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Combinatorial peptide libraries are a versatile tool for drug discovery. On-bead assays identify reactive
peptides by enzyme-catalyzed staining and, usually, sequencing by Edman degradation. Unfortunately, the
latter method is expensive and time-consuming and requires free N termini of the peptides. A method of
rapid and unambiguous peptide sequencing by utilizing synthesis-implemented generation of termination
sequences with subsequent matrix-assisted laser desorption ionization time of flight (MALDI-TOF) mass
spectrometric analysis is introduced here. The required capped sequences are determined and optimized for
a specific peptide library by a computer algorithm implemented in the program Biblio. A total of 99.7% of

the sequences of a heptapeptide library sample could be decoded utilizing a single bead for each spectrum.
To synthesize these libraries, an optimized capping approach has been introduced.

Introduction derived after selection for a specific binding affinity or

Solid-phase combinatorial peptide libraries are important Piological response. One way is the Edman degradation,
since their first application€ in the early 1990s in lead WhICh can be done on com.m.erC|aIIy avalllable mstrume_nta—
substance determination and drug discovdrgptide ligands tion. However, free N termini of the peptides are required
to a monoclonal antibody againgtendorphif and to GPIlb/ and the technique is rather expensive and time-consuming.
Illa2 were the first examples using screening techniques in Therefore, methods for coding of the libraries have been
combination with peptide libraries. The broad versatility of developed, resulting in quick and unambiguous identification
the application of resin-bound peptide libraries has been put©f an individual sequence.
into evidence by the determination of substrate specifity for ~ One can distinguish three major coding strategies: posi-
the peptide deformylageor the confirmation of cross-  tional, chemical, and, more sophisticated, electronic encod-
reactivity between Lyme antibody H9724 and human heat ing.1° Positional encoding was one of the first applications
shock protein 60 by epitope mappih§.Some essential  of this approach, realized by pin synthésisf peptide
strategies for a successful setup of combinatorial peptidelibraries; today’s most frequent application is the “DNA chip
libraries have been discussed by Chu ef aich as finding  technology”. Chemical encoding is usually carried out by
the minimal number of amino acids necessary for antibody tagging the individual members of the library either with
recognition or optimizing the linker construct between the nucleic acid® or with more robust, small organic mol-
bead matrix and the functional peptide. eculest? Finally, electronic encoding is accomplished by

In addition, the concept of solid-phase-based biological tilization of a radio frequency memory tafA reaction
screening has been extended to other solid-phase libraryp|atform containing an rf chip therefore is tagged in a

types, such as benzodiazepihglycopeptide, peptide mi- machine-readable fashidf.
metics, feptide nucleic acids (PNA), and oligocarbamate Chemical encoding with small molecular tags is most
libraries:

frequently used for the construction and synthesis of com-
binatorial libraries. However, the chemical synthesis of a
(ﬁbrary can be complicated because of the necessity to

*To whom correspondence should be addressed. E-mail: cigr@ p?rform. t.he synthesis of the coding td@S/.Vhlle I|brar.|es
mpibpc.gwdg.de. with millions of members have been reported in the

T Current address: Massachusetts Institute of Technology, Francis Bitter [iterature!3 most libraries using chemical tagging did not
Magnet Laboratory, 170 Albany Street, Cambridge, MA 02139. d lth ds of BatsL ast the chemical

* Division of Instrumental Analytical Chemistry, University of Frankfurt, exc_ee Seve_ra OUSQI’I TSO mem _as, e chemica
Theodor-Stern-Kai 7, D-60590 Frankfurt am Main, Germany. coding provides only indirect information about the coded

For all peptide libraries synthesized on the solid phase,
the sequence of a peptide on a specific bead needs to b
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compound of the library; its identity and purity need to be Linker-Resin
determined by different means. '

The method we describe here advances a concept origi-
nally proposed by Youngquist and KeoutjHt enables the
determination of a peptide sequence, which was identified
as biologically active, simply by cleaving the peptide off
the bead and recording a mass spectrum.

