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lon-extraction mass spectrometry of ladders of mixtures of isotopically labeled compounds from single
beads allows the unambiguous sequencing of bead-based peptides and offers significant advantages over
traditional methods of library analysis.

Introduction TOF MS), allowing the full peptide sequence to be read from
the N terminus by the mass difference between adjacent
peaks from high mass to low mass. Modification of this
technique has been reported by several groups and has
included replacement of the capping step by the partial
incorporation of a methionine residue at each coupling stage
(cleavable by cyanogen bromideyvhile a recent paper by
Griesinger et. al. describes the use of dual capping groups

Since the introduction of combinatorial “split-and-mix”
solid-phase synthesis by Furka et. al. in 199deptide
libraries have been important for the discovery of active
peptides for a variety of biological applications. Early
developments included the discovery of ligands to a mono-
clonal antibody againgt-endorphin (although resin acces-
sibility issues have always been an issue of contention) and . . :
peptide based antimicrobidlfter the synthesis of a peptide and analysis Qf molecular ion redundancy to enable direct
library and selection of beads with the desired biological structure elucidation by MS-based methdds.
activity or binding affinity, it is necessary to obtain the  In this paper, a new analysis method for the sequencing
sequence of the resin bound peptide. Edman sequencing i©f compounds selected from “split-and-mix” combinatorial
widely used and can be routinely performed using com- libraries is described and is a major improvement on
mercially available instruments. This technique is not without Youngquist's original method. The analysis method is
its drawbacks, however; it is time-consuming and expensive, adopted from that reported by Lane and Pipeho used a
limiting the number of samples that can be conveniently combination of stable isotope labeling and mass spectrometry
analyzed. In addition, it is a requirement of the technique cluster analysis. Data reduction software is in essence used
that the N terminus of the peptide is free, while only peptides 0 select mass spectrometry signals containing only the
containing conventionali-amino acid residues can be signature corresponding to the incorporated isotope mixture.
sequenced, seriously limiting the complexity of the libraries This process selects only compounds from the cleavage
that can be prepared. mixture that have been tagged and therefore gives an

An elegant solution to these problems was reported by eﬁecti\(ely “infinite signal—to-.r?oise ratio”. It also allows the
Youngquist and Keoud#§ with the introduction of the analy§|§ of very small quantities of cp_mpound from samples
concept of ladder sequencing. In this method, a small portion cONtaining large amounts of impurities, because only the
of the growing library was capped (in the original paper with compounds of mt_er(_ast are shown in the p_rocessed spectrum.
N-acetylalanine) to give at the end of the synthesis a family This technology is ideal for the application to mass spec-
of peptides with the mass difference between the family frometry-based peptide ladder sequencing to allow the
members equating to the mass of the amino acid component?’e'ec“O” of the ladder signals from thg background noise
Once active beads have been selected and picked from throduced by cleavage reagents, protecting group fragments,
library, the peptide is cleaved from the resin along with the Scavengers, and the full length peptide.
capped fragments and the mixture analyzed by matrix- To develop the methodology, the peptides were synthe-
assisted laser desorption/ionization time-of-flight (MALDI- sized using a methionine linker with either a bis- or tris-6-
aminohexanoic acid spacer to separate the peptide from the
* To whom correspondence should be addressed. E-mail: mb14@ resin and increase the overall mass of the cleaved species to

SOtTOS.na'CéL:'I;.'tat de Barcelona ensure that the smaller peptide ladder fragments have a mass
IV I . f . . . .
* University of Southampton. greater than the “chemlca_l noise”. I_Durlng library generation,
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TOF mass spectrometry. A typical spectrum and its analysis
are shown in Figure 2a,b. The initial spectrum (Figure 2a)
shows the unprocessed spectrum and clearly shows little
useful information about the peptide structure, whereas in
Figure 2b, the spectrum has been reprocessed using a cluster
analysis algorithm, and only peaks that have a partner peak
of approximately equal intensity 3.02 Da apart (mass of 3D
— 3H = 3.018) are displayed. It can be clearly seen that
this process completely removes the noise from the spectrum,
leaving only the peaks due to the capped peptide ladder
fragments. The sequence of the peptide can therefore be
identified from the mass difference between the adjacent pairs
of peaks, from the N terminus at highest mass to the amino
acid attached to the spaedimker construct at low mass.

Synthesis and Sequencing of LibrariesThree libraries
were synthesized to test the methodology. The linlspacer
construct was in these cases extended by an eXhx
residue toeAhx-eAhx-eAhx-Met to shift the spectral enve-
lope further from the background noise we had observed in
the low-mass region of the mass spectrum.

(1) Library 1. A library of tripeptides was prepared. In
the first cycle, the amino acids used were Val, Phe, and Ala;
in the second cycle, Asn, Ser@) or GIn; and in the third,
Asp(OBu), Tyr(OBu), and Trp(Boc) to give 27 compounds.
Single beads were randomly selected from each library,
cleaved, and sequenced to give the data shown in Figure 3.

