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A method for the rapid sequence determination of peptoids [oligo(/N-substituted glycines)] and peptide—peptoid
hybrids selected from one-bead-one-compound combinatorial libraries has been developed. In this method,
beads carrying unique peptoid (or peptide—peptoid) sequences were subjected to multiple cycles of partial
Edman degradation (PED) by treatment with a 1:3 (mol/mol) mixture of phenyl isothiocyanate (PITC) and
9-fluorenylmethyl chloroformate (Fmoc-Cl) to generate a series of N-terminal truncation products for each
resin-bound peptoid. After PED, the Fmoc group was removed from the N-terminus and any reacted side
chains via piperidine treatment. The resulting mixture of the full-length peptoid and its truncation products
was analyzed by matrix-assisted laser desorption ionization (MALDI) mass spectrometry, to reveal the
sequence of the full-length peptoid. With a slight modification, the method was also effective in the sequence
determination of peptide—peptoid hybrids. This rapid, high-throughput, sensitive, and inexpensive sequencing
method should greatly expand the utility of combinatorial peptoid libraries in biomedical and materials

research.

Introduction

Oligomers of N-substituted glycines, or “peptoids”, are a
new class of unnatural materials that are capable of mimick-
ing the structure and function of peptides and proteins.! A
diverse array of biologically active peptoids have been
discovered, including carriers for nucleic acid delivery,2
antimicrobials,’ lung surfactant mimetics,* inhibitors of
G-protein-coupled receptors,” and ligands of both intracel-
lular and cell surface proteins.®’” Peptoids offer several
advantages over peptides as therapeutic or diagnostic agents.
They are resistant to proteases® and more membrane perme-
able,” due to the lack of amide —NH groups, thus overcom-
ing two major problems associated with peptide drugs.
Furthermore, peptoids containing a wide variety of side-chain
functionalities can be readily prepared by using a two-step,
submonomer method.'® These properties make peptoids
attractive structures in drug discovery as well as materials
engineering.

Combinatorial chemistry provides a powerful method for
the rapid identification of high-affinity ligands against
macromolecular targets (e.g., proteins). Most of the biologi-
cally active peptoids aforementioned were originally dis-
covered by screening combinatorial peptoid libraries. Al-
though in-solution screening of peptoid libraries has been
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practiced,” the more straightforward method involves on-
bead screening of one-bead-one-compound (OBOC) libraries,
during which peptoid ligands are displayed on the surface
of individual beads and a soluble, properly labeled receptor
(or intact cells) is allowed to bind to those beads that carry
the high-affinity ligands.®” The advantage of on-bead screen-
ing is that OBOC libraries of very high sequence diversity
can be readily prepared by the split-and-pool synthesis
method'' ™! and a large number of compounds can be
rapidly screened in a short time (e.g., 107 beads/compounds
can be screened in a few hours). However, on-bead screening
of OBOC libraries necessitates postscreening identification
of the selected “hit” compounds. Direct sequencing of resin-
bound peptoids by Edman degradation has been most
commonly employed for this purpose.®’'* Unfortunately,
Edman sequencing is time-consuming (hours to a day to
sequence a short peptide/peptoid) and expensive (~$300/
peptide or peptoid). For peptoids and peptides containing
unnatural amino acids, the Edman method is especially slow,
since it requires the prior synthesis and analysis of phenylth-
iohydantoin standards for each unnatural residue. Liskamp
and co-workers applied MS/MS techniques to determine the
sequence of peptoids'> 7 and found that peptoids in general
fragment in a similar manner to peptides. However, the
presence of at least two sets of fragment ions in the spectra
(b and y ions) makes them inherently difficult to interpret.
To alleviate this problem, we recently showed that spectral
interpretation could be greatly simplified by the addition of
an isotope tag to one end of the peptoids.'® In this method,
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Figure 1. Structures of peptoid library I and the building blocks used for its synthesis. The side-chain structure, the four-letter code, and
the residue mass of 11 peptoid monomers are shown. Library I was constructed with 8 of the monomers (excluding Nasp, Ncyh, and Ncpl)
and had a theoretical diversity of 32 768. Library II contained 10 monomers (excluding Nasp) and a peptide linker, LNBBRM, with a
theoretical diversity of 100 000. Library III was constructed with 7 N-substituted glycines (Nasp, Nbsa, Nleu, Nlys, Nphe, Npip, and Nser)
and 3 amino acids (glycine, sarcosine, and L-proline), with the peptide linker LNBBRM and a theoretical diversity of 100 000.

the peptoids were attached to the solid phase via a cleavable
linker. After a hit compound/bead was isolated from a library,
the peptoid was released from the bead to form a C-terminal
aldehyde, which was then derivatized with a bromine-
containing amino-oxy compound that serves as an isotope
tag. The tagged peptoid was subjected to MS/MS analysis,
during which the y-ion fragments were readily identified by
their doublet peaks (m/z M and M + 2 due to "°Br and 8'Br
isotopes). This method works well with peptoids displayed
on TentaGel macrobeads (which typically carry =1 nmol
peptoids per bead), but becomes less reliable when the
amount of peptoids is limited. It also requires chemical
modification after the peptoid is released from the resin,
resulting in sample loss during the manipulations. These
features make the MS/MS method less convenient for the
more popular TentaGel microbeads (which are <100 ym in
diameter and carry <100 pmol of peptoids), especially when
a large number of hits need to be sequenced. One of our
laboratories has previously demonstrated that resin-bound
peptides can be rapidly sequenced by partial Edman degrada-
tion/mass spectrometry (PED/MS).'*"?! Briefly, a resin-
bound peptide is converted into a series of progressively
shorter fragments by multiple cycles of partial Edman
degradation and the resulting peptide ladder is analyzed by
MALDI MS. In this work, we have adapted the PED/MS
concept to develop a reliable, sensitive, high-throughput, and
inexpensive method to directly sequence resin-bound pep-
toids and peptide—peptoid hybrids derived from OBOC
libraries.