This approach comprises the following steps: A combi-
natorial peptide library usually is synthesized by the “split,
mix, and combine” method by Furkaand Lam! The resin
quantity is split intom portions, wheram is the number of
amino acids at the mentioned library position. The amino
acids are coupled to the resin; then the whole quantity is
pooled and thoroughly mixed. After removal of the N-
terminal protecting group, the reaction cycle is reiterated,
and finally one distinct peptide per single bead is provided.
To distinguish between the various peptides in the library, Figure 1. Different steps of coding a sample peptide library using
barring isobaric amino acids and multiple sequence similari- the algorithm in Biblio The peptide is synthesized on a linker bound

: o . 0 a resin. The first capping position is amino acid 4 because
ties, sequences that are capped at specific positions arédentical masses occur,pg.gg, rf)or the sequences SGG and GGS.

introduc_ed during the synthesis of the library. In additi(_)n t0 Capping with different capping reagents denoted by A and B
the desired peptide sequence, each bead then contains als@solves this ambiguity. The next capping is done at position 2
a set of capped sequences. Synthesis is performed by usingecause the dipeptides IL and Il are isobaric. For this library two
mixtures of the desired FMOC-protected amino acid and its €@PPing steps are sufficient.

permanently N-terminally blocked derivative, for instance,

Direction of Synthesis

peptide libraries to be synthesized is not restricted. As shown

with an acetyl or benzoyl group. } .
The amount of the capping reagents is 5% with respect to below by means of a model peptide sequence, the quantity
pping reag 0 P of the main sequence is maximized.

the whole resin occupancy. This is achieved because of the

equal coupling kingtics qf t'he FMOC p'rotected.amino acid Results and Discussion

as the capped amino acid in the coupling reaction (data not ) o o ] ]
shown). As shown later, 5% of each capped sequence is Algorithm of Biblio. Biblio fulfills two tasks. In the first
sufficient for mass spectrometric analysis and renders theStep, it suggests the optimal capping pattern for mass
desired peptide to be the main component on the beadspectrometrlc_ analysis for a given peptide I|bra_ry, and in a
because of this optimized capping scheme. Furthermore, ouiS€c0Nd step it translates a set of mass peaks into the most
approach utilizing amino acid derivative mixtures makes Probable peptide sequence from the given library. For the
capping applicable and manageable for large combinatorialf'rSt step, the algorithm relies on the fact that every peptide

peptide libraries up to several thousand members. in a specific library is described by its unique set of masses
brought about by the capping procedure. One mass in the

._set is given by the mass of the full-length peptide. The other
gnasses depend on the peptide sequence and the capping

strate_gy that. ‘?‘”OWS us to minimize the necessary number 0fpattern of the library. The determination of that pattern with
capping positions and quantity of capped sequences. More-

over, the limited diversity of a library synthesized with a a;]m:_r;mal n_umber of cngmg_z’i_eps, ga_mﬁlly, the %Ogmgh()f
“fixed capping” strategy is overcome by the adapted capping t. € library, |s_sug_geste y Biblio an IS ustrated by the
that we propose. Because the capped peptides are as CIOSI|brary given in Figure 1. First, the possible masses of the
. ‘ . ) ) L r%onopeptides, i.e., the C-terminal amino acids, are calculated
n gtructure to that of the main pept.|d'e as pO.SS'ble’.'t. 'S and compared. In the case of isobaric amino acids, capping
unhkgly Fhat the capped peptides e>.<h|b|t b!ologlcal activity would be already necessary in the first step. If not, as is the
that is different frc?m that of the. main peptide. o _case here, the second amino acid position is added to the
Our approach, implemented in the program Biblio, opti- ¢a|culation. The masses of the possible dipeptides (AH, AL,
mizes the capping pattern for a given library with respectto g sH. ...) are calculated and compared. These steps are
the number of capping steps; e.g., even in large libraries, repeated until similar or identical masses are found. Two
not every amino acid position has to be capped. Neverthelessmasses are similar or identical if they deviate by less than
for every position of any peptide of the library, any amino 11 pa. After the third amino acid positions, there are similar
acid can be chosen and later be decoded. masses in the library (Figure 1, top); for example, the
Thus, our approach solves the problem of isobaric amino tripeptides with the sequences GXS and SXG have identical
acids and sequence similarities occurring in large libraries. masses (X is any amino acid at position 5). Therefore,
Previous approaches to solve the problem of isobaric massesapping is necessary. The correct pattern of capping reagents
included the use of halogenatiénor incorporation of at the given amino acid position is determined by permutation
isotopes?® In the chemical encoding approach, isobaric of the given set of capping reagents summarized in Table 2.
masses are no problem. In our approach, the diversity of A correct capping pattern will render the masses of all
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members of the library different up to step 3. Since all amino Table 1. Pentapeptide Library Scheme with 144 Speties
acids at position 3 in the library of Figure 1 are capped, the
library is determined unambiguously to that point. Thus, this

amino acid positions

. . 1 2 3 4 5
part of the library can be excluded from further consider- 5 5
ations when continuing the synthesis. Starting with the fourth A '(:32 é P ! 1
" ; Q L
position, masses of the monopeptides (I, K, R) are calculated |4 L T
and compared. No similarities are found. Subsequently the Y

fifth position is added. The masses of the possible dipeptides aThe N terminus is the free amine, afPPPRM was used as
(I, IL, 1G, IP, KI, KL, ...) are calculated and compared. the linker. The capping positions predicted by Biblio are denoted
Peptides with identical masses are found because L and Iby superscripts. The translation of the superscripts into the
have the same masses. After the capping pattern is deterN-terminal protecting group is listed in Table 2.

