the solid phase
permits the ready access to large combinatorial peptide
libraries via split-and-mix synthesis.1 Consequently, screening
of peptide libraries has been widely practiced to define the
substrate specificity of enzymes,2 to develop enzyme inhibi-
tors,3 to search for ligands of protein modules or receptors,4

and to identify new catalysts.5 For resin-bound libraries, high-
throughput screening often generates a large number of
positive beads that need to be individually characterized. This
has created the demand for a rapid and inexpensive method
for high-throughput sequencing of library-derived peptides.
Several methods have been used for this purpose. The first
method is to directly sequence the resin-bound peptides by
Edman degradation.1a,2d,g,h,4aHowever, Edman sequencing is
expensive and time-consuming, making it impractical for the
routine sequencing of large numbers of peptides (>100). A
variation of the Edman method involves pooling all of the
selected peptides and sequencing them as a mixture.4c,eWhile
this method is simple, it loses valuable information about
the individual sequences and only gives an overall consensus,
which may not necessarily represent the most active se-
quence. A second method utilizes various types of tags to
encode the library, and the structure of an active compound
is deduced by examining the tags present on the same bead
that carries the active compound.6 The drawbacks of the
coding strategy include requirement of additional, compatible
chemical steps in the library synthesis, potential interference
with screening by the coding structure, and limited amount
information that can be coded by the tags. A third method
involves direct sequencing of a library-derived peptide by
tandem mass spectrometry.7 Although conceptually straight-
forward, this technique has not yet matured into a general,
reliable method that can be practiced in an unspecialized
laboratory. Finally, Youngquist et al. have developed a
peptide ladder sequencing strategy, which encodes the
peptide on a bead by generating a series of sequence-specific,
partially terminated products during the synthesis of the
library.8 The sequence of the full-length peptide is determined

by analyzing the peptide ladder formed by these termination
products in a mass spectrum. This rapid and inexpensive
method has been successfully applied to both peptide and
peptidomimetic libraries.2e,4i,8,9A drawback of this method
is that, because of the different reactivities of 20 amino acids
(or other library building blocks), the amount of chain
termination varies at each position in an unpredictable
manner, resulting in heterogeneous amounts of full-length
peptides on all library beads. This biases the screening against
those peptides that have higher percentages of termination
products (thus, less full-length peptides). The use of the same
amino acid as capping agent (e.g., use of Boc-Ala as the
capping agent during the addition of Fmoc-Ala) has only
partially solved this problem.10 Another potential problem
is that the termination products may interfere with library
screening.

In this report, we have adapted a peptide ladder sequenc-
ing method pioneered by Chait et al.11 to rapidly sequence
support-bound peptides derived from combinatorial libraries.
In this method, a peptide library is synthesized on solid
support without partial chain termination (except for Ile and
Nle) and, therefore, all of the library beads carry an equal
amount of full-length peptides. After screening against a
molecular target (e.g., a protein), the peptide on a selected
bead is subjected to multiple cycles of partial Edman
degradation to generate a peptide ladder and its sequence is
determined by matrix-assisted laser desorption ionization
(MALDI) mass spectrometry.

The validity of this method was demonstrated by the
synthesis and screening of a peptide library to identify the
optimal substrates ofE. coli peptide deformylase (PDF).12

An N-formylated tetrapeptide library, f-XXXXBBRM-resin
(X ) Ala, Asn, Asp, Gln, Glu, Gly, His, Ile, Leu, Nle, Phe,
Pro, Ser, Thr, Trp, Tyr, or Val; B) â-alanine), was
synthesized on TentaGel S resin (100µm) via the split-
synthesis method.1 A common linker (BBRM) was added
to facilitate enzymatic reaction and mass spectrometric
analysis,13 whereas Lys, Arg, Cys, and Met (replaced with
Nle) were excluded from the randomized region to simplify
the screening process.2e The resulting one-bead-one-
compound library (theoretical diversity is 83 521) was
screened against Co(II)-substitutedE. coli PDF as previously
described.2e Briefly, enzymatic removal of the N-terminal
formyl group by PDF exposes a free NH2 group at the
N-terminus of a peptide. The exposed amino group was
selectively derivatized with a biotin by incubating the library
with N-hydroxysuccinimidobiotin. The resin was then incu-
bated with a streptavidin-alkaline phosphatase conjugate,
which is subsequently recruited to the reacted beads by the
bound biotin. Hydrolysis of 5-bromo-4-chloro-3-indolyl
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phosphate (BCIP) by the bound phosphatase resulted in an
intense turquoise color at the surface of a positive bead. The
colored beads were readily identified under a dissecting
microscope and manually removed from the library.