Results and Discussion

PED/MS provides a powerful method for sequence de-
termination of hit peptides identified from OBOC libraries.”* %>

The key strategy of PED/MS is to convert a peptide to be
sequenced into a family of progressively shorter fragments,
followed by MALDI-TOF MS analysis. Thus, a support-
bound peptide is treated with a mixture of phenyl isothio-
cyanate (PITC) and a small amount of capping agent (e.g.,
Fmoc-OSU?"). PITC and the capping agent compete for
reacting with the N-terminal amine of the peptide. Under
properly controlled conditions, 90—95% of the peptide
molecules react with PITC and subsequent treatment with
trifluoroacetic acid (TFA) results in cleavage of the N-
terminal residue (Edman degradation). The remaining 5—10%
peptides react with the capping agent and become N-
terminally blocked; TFA treatment does not cleave the
N-terminal residue. Repetition of the PED reaction for n —
1 cycles (where n is the number of residues to be sequenced)
converts the original peptide into a series of sequence-related
truncation products (or “a peptide ladder”). Subsequent
analysis of the peptide mixture by MALDI-TOF MS reveals
the amino acid sequence of the original peptide. Obviously,
a proper capping agent is crucial for successful PED. The
ideal capping agent should react readily with the N-terminal
amine but not with any peptide side chain or solvent (e.g.,
pyridine and water). Alternatively, one can use a removable
capping agent (traceless capping agent). The traceless
capping agent may react with both the N-terminal amine and
certain side-chain functionalities, but can be removed after
PED is complete (but prior to MS analysis). For peptide
sequencing, we have found that Fmoc-OSU is ideally suited
for this purpose.”' It competes effectively with PITC for
reacting with the N-terminal amines of peptides, is stable
toward Edman degradation conditions (pyridine/water and
TFA), and is readily removed by treatment with piperidine.



296 Journal of Combinatorial Chemistry, 2009 Vol. 11, No. 2

a XiXoX3X4Xs5(NMeg),RM
X X,X; X, Xs (NMeg) ,RM
XX X3X ;X5(NMeg),RM
X1 X2X3X4X5 (N Meg)4RM

XX, X3X, X5(NMeg),RM
X1X5 XX, Xz(NMeg); RM—

Fmoc-X1X,X:XsXs(NMeg), RM
X;X;X,X5(NMeg),RM
X;X:X, X5(NMeg),RM

X,X 3X, X5(NMeg) ,RM—|
XXX ,X5(NMeg),RM
X2X3X4X5(NMeg);RM

X, X,X5X X5 (NMeg) RM*

Thakkar et al.

Fmoc-X; X,X3X,X5(NMeg) ,RM
Fmoc-X;X3X4 Xs(NMeg);RM
Fmoc-X3X,X5(NMeg),RM

Fmoc-X;Xs(NMeg),;RM
Fmoc-X;(NMeg),RM
(NMeg),RM

|

X, X,X5X X5 (NMeg) ,RM—

X,X;X, X5(NMeg), RM* X,X X, X5(NMeg) ,RM-
X3X,X(NMeg), RM* X3X,X5(NMeg),RM—
MS = X,Xs(NMeg) ,RM* X,X5(NMeg) ,RM-
Xs(NMeg),RM* X5(NMeg),RM-
(NMeg),RM* (NMeg),RM
b 1071.40
o
)
3 2
a - >
~ 3 iz}
©® =}
o [}
o (52
DN L o
5 b
(3]
g 2 3
© o N
~ S
Nbsa Nleu Npip Nlys | Npip
dd oa ol . Ll " l = L
[ I I T I I T I T I
700 800 900 1000 1100 1200 1300 1400 1500 1600
m/z

Figure 2. (a) Scheme showing the reactions involved in partial Edman degradation. Reagents and conditions: (a) 1:3—5 PITC:Fmoc-Cl; (b)
TFA; (c) repeat a and b four times; (d) 20% piperidine in DMF; (e) CNBr in 70% TFA. M*, homoserine lactone. (b) Representative MS
spectrum of a peptoid and its PED products derived from a 90-um TentaGel bead carrying the sequence Npip-Nlys-Npip-Nleu-Nbsa-
(Nmeg),-Arg-Met-resin. The peaks labeled with “a” (at m/z 900.37) and “b” (at m/z 1347.50) are impurity peaks derived from library

synthesis.