mined, the library is unambiguously determined up to fifth introduced for the followi First
amino acid position. In that sample library, the sixth position séquence was Introduced for the Toflowing reasons. First, a

contains a single G only, so the calculation is finished (Figure spacer enlarges the.dlstance b.etween. t.he HMB resin and the
1, bottom) and the hexapeptide library requires only two peptide sequence, increases its mobility, and enhances the

capping steps for unambiguous analysis, i.e., complete codingpeDtide yield and availabi_lity fqr the_ biological target. We
and decoding. Every full-length (and every non-full-length) proved_ our spacer as beln_g_ biologically |ne_rt by_ qn-bead
peptide sequence is described by its unique set of massesScreening with an HIV-positive serum and visualizing the
This algorithm keeps some redundancies and does not alway£esults with BCIP/NBT stainingf: No differences to negative
lead to the theoretical minimum number of capping steps, control experiments have been observed. It is known that

since all amino acids at a specific position are always capped:SNort peptidic linkers containing proline, arginine, and
for example, in the sample library, capping of G and P at falanine do not interfere with biological screening results.
the fifth position is not necessary for coding the library Second, for matrix-assisted laser desorption ionization mass

unambiguously. However, incomplete capping of amino acid SPectrometric (MALDI-MS) measurements, a “charged an-
positions would prevent breaking the whole library into Cchor” that can easily be protonated is benefical for uniform
subgroups, which would in turn require more computational ionization behavior of all involved peptides and, eventually,
time to analyze larger libraries. Thus, the proposed adaptive€nhanced spectrum quality. Therefore, we use arginine with
coding scheme is slightly redundant. This ensures that theits guanidine group as “charged anch&tThird, a uniform
method tolerates errors of masses in the mass spectroscopiéleavage off the bead is achieved by insertfatanine at
analysis and even sometimes missing peaks. the C terminus and using a weak agueous base. This allows
Decoding of the library is also done with the help of the US t0 abandon the BrCN cleavage of the C-terminal me-

program Biblio by comparing a given set of masses (from thionine used earlief Because we use TentaGel S (hy-

the mass spectrometric analysis) with all the masses thedroxymethylbenzoic acid) HMB resin, the peptide is co-
coded library can produce. For every mass the probability valently attached to the bead via an ester bond, providing a

of a specific sequence is generated by comparing the9réater qxidation registance y\(ith respect to the.aggress.,ive
observed masses with the theoretically predicted massSide <_:ha_|n depr_otectlon conditions than the rglgtlvely labile
pattern. The matching of the masses is measured by a qua"tynethlomne r§S|due. Stapdard gleavgge conditions from the
factor Q that is defined in the following wayQ equals 1, TentaGel resin would be incubation vit N aqueous NaOH.
0.8, and 0.3 if an experimentally determined mass matchesHowever, because single-bead measurements are to be
a calculated mass withift1, =2, and+3 Da, respectively. performed, the residual alkali ion content is incompatible
If the mass deviation is bigger that8 Da, the quality factor with MALDI ionization. For this reason, we cleaved the
is 0. The sequence rendering the highest sum of quality Peptides off via in situ generation of hydroxyl ions by
factors is assumed to be the correct result. Sequenceincubating a bead with a solution of 10% aqueous triethyl-
determination using this parametrical approach was found @mine overnight. The linker is big enough to increase the
to be robust against artifacts; even if there are more massmass of even the smallest capped peptide above 600 Da.
peaks present in the spectrum (e.g., those arising fromTherefore, disturbances from the matrix signals in the
artifacts), the correct mass is determined. The lower quality MALDI mass spectrum even at an abundance of femtomole
factors 0.8 and 0.3 are introduced to take smaller random (10~**> mol) of the desired peptide are prevented.
measurement errors into account. MALDI Sequencing of Selective Beads of Two Model
Construction of Encoded Solid-Phase Combinatorial ~ Libraries. The first model library is a pentapeptide library
Libraries. The combinatorial peptide libraries have been with 144 different species, as denoted in Table 1. The linker
synthesized on TentaGel S HMB resin by the “split, mix, used here i§Ala-Pro-Pro-Pro-Arg-Met. The N terminus of
and combine” methodf using standard FMOC chemist#. every full-length peptide of this library is a free amine. Before
Capped amino acids in the library are introduced by synthesis, Biblio was fed the library data: number of amino

application of mixtures of FMOC-protected amino acids and
their permanently blocked (“capped”) derivatives to an
amount of 5%. Capping is only performed at positions
suggested by Biblio. A peptide linké#la-Pro-Pro-Pro-Arg-