Screening of 70 mg of resin (∼200 000 beads) resulted
in ∼100 colored beads, and the 72 most-colored ones were
removed from the library for sequence analysis. All 72 beads
were placed in a 0.5 mL column fitted with a 0.22µm filter
at one end. The beads were incubated in a MeOH solution
containing 7% hydrochloric acid for 60 h to remove the
N-terminal formyl group.14 The resulting beads were sub-
jected to partial Edman degradation to generate a peptide
ladder according to the method originally developed by Chait
et al.11 Specifically, the beads were treated with a 10:1 (v/v)
mixture of phenyl isothiocyanate (PITC) and phenyl iso-
cyanate (PIC) in pyridine (250µL), both of which reacted
with the N-terminal amine of the support-bound peptides
(Figure 1a). After being washed with CH2Cl2 to remove the
excess reagents, the beads were treated with trifluoroacetic
acid (TFA). For∼90% of the peptides that had reacted with
PITC, TFA treatment resulted in the cleavage of the
N-terminal amino acid (Edman degradation). For the rest of
the ∼10% peptides that had reacted with PIC, no cleavage
was possible under the conditions used, and these peptides
became permanently N-blocked by a phenylcarbamoyl (PC)
group. The resulting beads, still placed in the same column,
were washed with CH2Cl2 to remove the phenylthiohydantoin
(PTH)-amino acid derivatives and subjected to the next cycle
of partial Edman degradation. Repetition of the partial Edman
degradation reaction forn + 1 cycles (n is the number of
random positions in a library and equal to 4 in this work)
resulted in a series of sequence-specific truncation products.
Next, the treated beads were individually picked, placed in
72 separate microcentrifuge tubes, and treated with CNBr.
This cleaved the peptides off the support at their C-terminal
methionine, generating the corresponding peptide homoserine

lactones. After lyophilization to remove the excess reagents,
the peptides released from each bead were analyzed by
MALDI-TOF mass spectrometry as previously described.2e

Since each bead carried a unique full-length peptide and four
truncation products, MALDI analysis of the cleavage mixture
generated a peptide ladder containing five individual peaks.
Figure 1b shows a typical MALDI spectrum, obtained with
20% of the peptide mixture isolated from a single resin bead.
The protonated full-length peptide gave a peak atm/z
1014.93. The truncation products produced four peaks atm/z
901.94, 739.01, 576.07, and 519.10. The mass difference
between the full-length peptide and the first truncation
product (m/z901.94) is 113.0, indicating that the N-terminal
residue of the peptide is Nle, Leu, or Ile. Likewise, the rest
of the residues were determined as Tyr, Tyr, and Gly,
respectively, based on the mass differences between adjacent
peaks in the ladder. To differentiate norleucine (used as a
surrogate for methionine) from the isobaric leucine and
isoleucine, a small amount of chain-termination products
were generated by adding 10%N-acetylalanine into the
coupling reaction of Nle and 10%N-acetylglycine into the
coupling reaction of Ile during library synthesis.8 Thus, if a
peptide contains a Nle at a given position, its mass spectrum
would show at that position a doublet separated by 6 mass
units, due to the presence of both the chain-termination
product derived from library synthesis and the truncation
product derived from postscreening partial Edman degrada-
tion. Similarly, a peptide containing an Ile should produce a
doublet separated by 20 mass units at the corresponding
position. The presence of a doublet atm/z895.93 and 901.94
in Figure 1b therefore indicates that the N-terminal residue
is a norleucine and the unknown peptide has the sequence
of NH2-Nle-Tyr-Tyr-Gly.

Out of the 72 positive beads analyzed by this method, 65
(90%) produced high-quality spectra, which allowed un-
ambiguous sequence assignment at all randomized positions

Figure 1. Sequencing of support-bound peptides by partial Edman degradation and mass spectrometry: (a) reactions involved in partial
Edman degradation (PITC, phenyl isothiocyanate; PIC, phenyl isocyanate; PC, phenylcarbamoyl); (b) MALDI mass spectrum of a peptide
and its truncation products, obtained with 20% of the material from a single bead. The sequence of the unknown peptide is f-(Nle)-
YYGBBRM. M is methionine prior to CNBr cleavage and is homoserine lactone after CNBr cleavage.
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(Table 1). The other 7 beads gave spectra that missed one
or a few peaks, and therefore, complete sequence assignment
was not possible. It should be noted that no special effort
has been made to optimize the degradation reaction or the
MALDI MS conditions at this point, and we believe that a
still higher success rate is possible after optimizing these
conditions. Analysis of the 65 selected sequences revealed
that norleucine is the most preferred amino acid at the P1′
position (46 sequences had norleucine at this position) (Table
1 and Figure 2). This is consistent with earlier studies2e,15