Synthesis and PED/MS Sequencing of Peptoid Librar-
ies. Since peptoid oligomers have been sequenced by
conventional Edman degradation,®”-'* we reasoned that the
PED/MS strategy previously developed for peptide sequenc-
ing should be applicable to peptoids. However, due to the
very different nucleophilicity of the peptide (primary amine)
vs the peptoid N-terminus (secondary amine), we anticipated
that reagents and conditions for PED would have to be
reoptimized for peptoids. To test this notion, we synthesized
a peptoid library containing five random positions, XXXXX-
(Nmeg),;RM-resin (library I, where X represents N-substi-
tuted glycines Nbsa, Nglu, Nleu, Nlys, Nphe, Npip, Nser,
and Ntyr), on TentaGel S NH, resin (90 ym, 0.28 mmol/g,
2.86 x 10° beads/g) (Figure 1). The C-terminal methionine
allows cleavage of the peptoid from the resin by CNBr prior
to MS analysis. The arginine residue improves the solubility
of the peptoids in aqueous solution and provides a fixed
positive charge to facilitate MS analysis. The four N-
methoxyethylglycine (Nmeg) residues provide a hydrophilic
linker and ensure that the peptoids and their PED fragments
have masses greater than 500 amu, to avoid signal overlap
with those of MALDI matrices (vide infra). Fmoc-OSU was
initially tested as the capping agent for PED of library I
peptoids but failed to generate the desired peptoid ladder
under all of the conditions tested (PITC/Fmoc-OSU ratios
of 40:1 to 1:5). Most of the peptoids were completely
degraded, indicating that Fmoc-OSU is not sufficiently

reactive toward the sterically hindered secondary amines at
the peptoid N-termini. We therefore examined several other
electrophilic reagents including phenyl formate, N-formyl-
benzotriazole, and Fmoc-Cl as capping agents. The formyl
ester and amide were chosen because their small acyl group
(formyl) was expected to facilitate the nucleophilic attack
by the bulky secondary amines. Fmoc-Cl is generally more
reactive than Fmoc-OSU toward nucleophilic amines. Indeed,
phenyl formate and N-formylbenzotriazole reacted readily
with the N-terminal amines and, when added to PITC,
generated the desired peptoid ladders (data not shown).
However, they also formylated (albeit partially) some of the
peptoid side chains, resulting in very complex MS spectra.
Fmoc-Cl also had adequate reactivity with the peptoid
N-termini; PED with 1:3 (mol/mol) PITC and Fmoc-Cl
generated the desired percentage of chain termination after
each cycle (5—20%). Fmoc-Cl undoubtedly also reacted with
some of the nucleophilic side chains (e.g., the side-chain
amine of Nlys), but any attached Fmoc group was quanti-
tatively removed by subsequent piperidine treatment. We
chose Fmoc-Cl as a traceless capping agent for further
experimentation.

To demonstrate the effectiveness of Fmoc-Cl as a capping
agent for peptoid sequencing, we randomly selected 120
beads from library I and subjected them to five cycles of
PED at a PITC/Fmoc-Cl ratio of 1:3 (Figure 2a). Twenty of
these treated beads were randomly selected, and their
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Figure 3. Representative MS spectrum of a peptide—peptoid hybrid
and its PED products derived from a 90-um TentaGel bead carrying
the sequence Nleu-Pro-Gly-Nleu-Gly-Leu-Asn-SAla-SAla-Arg-
Met-resin. The peak labeled with “a” (at m/z 1077.9) is the
methylated peptide—peptoid full-length chain.

Table 1. Sequences of 20 Randomly Selected Peptoids from
Library I

bead no. peptoid sequence

1 Nlys-Nleu-Nglu-Nser-Ntyr
2 Nbsa-Nser-Nleu-Npip-Nglu
3 Nphe-Nglu-Nleu-Npip-Nbsa
4 Nglu-Nphe-Nglu-Ntyr-Nleu
5 Nglu-Nphe-Nser-Nleu-Nglu
6
7
8
9

Npip-Nphe-Nlys-Npip-Nser
Nser-Nlys-Nleu-Nphe-Nphe
Nleu-Npip-Nleu-Nphe-Nphe
Nglu-Nser-Nbsa-Nphe-Ntyr

10 Nser-Nglu-Nphe-Nlys-Nlys
11 Npip-Nphe-Ntyr-Nglu-Nphe
12 no ionization

13 Ntyr-Nphe-Nbsa-Nlys-Nleu
14 Nbsa-Nleu-Npip-Npip-Npip
15 Nphe-Npip-Nlys-Nphe-Ntyr
16 Ntyr-Npip-Nbsa-Nbsa-Nphe
17 Nleu-Nglu-Nbsa-Nphe-Ntyr
18 Npip-Nglu-Nphe-Nglu-Nlys
19 Ntyr-Nleu-Nleu-Nleu-Nglu
20 Nphe-Nlys-Nleu-Ntyr-Npip

peptoids were released from the beads by treatment with
CNBr and individually analyzed by MALDI-TOF MS. The
20 MS spectra are provided in Figure S1 of the Supporting
Information to show the overall quality of the spectra.
Nineteen of the spectra had sufficient quality for unambigu-
ous sequence assignment and their sequences are listed in
Table 1. The remaining bead gave no peptoid signal, possibly
due to failed peptoid synthesis or poor sample preparation.
Figure 2b shows a representative MS spectrum obtained from
one of the 20 beads. The spectrum contains peaks at m/z
1581.70, 1390.60, 1262.50, 1071.40, 958.37, and 718.28,
derived from the full-length peptoid and its five N-terminal
truncation products, respectively. The peptoid sequence is
readily interpreted as Npip-Nlys-Npip-Nleu-Nbsa-(Nmeg)4-
Arg-Met-resin by examining the mass differences between
adjacent peaks. For example, the mass difference of 191.10
amu between the peak with the highest m/z value (m/z
1581.70, which corresponds to the full-length peptoid) and
that of the second highest m/z value (m/z 1390.60, which
corresponds to the peptoid missing the N-terminal residue)
indicates that the N-terminal residue is Npip. The MS spectra
were in general quite “clean”, containing relatively few extra
peaks. Among some frequently observed extra signals was
a peak at m/z 900.37, whose identity or origin has not yet
been revealed. Other extra signals included a set of peaks
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that are always 85 amu heavier relative to the peptoid ladder
(e.g., the peak at m/z 1347.50 in Figure 2b). These signals
appear to be originated from peptoid library synthesis, most
likely due to modification of the (Nmeg),RM linker by a
yet unknown functional group. However, none of the extra
signals adversely affect the unambiguous sequence deter-
mination of the full-length peptoid.