BAla, between the HMB resin and the functional amino acid

acid positions, desired amino acids in each position, and
selection of a mass variance interval. The program then
suggested only two capping steps (at positions 2 and 5)
requiring a mass measurement accuracy-bfDa for each
MALDI signal. It uses acetyl, benzoyl, 2-naphthoyl, and
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Table 2. N-Terminal Modifications Used for Blocking the Table 3. Heptapeptide Library Scheme with 5184 Speties
Amino Termini of the Capping Amino Acids

amino acid positions

group modification abbreviation mass 1 2 3 4 5 6 7
1 acetyl- Ac- +42.0
2 benzyoyl- Bz- +104.0 é Ile ﬁ l(:;z é l(:? Iil
3 2-naphthoyl- Naph- +154.2 = pL L |4 L T pt
4 propionyl- Prop- +56.0 K Vi v
a.The mass is denoted relative to the unprotected amino acid aThe N terminus is acteylated, aRPPPRA was used as the
residue. linker. The capping positions predicted by Biblio are denoted by
a) superS(_:ripts. The_tra_nslatipn of the superscripts into the N-terminal
S T T —— protecting group is listed in Table 2.
30000} Because of the use of methionine in the linker, artifacts of
2 methionine oxidation byproducts are observed. Another
520000 artifact is emerging in all pentapeptide library mass spectra.
10000/ Prop ILFI/AREPAMon M A peak with a mass difference af26 Da with respect to
L}e"o o h N l HW the main peptide of the spectrum occurs with significant
90 S0 1000 1050 100 1s0 1200 1250 signal intensity. Unfortunately, the origin of this peak,
b) Mess (v2) probably an N-terminal modification of the main peptide,
40000 Ao-KLHGAFP-"APPPR®A-0H remains unresolved; neither MALDI time-of-flight postsource
sacoe decay (PSD) fragmentation analydisor nano-electrospray-
. 2. GAFP APPPRIACH ionization (ESI)-mass-spectrometry spectra recorded in ad-
§ o000 ywm—ow AP AP dition provided conclusive data.
10000 A\ To expand the diversity of the library, a heptapeptide
library (Table 3) consisting of 5184 sequences was synthe-
Mo @0 S0 10 M0 im0 1m0 . ra00 sized after calculating the optimal capping pattern with
) ., Hoss (o) YTV Yrr— Biblio. Only three positions of this library instead of seven
o he ) oy had to be capped (positions 2, 4, and 7 in Table 2), requiring
I P again a mass measurement accuracy-bfDa. The linker
. A VLPYTPAAPOPFEAGH used .fr_om now on |§A.Ia-If’ro-Pr_o-P.ro-ArgG-Ala, a_vmdmg
8 L FYTP AR A \ the difficulties of methionine oxidation. Acetylation of the
zo000 P\ o N terminus of the main peptide prevented the occurrence of
10000 artifact peaks related to the major signal. Typical spectra
O ettt are shown in parts b and c of Figure 2. Four signals are

700 800 9200 1000 1100 1200 1300 1400 1500

Mass (miz) expected: three coding peptides and the main sequence. The
Figure 2. (a) MALDI mass spectrum of the coded pentapeptide detected signals in Figure 2b, for instance, are assigned with
AILFI and its associated two coding subsequences. Since meth'o'the corresponding peptide sequence revealed by Biblio; the

nine is used for the linker, additional peaks resulting from K ding to th tonated . tide sh
methionine oxidation are observed. (b) MALDI mass spectrum of PEaKS corresponding to the protonated main peptide show

the heptapeptide KLHGAFP and its three coding peptides. The Up atm/z = 1401.5 (Ac-KLHGAFP-linker) and the capped

assignment of the peaks was calculated using Biblio. (c) MALDI peptides at 1335.4 (Bz-LHGAFP-linker), 1085.1 (Bz-FP-

mass spectrum of the peptide KVLFYTP and its three coding |inker), and 747.8 (Ac-P-linker). Figure 2c shows decoding

p(_appdes. The assignment of the_ peaks was also calcu_lated usingy¢ another peptide from a single beadvz = 1499.2 for

Biblio. The major byproduct displays a peak resulting from . . .