and the fact that methionine is always the N-terminal residue
of a physiological substrate of PDF. Consistent with these
earlier studies, PDF has little selectivity at the P2′ position.
At the P3′ and P4′ positions, PDF clearly prefers hydrophobic
residues and tyrosine in particular (Figure 2). This is again
similar to our previous screening results, although the extent

of preference for tyrosine is weaker in this work. A number
of factors may have contributed to the slight difference
observed at the P3′ and P4′ positions, including a subtle
difference in screening stringency, the use of Co-PDF (this
work) vs Fe-PDF (earlier work), and bias against peptides
containing slow-coupling amino acids (e.g., Val and Thr) in
the earlier work. A few sequences that contain other
N-terminal amino acids (e.g., Tyr, Phe, Glu, Ala) were also
obtained, as observed previously.2e We have previously
shown that theN-formylphenylalanyl andN-formyltyrosyl
peptides are indeed excellent PDF substrates, whereas the
peptides with the other N-terminal amino acids (e.g., Gly,
Ala) are poor substrates. Preliminary studies seem to suggest
that the false positives were a result of background hydrolysis
of their N-formyl group during the process of library
screening.

The above results demonstrate that the partial Edman
degradation strategy is an effective method for sequence
determination of library-derived peptides. We have indeed
recently applied this method to sequence over a hundred
phosphothreonyl peptides that bound to a forkhead-associated
(FHA) domain.16 This method offers several advantages over
existing methods. First, it generates a peptide ladder only
after the screening step so that libraries can be prepared with
few chain-termination events (except for the homopolymers
of Nle and Ile), and therefore, there is minimal variation in
the quantity of full-length peptides on different beads. It thus
avoids the sequence bias problem associated with the
Youngquist method. It also simplifies library synthesis and
largely eliminates the potential interference with screening
by an encoding tag (e.g., a chain-termination product).
Second, since all peptides are support-bound, the operation
is very simple; no peptide isolation is necessary after each
cycle of Edman degradation and excess reagents, and reaction
byproducts are removed by simply washing the beads with
solvents. Third, the spatial separation of different peptides
on individual beads permits simultaneous degradation of all
selected beads (anywhere from one to a few million) in one
pot. This tremendously reduces the amount of labor required
for sequencing a large number of beads. Finally, this method
is highly sensitive, rapid, and yet inexpensive. On a Bruker
Reflex III MALDI instrument, we have been able to routinely
sequence 20-30 beads in an hour and at a cost of a few
U.S. dollars per peptide. Only<20% of the peptides isolated
from a single 100µm bead is needed for each MS
experiment. This permits multiple MS experiments for each
bead, if necessary, to ensure that the sequence is unambigu-
ously determined. The only limitation of this method is that
a peptide to be sequenced must contain onlyR-amino acids
and a free N terminus or an N-terminal structure (e.g.,
N-formyl- or N-Fmoc-protected) that can be converted into
a free N terminus prior to Edman degradation.

In conclusion, a rapid, sensitive, and inexpensive method
has been developed to sequence peptides derived from
combinatorial libraries. Although the concept of partial
Edman degradation has previously been demonstrated in the
solution phase,11 to our knowledge, this work represents the
first application of the method to the sequence determination
of library-derived peptides on the solid phase. We believe

Table 1. Selected Sequences forE. coli PDFa

MFYY MVVL MLGP EMYI
MGYY MFVI MYSH EEYV
MGYP MLVP MYSE EFLP
MPYV MLVY MEHT EYMV
MHYP MYVF MTHL HMHY
MMYV MEAV MFHH HATL
MYYV MFAT MMFE FSPY
MMYE MVAE MSFG FPHY
MEYL MAAA MMEY AVLL
MPYF MPAH MPPL AVFF
MYYG MLLY MMPV SHYH
MTYS MILY MVTT LETP
MPVH MLLA YFLF GFLL
MHVH MLLP YVYG PDLG
MVVL MLLS YPGY
MVVL MYGV YYGP
MVVL MVGV YAMY

a M, norleucine.

Figure 2. Substrate specificity ofE. coli Co(II) PDF. Displayed
are the amino acids identified at each of the four N-terminal
positions (P1′ is the N-terminal residue). Number of appearance
on the y axis represents the number of selected sequences that
contain a particular amino acid at a certain position (out of a total
of 65 sequences). M is norleucine.
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that this sequencing strategy will further expand the utility
of combinatorial peptide libraries in biomedical research.
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