Due to the difference in reactivity between peptides
(primary amines) and peptoids (secondary amines), we
performed PED/MS under a variety of conditions in order
to optimize the PED and MS analysis conditions. We found
that a PITC/Fmoc-Cl ratio of 1:3—5 generally gave the
proper percentage of chain termination during each PED
cycle (5—20%). Compared to peptides, longer reaction times
were necessary for both the carbamoylation step (20 vs 6
min) and the TFA-mediated cyclization reaction (40 vs 12
min). Variations in temperature showed that while higher
temperature resulted in faster reactions, room temperature
was operationally simpler and gave more consistent results.
Another important modification involved sample preparation
prior to MALDI MS analysis. Dissolution of PED products
in 0.1% TFA in water produced poor or often no signal for
larger peptoid fragments. This is likely due to the greater
hydrophobicity and poorer aqueous solubility of peptoids as
compared to peptides. This problem is largely resolved by
dissolving the PED products in a 50:50:0.05 (v/v) mixture
of acetonitrile, water, and TFA.

To determine the success rate and reproducibility of
peptoid sequencing by PED/MS, we randomly selected two
additional batches of beads from library I (70 and 50 beads)
and repeated the PED procedure. Twenty and 14 of the
degraded beads were subjected to MS analysis, resulting in
19 (95%) and 13 complete sequences (93%), respectively
(Table 2, trials 2 and 3). We also synthesized a second
peptoid library containing five random residues and a peptide
linker, XXXXXLNBBRM-resin (library II, where X repre-
sents 10 N-substituted glycines Nbsa, Ncpl, Ncyh, Nglu,
Nleu, Nlys, Nphe, Npip, Nser, and Ntyr and B is -alanine)
(Figure 1). Three batches of beads from library II were
sequenced by PED/MS to give 16/16, 14/14, and 19/20
complete sequences (Table 2, trials 4—6). In addition, we
individually synthesized 2 known peptoid sequences on 90-
um TentaGel beads and a few beads from each peptoid
sequence were subjected to the PED/MS procedure (see
Figure S2 of the Supporting Information for an example).
In each case, the peptoid sequence was correctly determined
(Table 2, trials 7 and 8). All together, we have used the PED/
MS method to sequence 116 peptoid-containing beads and
obtained 112 unambiguous sequences, with an overall
success rate of 97% (Table 2).

PED/MS Sequencing of Peptide—Peptoid Hybrids.
While peptoids have improved protease resistance and
membrane permeability, they lack the backbone —NH, which
often serves as a critical element in both inter- and intramo-
lecular interactions. There has been growing interest in the
preparation of peptide—peptoid hybrids as molecular probes
and therapeutics. We thus tested whether the above PED/
MS approach can be adapted to sequence peptide—peptoid
hybrids. We synthesized a third library containing both
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Table 2. Success Rates for Sequencing Support-Bound Peptoids by PED/MS

no. of beads no. of
PITC: no. of beads analyzed complete sequences
trial no. peptoid Fmoc-Cl in PED by MS obtained (%)

1 XXXXX(Nmeg),RM-resin 1:3 120 20 19 (95)
2 XXXXX(Nmeg)sRM-resin 1:3 70 20 19 (95)
3 XXXXX(Nmeg)sRM-resin 1:3 50 14 13 (93)
4 XXXXXLNBBRM-resin 1:5 100 16 16 (100)
5 XXXXXLNBBRM-resin 1:3 50 14 14 (100)
6 XXXXXLNBBRM-resin 1:3 80 20 19 (95)
7 Ncpl-Npip-Nbsa-Nlys-Ncyh-LNBBRM-resin 1:5 50 3 3 (100)
8 Nphe-Nlys-Nglu-Nser-Nleu-LNBBRM-resin 1:5 50 9 9 (100)
total 570 116 112 (97)

Table 3. Success Rates for Sequencing Peptide—Peptoid
Hybrids by PED/MS

no. of beads no. of complete

trial PITC:Fmoc-OSU; no. of beads  analyzed sequences
no. PITC:Fmoc-Cl in PED by MS obtained (%)
1 30:1; 1:5 100 20 13 (65)

2 30:1; 1:5 100 20 15 (75)

3 30:1; 1:5 80 15 8 (53)

4 20:1; 1:5 120 10 7 (70)

5 30:1; 1:5 120 10 8 (80)
total 520 75 51 (68)