deacetylation of the main peptide. the main .pept|de Ac-KVLFYTP-Ilnker, and 1370.9 (Ac-
VLFYTP-linker), 1220.8 (Bz-FYTP-linker), and 747.5 (Ac-

propionyl as capping agents (Table 2). If a fixed capping P-linker) for the capped peptides. In both spectra, the main
strategy had been used, five capping steps would have beefeptide is found to be the most intense signal. Nevertheless,
necessary. MALDI mass spectrometry does not allow a quantitative
Several beads have been picked with a needle. After the@nalysis of peak intensities; therefore, the molar ratio of main
peptide was cleaved off the bead, the peptides of individual 10 capped peptides has to be evaluated separately as shown
beads were analyzed by MALDI mass spectrometry. A later.
typical spectrum is shown in Figure 2a. All recorded spectra display an excellent signal-to-noise
Two signals of the capping peptides and one of the main atio and resolution to the monoisotopic masses (Figure 3).
peptide had to be expected and are indeed observed with an Undesired chain-terminated sequences, incomplete cleav-
excellent signal-to-noise ratio. Because of the variable age of side chain protection groups, or sequences with
capping reagents, the sequence cannot directly be read fronmissing amino acids are an important problem in peptide
the spectrum. The three observed masses were fed to Bibliosynthesis. These byproducts could prevent the decoding
which unambiguously determined Ala-lle-Leu-Phe-lle as the process because the signal of such peptides could only be
sequence of the peptide. The peak multiplicity arising from distinguished from the desired capped peptides on the basis
isotopic resolution in the peptide signals is discussed later. of their molar ratio. Only few byproducts appeared in our
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[M+H"} Table 5. Result of the Mass Spectrometric Analysis of 299
Beads from the Heptapeptide Library

50000

747.5 (monoisotopic)

number of sequences multiplicity
40000 ~
206 1
30000 — 37 2
5 3
1 4

20000

Counts

aQverall, 249 different heptapeptide sequences have been
observed in 299 probes. The five sequences appearing three times
are FVHIYFP, GVAIYQP, GVHIYQP, KHVIGFP, KVLIYQP. The
sequence appearing four times is KVHIYQP.

10000

For statistical analysis of the sequenced peptides we looked
for the occurrence of the amino acids used in each position
Figure 3. Experimentally found isotopic pattern of ACARPPPRA- .a”d for the independence of occurrence of these aminp acids
OH. On the basis of the assumption of 90 pmol per single bead, IN these positions. The occurrence of the amino acids in each
this spectrum was recorded with an amount of 100 fmol (1 fmol ~ position should depend on the fractions taken for each
107> mol). coupling step. These fractions were rather equal except for
one amino acid in each synthetic step, which was applied to
the so-called reserve batch. The reserve batch contained

v r v Y v T v r v r v Y
747.0 748.0 749.0 750.0 751.0 752.0 753.0
Mass (m/z)

Table 4. Byproducts Observed in Single-Bead Sequertting

modification mass between 47% and 73% of the whole resin, as was observed
Na +22.0 from the occurrence of the respective amino acid.

KC iig:g Whether the occurrence of specific amino acids is cor-
deacetylation —420 related in different positions was tested as wglltests of

0 +16.0 independence were performed for each pair of amino acid

a Oxidation is only detected in peptides with methionine residues, POSitions (21 tests in all). Two of these pairs showed
significant dependence at the levelpf 0.01: positions 1

libraries and are summarized in Table 4. Major peaks arise and 6, and positions 5 and 6. The other 19 tests did not reveal
from adducts of the peptide with sodium or potassium. These significant dependence at the 0.01 or the 0.05 level.
signals mainly appeared together with the full-length peptide As a second test of independence of the amino acid
because of the fact that it has the highest abundance.occurrence in the different peptide positions, the number of
Furthermore, desacetylation of the main peptide is observedsequences found to be presktimes k=1, 2, 3, ...) in the
as a well-known side reaction during side chain deprotection. experimental sample of 299 beads was compared with that

Incidentally, a signal 42 Da heavier than the unmodified in @ computer experiment in which the computer drew
peptide occurs because of a second acetylation site in thel00 000 times the 299 samples from the library of beads,
peptide (not shown here). Under the acetylation conditions assuming the experimental a priori probabilities for the amino
used (10 equiv of acetic anhydride, 50 equiv of triethylamine, acids in each position and independence of each position.
2 h), the guanidine terminus of arginine is additionally The number of sequences present only orice=(1) was
acetylated* even though it is protected because of the strikingly higher in thein silico drawings than in the actual
requirements of peptide synthesis. sample; in only 59 of 100 000 permutations, there were as

Statistical Evaluation of 299 Heptapeptide Library few of these as actually observed. Figure 4 compares the
Probes. To ensure the quality of the coding scheme predicted multiplicity distribution by this means with the
computed by Biblio and to show the reliability of the single- experimentally determined distribution indicating the vari-
bead decoding and sequencing concept, 300 beads of th@nce. The experimental probe result lies withind thein
heptapeptide library have been picked and the peptides havesilico probe.
been analyzed by MALDI mass spectrometry. A total of 299 It thus appears that, for reasons as yet unknown, the amino
of the 300 beads could be sequenced successfully; in anyacids in the positions are not independent. Though clearly
case, the desired three plus one signals (three capped peptidetetectable, this effect appears to be much less important in
plus one main peptide) were observed. Moreover, all spectradisturbing the desired equal distribution of sequences than
could be assigned to a single peptide sequence, unambiguthe nonuniformity of amino acids in the individual positions.
ously resolved by Biblio. This is a hit rate of about 99.7%. For further experiments, the fraction of the reserve position
One bead revealed only one signal of low mass, which could has to be minimized, and in experiments yet to be published
not be related to any full-length peptide but rather to a we obtained a more homogeneous distribution of peptide
termination sequence, Bz-GLFI-linker. This sequence is sequences.
coding for 48 various full-length peptide sequences of the Estimation of Main Peptide/Capping Peptides Ratio by
library. Thus, the true sequence of this full-length peptide HPLC. For testing in biological systems, it is desirable to
could not be determined. As shown in Table 5, 249 individual keep the amount of the main peptide on a bead maximal.
sequences have been identified overall. Of the 249, 206 Since MALDI-TOF MS is not a quantitative method, the
appeared only once. The sequences occurring more tharyield of main peptide versus capped sequences had to be
twice are denoted individually. established by another method. Therefore, we synthesized
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Figure 5. HPLC chromatogram of the peptide mixture of a
Figure 4. Experimentally determined distribution of 299 decoded decapeptide and its corresponding coding subsequences. The column
peptides from the heptapeptide library with respect to their conditions that best resolved the mixture were the following:
occurrence multiplicity (denoted in black) in comparison with the gradient -100% aqueous acetonitrile over 50 min (40 min shown),
theoretically predicted data (denoted in gray). The theoretical datausing a Eurospher RP 18, 4 mm 250 mm, 5um, 100 A C18

are derived from anin silico experiment where the a priori  column; detection was performed at 222.5 nm. The peptide region
probabilities of each amino acid in each position have been taken of the chromatogram spans a regior,6£ 18—26 min. The integral

into account and a statistical independence of the amino acid within this region containing the main peptide and three capping
positions is assumed. The error bar corresponds to the standargheptide contains 88.3% of the whole peptide region. The remaining
deviation. The result from our drawing lies withiw.3 two capping peptides make up for 4.4% and 7.3%, respectively.

the N-terminally acetylated peptide Ac-RIHIGPGRAF- Table 6. Decapeptide Library Scheme with 432 000 Species
AAPPPRA and its capping peptides manually on a larger gerlv_lt_ed from the V3 Loop of HIV-1 clade B (for Details
amount of resin (50 mg) in order to quantify the peptide ee Tex?)

sequences by HPLC. The main peptide is a sequence found

amino acid positions

in the V3 region of the HIV-1 clade B gp120 envelope 1 2 3 4 5 6 7 8 9 10
protein?® Details and use of the library are described later ¢ |3 H 2 Al F G & A Ft
in the text. This peptide and five capped truncated versions R Lt N L1 G L Kt R I
were synthesized, as described above, using 5% of the S V¢ P M P g s U
capping reagent. Thus, the following peptides were present: S v 3\/ g \T/ \\/\//1
S Y
main peptide Ac-RIHIGPGRAFAPPPRA T
capping peptides Naph-IHIGPGRARPPPRA Y
Bz-IGPGRAFAAPPPRA aThe N terminus is acteylated, ahPPPRA was used as the
Bz-GPGRAFZAPPPRA linker. The capping positions predicted by Biblio are denoted by
Prop-RAFFAPPPRA superscripts. The translation of the superscripts into the N-terminal
Ac-FAPPPRA protecting group is listed in Table 2.