N-substituted glycines and a-amino acids at random posi-
tions, XXXXXLNBBRM-resin (library III, where X repre-
sents N-substituted glycines Nasp, Nbsa, Nleu, Nlys, Nphe,
Npip, and Nser and amino acids glycine, sarcosine, and
L-proline and B represents f3-alanine) (Figure 1). Our initial
attempts to sequence the hybrid sequences under the condi-
tions that had been optimized for peptoids (1:3—5 PITC/
Fmoc-Cl) all failed; the peptide—peptoid ladder always
stopped when PED reached the first amino acid in sequence
(data not shown). We reasoned that the excess Fmoc-Cl
probably dominated the Edman degradation reaction when
the N-terminal residue was an amino acid, resulting in
N-terminal blocking of all resin-bound molecules (instead
of the desired 5—20%). To overcome this problem, we
devised a two-stage PED protocol. The beads were first
treated with 30:1 (mol/mol) PITC/Fmoc-OSU (i.e., the
optimal condition for peptide sequencing) for 1 min; during
this stage, 90—95% of the N-terminal amino acids (if any)
would react with PITC and the remaining 5—10% would
become N-blocked by Fmoc group, while the N-substituted
glycines (which are less reactive) would have little reaction.
The beads were quickly washed with pyridine and treated
with 1:5 PITC/Fmoc-Cl for 19 min to partition the sequences
that contained N-terminal N-substituted glycines. Five
batches of the library III beads were subjected to the two-
stage PED reaction and MS analysis. Out of a total of 75
beads analyzed by MS, we obtained 51 unambiguous, full-
length sequences (68% success rate) (Table 3). Figure 3
shows a representative MS spectrum derived from one of
the 75 beads, carrying the sequence Nleu-Pro-Gly-Nleu-Gly-
Leu-Asn-fAla-SAla-Arg-Met-resin. The lower success rate
as compared with peptide or peptoid sequencing is at least
in part due to the poorer quality of the hybrid library.
Synthesis of peptide—peptoid hybrid libraries is not yet well
established. Our hybrid library also contained N-carboxym-
ethylglycine (Nasp), which for yet unknown reasons inter-
feres with PED/MS sequencing (AT and DP, unpublished
observations).

Table 4. Sequences of K-Ras Ligands Selected from Library II

bead no. peptoid sequence

1 Nlys-Nlys-Nphe-Nlys-Ncyh
2 Nlys-Nser-Nbsa-Nlys-Ntyr

3 Npip-Nser-Ncyh-Nlys-Nlys

4 Ncpl-Nphe-Nleu-Nphe-Ntyr
5 Nglu-Nleu-Npip-Nphe-Npip
6
7
8
9

Ncyh-Ncpl-Nlys-Ntyr-Nlys
Ncpl-Ncyh-Ncyh-Nlys-Npip
Ncyh-Nlys-Nbsa-Nbsa-Nlys
Nlys-Nbsa-Nser-Nlys-Npip

10 Npip-Nphe-Nlys-Npip-Nlys
11 Nlys-Ncpl-Nlys-Nlys-Nbsa
12 Nphe-Nbsa-Ncpl-Nlys-Nlys
13 Nphe-Nlys-Nlys-Nbsa-Ncpl
14 Nlys-Nbsa-Npip-Nlys-Nphe
15 Nser-Nbsa-Ntyr-Nphe-Nphe
16 Nglu-Ncpl-Nbsa-Nlys-Nlys
17 Nbsa-Nphe-Nlys-Npip-Nser
18 Nphe-Ncyh-Nser-Ncyh-Ncyh
19 Nbsa-Nphe-Nlys-Nlys-Ncyh
20 Ncyh-Nbsa-Nlys-Nphe-Nlys
21 Npip-Ntyr-Nlys-Nlys-Nbsa
22 Nphe-Nleu-Nlys-Nlys-Nlys
23 Nser-Npip-Nphe-Nlys-Nlys
24 Ncyh-Nlys-Nlys-Nlys-Nphe
25 Npip-Nlys-Nlys-Ncyh-Nphe
26 Nphe-Nser-Nleu-Npip-Ntyr
27 Nphe-Nlys-Nser-Ntyr-Nlys
28 Nlys-Nglu-Nglu-Nbsa-Nphe

Identification of K-Ras Ligands from Peptoid Library.
To demonstrate the compatibility of the PED/MS method
with peptoid library screening, we screened peptoid library
IT (Figure 1) against G-protein K-Ras. K-Ras is involved in
the G-protein signal transduction pathway, modulating cel-
lular proliferation and differentiation; inhibitors against
K-Ras may act as potential anticancer agents.”® Screening
of 30 mg of library IT (~90 000 beads) against 500 nM K-Ras
resulted in 34 positive beads, which were sequenced by the
PED/MS method to give 28 unambiguous, complete se-
quences (82% success rate) (Table 4). Among the remaining
6 beads, two gave partial sequences while the other four did
not produce interpretable mass spectra. Inspection of the
selected sequences indicates that K-Ras has an overall
preference for aromatic (Nphe, Ntyr, Npip, and Nbsa) and
positively charged residues (Nlys). In contrast, the negatively
charged Nglu was rarely selected. Individual synthesis and
subsequent binding analysis of the selected peptoids are
currently underway in one of our laboratories.