Because five termination sequences are divergently synthepeaks; finally, the peak containing Naph-IHIGPGRAF-linker
sized to an individual amount of 5%, the relative yield of s estimated to cover 15.6% of the total area of the peptidic
the main peptide should be (0.95y 77% as opposed to  HPLC peaks. These values all are within the expected
5% of each capped peptide. This is checked by HPLC, which tolerance interval of such a peak area estimation (about
provides a good estimation of peptide amoffits. 10%)32 No other functional groups in the peptides show up
The chromatogram resolving the peptide mixture best is as UV-active at the considered wavelengthh (222.5 nm).
shown in Figure 5. The peak containing the main peptide  Application of the “Adapted Capping” Method to a
and unresolved three capping peptides, as revealed by MSBiologically Relevant Decapeptide Library. After estab-
has an integral of 88.3%; the residual capping peptides havelishing the method introduced above, the concept is applied
an integral of 4.4% (Bz-IGPGRAHinker) and 7.3% (Naph-  to a biologically relevant decapeptide library with 432 000
IHIGPGRAF-linker), respectively. The integration assumes peptides derived from the V3 loop that is part of the viral
equal molar UV extinction of all peptidé. A more envelope protein gp120 of HIV-1 and is one of its immu-
sophisticated analysis based on estimation of the UV nodominant region¥ 2’ The decapeptide library is sum-
extinctions of each peptide bofiéind of the naphthoyl group  marized in Table 6. It is derived from HIV-1 gp120 sequence
present in one capped peptide does not change this resultiata?® This library covers the variety of HIV-1 clade B,
appreciably. On the basis of this latter estimation, the which is the most divergent of all known HIV clades.
expected area of the main peak (main peptide plus threeBecause the tip of the V3 loop is especially known to be
termination sequences) is 81.1% of the total peak area.antigenic to linear peptide€4,?° these sequence positions
Additionally, the HPLC peak containing Bz-IGPGRAF-linker have been varied in the library. The sequence-coding pattern
is calculated to cover 3.3% of the total area of peptidic HPLC has been computed using Biblio as described above, sug-
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a) with low yield and never disturbed the decoding. The

25000 1 ili 1

I o ALSMAWGGRY-APPPR Ao applicability of our agapt_ed capping method has been
200001 demonstrated for peptide libraries up to 432 000 members.
AcGRY-"APPPRIA-ox The MALDI MS sequencing is cheaper than the Edman

o 150001 o ANGGRYAPPPE Aan degradation and does not have to resort to additional
3 4e-LSMAWGGRY-"APPPE! AoH molecules on the bead for encoding as used for-GIS.

100001 ac-MAWGGRY-*APPPRA-0H

5000, Experimental Section

Peptide Synthesis: Materials and MethodsPeptide and

800 1000 1200 1400 1600 1800 peptide libraries have been synthesized manually by standard
b)zsooo Mass (m2) FMOC chemistr§® usingN-hydroxybenzotriazole and,N-
Ac-RLRLALGKSY-"APPPRIA-OH diisopropylcarbodiimide as activation agents. The optimum
200001 \ coupling time was found to be 4 h. TentaGel S HMB
15000A°'Y'”APP”H“A'OH (hydroxymethylbenzoic acid) resin, bead diameter oft60
£ Ac-ALGKSYSAPPPRFA-OH  Ac-LRLALGKSY-"APPPRYA-OH was provided by Rapp Polymere GmbH; bingen. N-
S 1o000]|  ACKSY-APPPRAOH Ac-LALGKSY-APPPR'A-OH terminal acetylation was performed by using 10 equiv of
acetic anhydride and 50 equiv of triethylamine (1 mL per
100 mg of peptidyl resin) for 2 f: Where special amino