Comparison of PED/MS and MS/MS Methods. The
PED/MS method is advantageous over the conventional MS/
MS methods in several aspects. First, while MS/MS generates
at least two sets of fragment ions (y and b ions), PED/MS
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gives a single set of peaks. Additionally, in PED/MS,
peptide—peptoid fragments are generated through well-
defined chemical reactions and the relative abundance of
fragment ions can be controlled by varying the ratio of PITC/
capping agent. In contrast, collision- or ion-induced frag-
mentation in MS/MS is not as easy to control. Consequently,
PED/MS gives much simpler spectra of more uniform peak
intensities, making spectral interpretation simple and unam-
biguous. Second, with the addition of a few percent of
capping agents during library synthesis, the PED/MS method
can differentiate mass-degenerate residues,?' which is not
possible by MS/MS. Third, our method is capable of
sequencing peptoids derived from a single 90-um TentaGel
bead (~0.1 nmol peptoid/bead). Although not yet tested, the
PED/MS method should be compatible with still smaller
beads (e.g., 30-um TentaGel beads). The MS/MS methods,
on the other hand, have only been demonstrated on macro-
beads (300—500 um), which typically contain 4—100 nmol
peptoids per bead. With the more popular 90-um microbeads,
the MS/MS methods remain problematic. The use of smaller
beads permits the construction of libraries of greater structural
diversity (e.g., 1 g of 90-um TentaGel resin contains 2.86
x 10°® beads, whereas 1 g of 300-um TentaGel resin has
only 65 500 beads). Fourth, PED/MS has a much higher
throughput than the MS/MS methods. Because all of the
selected beads/peptoids are pooled and degraded simulta-
neously and MALDI-TOF MS is run in an automated format,
the PED/MS method can readily sequence 500 beads in a
single day (on a single MS instrument). In fact, by using a
Bruker Reflex III MALDI-TOF instrument in a core facility,
one of our laboratories (The Ohio State University) has been
sequencing ~10 000 peptides per year over the past few
years.”>” %> Sequencing of peptoids and peptide—peptoid
hybrids by PED/MS has a similar throughput (despite the
longer PED cycle for peptoids), because the overall through-
put is currently limited by the speed of MS analysis. Finally,
the PED/MS method is inexpensive; the cost for sequencing
a peptide/peptoid (reagents and instrument time) is ~$1. The
method is also straightforward to carry out, does not require
dedicated instrumentation or personnel, and can therefore
be performed in any chemical or biochemical laboratory.
The only drawback of the PED/MS method is that it is
currently limited to resin-bound peptides/peptoids and cannot
sequence peptides—peptoids that are free in solution.

Conclusion

We have modified the PED/MS method to effectively
sequence peptoids and peptide—peptoid hybrids derived from
combinatorial libraries. The PED/MS method is high-
throughput, reliable, rapid, and inexpensive and is ideally
suited for decoding “hit” peptoids identified from OBOC
libraries. It should expand the utility of combinatorial peptoid
(or peptide—peptoid hybrid) libraries in drug discovery and
materials research.

Experimental Section

Materials. TentaGel-S NH, resin (90 um, 0.28 mmol/g
loading, 2.86 x 10° beads/g) was purchased from Peptides
International Inc. (Louisville, KY). Amino acids were
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purchased from NovaBiochem (Gibbstown, NIJ). N,N’-
Diisopropylcarbodiimide (DIC), N-hydroxybenzotriazole
(HOBY), and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethy-
luronium hexafluorophosphate (HBTU) were from Advanced
ChemTech (Louisville, KY). 4-Methylpiperidine and isobu-
tylamine were purchased from Alfa Aesar (Ward Hill, MA).
O-TIPS-2-aminoethanol was synthesized according to a
previously published procedure.?” 4-Methoxybenzylamine,
cyclohexylamine, 4-(2-aminoethyl)benzenesulfonamide, pip-
eronylamine, 4-methylmorpholine, bromoacetic acid, 2-pro-
panol, piperidine, and benzylamine were purchased from
Sigma Aldrich (St. Louis, MO). Cyclopropylamine was
purchased from Fluka (St. Louis, MO). Boc-1,4-diaminobu-
tane and 9-fluorenylmethyl chloroformate were purchased
from VWR (West Chester, PA). O-t-Butyl-$-alanine was
purchased as the HCI salt from Bachem (Torrance, CA), and
was free-based prior to use as described below. N,N’-
Dimethylformamide (DMF) was purchased from Fisher
Scientific (Pittsburgh, PA), and 1,2-dichloroethane was
purchased from Mallinckrodt Chemicals (Hazelwood, MO).
2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium
hexafluorophosphate (HATU) and 1-hydroxy-7-azabenzot-
riazole (HOAt) were purchased from GenScript Corporation
(Piscataway, NJ). Bio-Rad columns were purchased from
Bio-Rad Laboratories (Hercules, CA).

Free Base Procedure for O-t-Butyl-f-Alanine HCL. O-1-
Butyl-f3-alanine HCI (25 g, 138 mmol) was dissolved in
dichloromethane (150 mL). One equivalent of NaOH was
dissolved in water (40 mL) and added to the amine solution.
The mixture was shaken in a separatory funnel, and the
organic layer was collected. The aqueous layer was extracted
with dichloromethane (3 x 150 mL). The combined dichlo-
romethane layers were washed with saturated NaCl (3 x 50
mL), dried with sodium sulfate, and the solvent removed
under reduced pressure.

Solid-Phase Peptide and Peptoid Synthesis. Individual
peptoid sequences were synthesized on TentaGel S NH, resin
at 35 °C using a custom automated synthesizer. All reactions
and washings were performed in glass vessels equipped with
a coarse frit. Resins were washed by the addition of either
DMF or transfer solvent, with agitation so that a uniform
slurry was obtained (1 min), followed by draining of the
solvent by vacuum filtration through the fritted bottom of
the reaction vessel. Agitation of the resin slurry was
accomplished by bubbling nitrogen through the bottom of
the fritted vessel. Prior to the start of the synthesis, the resin
was swelled in DMF (1.1 mL/100 mg resin) for 5 min.

Amino Acid Monomer Addition Cycle. TentaGel S-NH,
resin (1.2 g, 0.34 mmol) was suspended in 1 mL of
anhydrous DMF. Proper Fmoc-amino acid (0.67 mmol),
HBTU (0.67 mmol), and HOBt (0.67 mmol) were dissolved
in DMF (5 mL) in a plastic tube. 4-Methylmorpholine (1.3
mmol) was added to the tube and the resulting solution was
briefly agitated (30 s) and added to the reaction vessel
containing the TentaGel resin. The final reaction mixture
contained 0.11 M Fmoc-amino acid, 0.11 M HBTU, 0.11
M HOBE, and 0.22 M 4-methylmorpholine. The reaction was
allowed to proceed for 2 h on a rotary shaker and terminated
by draining and washing with DMF (2 x 5 mL), DCM (2
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x 5 mL), DMF (1 x 5 mL), and 20% piperidine in DMF (1
x 5 mL). The resin was treated twice with 5 mL of 20%
piperidine in DMF at room temperature (5 min each time).
The resin was washed with DMF (3 x 5 mL) and ready for
the addition of the next monomer.

Peptoid Submonomer Addition Cycle. To the resin-
bound amine (0.028 mmol) was added bromoacetic acid in
DMF (0.48 mL, 1.2 M, 0.57 mmol) followed by DIC (0.080
mL, 0.52 mmol). The resin was mixed for 20 min, drained,
and washed with DMF (2 x 1 mL) followed by 20%
isopropanol in 1,2-dichloroethane (3 x 1 mL). To the resin-
bound bromide was added the appropriate amine (0.48 mL
of a 1.0 or 2.0 M solution). O-TIPS-2-aminoethanol was used
at 2.0 M in 1:1 DMF/chlorobenzene (0.95 mmol) and Boc-
1,4-diaminobutane was used at 2.0 M in DMF (0.95 mmol).
All other amines were used at 1.0 M in DMF (0.48 mmol).
The amine displacement reaction was allowed to proceed
for 120 min (with mixing), drained, and washed with DMF
(2 x 1 mL) and 20% isopropanol in 1,2-dichloroethane (3
x 1 mL).

Synthesis of Peptoid Library. The peptoid library was
synthesized on TentaGel S NH, resin (800 mg, 0.224 mmol,
2.3 x 10° beads) using the procedure described above. For
the addition of random residues, the resin was split into the
desired number of reaction vessels by the isopycnic slurry
method®? using 20% isopropanol in 1,2-dichloroethane as
the resin transfer solvent. For the synthesis of library I and
II, transfer solvent was added to the resin to bring the resin
slurry to a final volume of 157 mL and the mixture was
agitated briefly. Next, 18-mL aliquots of the slurry (2 x 9
mL) were transferred into each of the reaction vessels, with
brief agitation of the slurry in between each transfer. The
solvent was drained from all vessels and the procedure was
repeated twice to ensure complete transfer of the resin. After
the coupling reactions were complete, 14 mL of the transfer
solvent was added to each reaction vessel and the resulting
slurry from each vessel was agitated and transferred back
into a large mixing vessel. Again, the transfer procedure was
repeated twice to ensure complete transfer of the resin. The
peptoid libraries were stored at —20 °C in the fully protected
form with side chains deprotected prior to use. For depro-
tection, 2 mg of the resin (~6000 beads) was placed in a
Bio-Rad Microspin column (catalog No. 732—6204), washed
with dichloromethane (3 x 1.5 mL), and treated with 800
uL of modified reagent B (94.5:2.5:2.5:0.5 TFA/water/TIPS/
thioanisole) for 1 h at room temperature. The resin was
washed with dichloromethane (5 x 1 mL).

Synthesis of Peptide—Peptoid Hybrid Library. The
hybrid peptide—peptoid library (library IIT) was synthesized
on TentaGel S NH, resin using the peptoid synthesis
procedure described above, but with the following modifica-
tions. The peptide linker (LNBBRM) was synthesized by
standard Fmoc/HBTU chemistry. For the addition of random
residues, 1 g of resin was split into four reaction vessels.
Three vessels each contained 100 mg resin and were coupled
to a different amino acid. The coupling reactions contained
the properly protected Fmoc-amino acid (4 equiv), HATU
(4 equiv), HOAt (4 equiv), DIPEA (8 equiv), and DMF (1
mL) and were allowed to proceed for 2 h at room temperature
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on a rotary shaker. The resin was then treated twice with
20% piperidine in DMF (1 mL and 10 min each time) and
ready for the next coupling reaction. The fourth vessel
contained the remaining resin (700 mg) and was washed with
DMF (2 x 5 mL). A bromoacetic acid solution (516 mg in
3.1 mL of DMF) was added to the resin, followed by the
addition of 521 uL of diisopropylcarbodiimide. The final
concentrations of bromoacetic acid and DIC in DMF were
1.03 and 0.93 M, respectively. The vessel was capped and
shaken at 37 °C for 30 min. The resin was drained, washed
with DMF (3 x 5 mL) and dichloromethane (3 x 5 mL),
and dried for 4 h under vacuum suction. The resin was
equally split into seven reaction vessels (100 mg each), and
each aliquot was treated with 900 L. of a 2.0 M solution of
different primary amine (for ammonium chloride salts, 1.1
equiv of diisopropylethylamine was also added). The reaction
vessels were capped and placed on a rotary shaker for 2 h at
37 °C. The resin was drained and washed with DMF (3 x
1 mL) and dichloromethane (3 x 1 mL). Next, the resin from
all ten vessels were pooled and mixed and was ready for
the addition of the next random residue. During the library
synthesis, whenever possible, the presence of primary or
secondary amine was monitored by Kaiser’® and chloranil
tests,?? respectively.