acid derivatives were needed, they have been prepared
800 1000 1200 1400 1600 1800 according to literature protocdfsor by simply modifying
Mass (mv2) them attached to the solid phase; 2-chlorotrityl chloride resin
Figure 6. MALDI mass spectrum of the decapeptide sequences (Calbiochem Novabiochem, Lelfingen, Switzerland) was
() Ac-RLSMAWGGRY and (b) Ac-RLRLALGKSY with their  ysed. HPLE® was performed on a Merck-Hitachi L-6200
gﬁrfsstgﬁgg'Q?ef'r‘;eefh?gmﬁ’esﬁﬂm?ﬁfbThﬁ)Sﬁgtgeaks marked Wlthsystem with an L-3000 diode array detector and a Eurospher
yp ' RP 18, 4 mmx 250 mm, &m, 100 A C18 column. Solvent
gesting five capping positions. Two beads have been picked.A was 0.1% TFA in water, and solvent B was 0.1% TFA in
As demonstrated in Figure 6, all six anticipated peptides, acetonitrile. The gradient was-0100% B over 50 min. TFA
the main peptide plus five capping peptides, have beenwas purchased from Acros Organics (Geel, Belgium).
observed for the two beads successfully decoded with massSolvents were purchased from Merck (Darmstadt, Germany)
spectrometry. Biblio unambiguously determined the deca- and were used without further purification. FMOC amino
peptide sequences as denoted in the figure. We have in theacid derivatives were purchased from Calbiochem Novabio-
meantime applied the approach to another decapeptide librannchem (Laifelfingen, Switzerland). All other reagents were
with 80 640 members and have found 37 biologically active purchased from Sigma-Aldrich (Milwaukee, WI).
peptides of which we could sequence 36. Synthesis of Peptide Libraries.TentaGel S HMB (hy-
droxymethylbenzoic acid) resin (bead diameter of/90,
capacity 0.26 mmol/g) was used as the solid phase. The
The modified capping method we describe here is a pentamer and the heptamer libraries were calculated for the
development of the concept originally presented by Young- use of 400 mg of resin, and the decapeptide library was
quist and Keough® It allows a quick, straightforward, and calculated for the use of 650 mg of resin. In all libraries, an
unambiguous identification of individual sequences of a excess of about one-third of the calculated resin mass was
peptide library by well-established MALDI mass spectros- additionally used because of an expected loss of resin during
copy without need for special instrumentation. We showed the various splitting and mixing steps. First, a hexapeptide
on a penta-, hepta-, and decapeptide library that the decodindinker was attached to the resin; the resin was occupied with
by mass spectroscopy was reliable. A total of 99.7% of the #alanine as describédThen the remaining five amino acids
beads in a heptapeptide library sample were successfullywere attached, resulting #\la-Pro-Pro-Pro-ArgfAla as the
analyzed. The program Biblio, which is accessible, suggestslinker construct. Library diversity was introduced by Furka’s
a capping pattern with minimal use of capping reagents andand Lam’s “one bead one peptide” approaé¢hThe bead
a minimized number of capping steps depending on the quantity was divided im portions, wheream is the number
number of used capping reagents and the expected resolutionf desired amino acids per library position. To introduce
of the mass spectrometry. Using mixtures of FMOC and capped amino acids during library synthesis, a mixture of
acetylated amino acids instead of using acylation agentsan FMOC-protected amino acid and an individually capped
allowed reliable percentages of capped sequences andmino acid derivative, as predicted by Biblio, was used. The
reduced the number of synthetic steps. The optimized ratioamount of capped amino acid was 5% with regard to the
of the capping sequences and their maximal identity with corresponding resin loading. To ensure manageable quantities
the main peptide ensure that the results of biological testsof both capped and FMOC-protected derivatives, a 12-fold
are not flawed by introduction of the capped peptides. As excess of amino acid was used (with 13.2 equivNgiN -
revealed by HPLC, the capping peptides have an abundanceliisopropylcarbodiimide and 18 equiv dFhydroxybenzo-
of approximately 5% and the desired peptide makes up for triazole). The N-terminal protecting group (FMOC) was
the remainder. In our syntheses, byproducts occurred onlyremoved with 40% piperidine in DMF for 20 min, and this

Conclusions
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was repeated three times, with thorough washing for

subsequent performance of the next cycle. This process was

repeated until the peptide sequence was finished. After

intense resin washing, the library was acetylated as described 9)
above. Then the side chain protection groups were cleaved

in 4 h byusing 1 mL of the following mixture per 100 mg
of resin: 10 mL of TFA, 750 mg of phenol, 500L of
mercaptoacetic acid, 5Q€ of thioanisole, and 50@L of

water. Thereafter, the resin was washed with 90% aqueous

TFA and 10% triethylamine in DMF, several times with
DMF, and finally twice with diethyl ether. The resin is stored
at 4°C.

MALDI Sample Preparation. Individual beads were
picked randomly with a thin steel needle and placed in an
Eppendorf cap containing a solution of 10% (v/v) triethyl-
amine in water. The cleaving reaction was run at room
temperature overnight. A/L aliquot of the reaction mixture
was pipetted onto the sample plate and dried in a cold
airflow. Then 1ulL of a solution of 0.1 mol/L dihydroxy-
benzoic acid (DHB) in 30% aqueous acetonitrile containing
0.1% TFA was dropped onto this sample and dried in a cold
airflow. In all cases, specular crystals have been obtained.

Mass Spectrometry. The MALDI mass spectfd were
recorded on a PE Biosystems (Framingham, MA) Voyager
DE Pro time-of-flight mass spectrometer. All data were
acquired in the positive-ion reflector mode with delayed

extraction. For each spectrum, 128 laser pulses have been

accumulated. A mixture of Angiotensin | and Il (10M
each) was used for external calibration. Since the identifica-
tion of peptide sequence is based on specific capping
resulting in large mass differences, one-time external calibra-
tion (for a whole series of experiments) was sufficient,
resulting in a mass accuracy#ifl Da. Spectra were typically
recorded at a mass resolution of about 2500 (fwhm). Again,
tuning of the instrument for better resolution values was not
necessary.
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