Partial Edman Degradation. All reactions were per-
formed in a homemade glass vessel (12-mm i.d.; 20-mm
height) fitted with a ground glass Luer tip (1-mm i.d.) at
one end and a fine porosity glass frit (10—20-um pore size)
just above the Luer tip. Typically, 10—120 beads were placed
in the vessel, washed with water, pyridine, and a 2:1 (v/v)
pyridine/water solution containing 0.1% triethylamine, and
suspended in 160 uL of the latter solution. A 280—470 mM
stock solution of Fmoc-Cl in pyridine (160 L) was mixed
with 1.8 uL (0.015 mmol) of PITC to obtain a final
degradation reagent mixture containing 93 mM PITC and
280—470 mM Fmoc-Cl (PITC/Fmoc-Cl ratio of 1:3—5). An
equal volume of this reagent mixture (160 L) was added
to the suspended beads, and the reaction was allowed to
proceed at room temperature for 20 min (with gentle shaking
on a rotary mixer). The beads were drained, washed with
pyridine (1.5 mL) and dichloromethane (3 x 1.5 mL), dried
by suction, and treated twice with 1 mL of anhydrous TFA
at room temperature (20 min each time). The beads were
then washed with dichloromethane (3 x 1.5 mL) and
pyridine (1.5 mL) and subjected to the next round of PED.
After the final round of PED, the beads were treated twice
with 1 mL of 20% piperidine in DMF solution at room
temperature (10 min). The beads were suspended in 1 mL
of anhydrous TFA containing 20 uL (0.27 mmol) of dimethyl
sulfide and 25 mg (0.18 mmol) ammonium iodide and
incubated on ice for 20 min to reduce any oxidized
methionine. The beads were washed exhaustively with water
and transferred to a Petri dish, where they were picked under
a microscope and placed into separate microcentrifuge tubes.

For PED of peptide—peptoid hybrid sequences, the beads
suspended in 160 uL of 2:1 (v/v) pyridine/water solution
containing 0.1% triethylamine were first treated with a 30:1
(mol/mol) mixture of PITC/Fmoc-OSU solution. A 3.13 mM
Fmoc-OSU stock solution in pyridine (160 xL) was mixed
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with 1.8 uL (0.015 mmol) of PITC to give a peptide
degradation mixture containing 93 mM PITC and 3.1 mM
Fmoc-OSU (PITC/Fmoc-OSU ratio of 30:1). An equal
volume of this PITC/Fmoc-OSU mixture (160 uL) was added
to the suspended beads, and the degradation reaction was
allowed to proceed at room temperature for 1 min with gentle
mixing. The solution was drained, washed with pyridine (2
x 1 mL), and the beads were suspended in 160 uL of
pyridine/water and treated with 160 uL. of a peptoid
degradation mixture containing 93 mM PITC and 464 mM
Fmoc-Cl1 (PITC/Fmoc-Cl ratio of 1:5) at room temperature
for 19 min. Following this step, the procedure is identical
for that described for peptoid-only containing sequences.

MS Analysis. Microcentrifuge tubes containing individual
beads were spun under vacuum in a SpeedVac concentrator
to evaporate any residual water. Each bead was then treated
with 20 4L of 40 mg/mL CNBr in 70% TFA in water for
14—18 h in the dark. The excess CNBr and TFA were
removed under vacuum in a SpeedVac concentrator. The
released peptoids were dissolved in 6 4L of 50:50:0.05 (v/
v) acetonitrile/water/TFA. For MS analysis, 1 uL of the
peptoid solution was mixed with 2 uL. of a saturated solution
of o-cyano-4-hydroxycinnamic acid in 50:50:0.05 (v/v)
acetonitrile/water/TFA; 1 uL of the resulting mixture was
applied to a 96- or 384-well sample plate. After drying, the
samples were analyzed on a Bruker Reflex IIl MALDI-TOF
mass spectrometer in the positive ion mode and automated
format. Sequence assignment was made manually by exam-
ining the mass difference between two adjacent MS peaks.

Peptoid Library Screening. Library screening followed
a previously reported procedure®? but with the following
modifications. In a Micro Bio-Spin column (1.0 mL, Bio-
Rad), 30 mg of peptoid library II was swollen in dichlo-
romethane and washed extensively with DMF and water. The
resin was incubated in a blocking buffer (30 mM Hepes,
pH 7.4, 150 mM NacCl, 0.05% Tween 20, and 0.1% gelatin)
for 6 h with gentle mixing at 4 °C. The resin was drained
and resuspended in 800 uL of the blocking buffer containing
500 nM biotinylated K-Ras protein (as a glutathione-S-
transferase fusion) and incubated overnight with gentle
mixing at 4 °C. The resin was drained, resuspended in the
blocking buffer containing 1 ug/mL streptavidin-alkaline
phosphatase (SA-AP), and incubated for 10 min at 4 °C with
gentle mixing. The resin was again drained and washed with
the blocking buffer (2 x 1 mL) and an SA-AP reaction buffer
(30 mM Tris-HCI, pH 8.5, 100 mM NaCl, 5 mM MgCl,, 20
uM ZnCl,, and 0.05% Tween 20) (2 x 1 mL). The resin
was transferred to a Petri dish (60 x 15 mm) by using 2.7
mL (3 x 900 uL) of the SA-AP reaction buffer. Upon the
addition of 300 uL of 5 mg/mL 5-bromo-4-chloro-3-indolyl
phosphate, a turquoise color developed on positive beads in
~40 min, when the staining reaction was terminated by the
addition of 500 uL of 1 M HCI. The positive beads were
picked manually with a pipet under a dissecting microscope.
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