(2) Library 2. The more difficult residues Arg(Pmc), Trp-
(Boc), or Asn were incorporated at each of the three coupling

_ _ (Hs/D3)A°'VaI'EAhX'gAhX'HSI_ _ _ cycles, generating a 27-member library constructed solely
Figure 1. Synthesis and cleavage of the test peptide and its family from these three amino acids. Again, beads were randomly

of C‘?pped laddef fragment.s. ) i ) . selected from the library, cleaved, and sequenced (Figure
chain was partially terminated by reaction with an isotopi- ,

cally labeled capping group (a 1:1 mixture of acetic acid
and Ds-acetic acid), simultaneously generating the peptide
ladder fragments and providing the isotope labels required
for software-based signal selection. Following cleavage from
the resin, MALDI-TOF mass spectrometry and cluster- amino acids: Lys(Boc), Gln, Leu, lle, Asp(@), or Asn.

anglyss—based data reduction le"’.ld t0 & mass spectrum "hfter coupling one member of each isobaric pair, (Lys, Leu,
Wh'Ch. qnly the pgaks F:orrespondmg to. the peptide Iadderor Asp) or (lle, GIn, or Asn), 10% capping was carried out
are visible, allowing simple determination of the peptide with a 1:1 mixture of either aceticiacetic acid or benzoic/
sequence. Ds-benzoic acid. Thus, on sequencing members of this
Results and Discussion library, two separate cluster analyses were run, one as before
Generation of Test Peptide Libraries. To validate the ~ With a mass difference of 3.02 Da and the second with a

methodology, the peptide H-Phe-Gly-Val- was synthesized mass difference of 5.03 Da (5B 5H = 5.03). If the first
using Fmoc peptide chemistry on the linker spacer constructcluster analysis identifies only two of the amino acids, the
eAhx-eAhx-Met on TentaGel S resin (Figure 1), capping as third must be identified from the second analysis. Single
described above. It was observed that the use of DIC/HOBt beads were randomly selected from the library, cleaved, and
as the activating agent gave unsatisfactory incorporation of sequenced (Figure 5).
the capping agent, as did the anhydrides in the presence of Details of the results obtained from the sequencing of the
triethylamine. Capping was facilitated by the use of PyBOP, three libraries are shown in Table 1. Every sample attempted
which could be used in excess, since PyBOP does not formfrom library 1 was successfully sequenced, including one
the N-terminal guanadinium side products observed with sample that had contained the cleavage products from two
carbodiimides and uronium-based reagétitter peptide beads (the two different ladders were easily deconvoluted).
synthesis, methionine cleavage was accomplished by treatlibrary 2 was sequenced with an 85% success rate. The four
ment of single beads with cyanogen bromiédgenerating failed samples gave partial sequences, but it was not possible
a homoserine lactone (Hsl) and releasing the peptides fromto unequivocally denote the sequence. All samples taken from
the resin. library 3 were successfully sequenced.

MALDI Sequencing of the Test Peptide. Following Several peptide modifications were observed during the
cleavage from the resin, samples were analyzed by MALDI- screening. Arg and Ser were often observed in both the

(3) Library 3. Capping with two labeled capping groups
was investigated to look at distinguishing isobaric residues.
Therefore, the sequence X-Gly-Vakhx-eAhx-eAhx-Met-
TentaGel was synthesized, where X was one of the following
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Figure 2. (a) Raw MALDI-TOF trace of cleaved test peptide and its capped ladder fragments. (b) Reprocessed MALDI-TOF spectrum of
cleaved test peptide showing the ladder peaks for each amino acid. The peaks observed are 695 (Ac-PheABiyoddix-Hsl [M +
Na]), 548 (Ac-Gly-ValeAhx-eAhx-Hsl [M + Na]), and 491 (Ac-VakAhx-cAhx-Hsl [M + Na]).

protected and unprotected forms, and Trp was often observedf peptide sequencing are principally those of time, cost, and
as theN-oxide. This oxidation of tryptophan is a commonly reliability. Using a 100-well MALDI sample plate to
observed modification during MALDI analysis, as reported introduce samples into the mass spectrometer allows the
by Youngquist et at. samples to be analyzed at a rate~e min/sample. Data
_ reduction and ladder analysis is easy and quick, leading to
Conclusions a total sequencing time of5 min/sample. In comparison,
An isotope-labeling, chain-termination strategy generates Edman sequencing of peptides takes typicathy2h/residue
peptide ladders that are suitable for MALDI-TOF-MS @and is expensive, an issue when many beads have to be
sequencing analysis. These data, in association with ionanalyzed, and other MS-based methods can often be prob-
extraction and cluster analysis, give molecular ion informa- lematic as a result of noise. No specialist equipment is
tion with an excellent signal-to-noise ratio in a highly required for this protocol, which can be performed on a
efficient manner. This allows the rapid sequencing of standard laboratory MALDI-TOF spectrometer with industry
peptides from beads selected from a split-and-mix peptide standard MS analysis software, and the method is also highly
library. The advantages of this technique over other methodsreliable. Peptides in this series of experiments were capped
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Figure 3. Sample bead from library 1, processed, and assigned. The sequence of the peptide is Tyr-GIn-Phe.
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Figure 4. Sample bead taken from library 2, processed, and assigned. The sequence is Trp-Asn-Arg. In addition to the peaks due to the
amino acids, peaks due to incomplete removal of the Pmc group from Arg and oxidation of the Trp are also observed.

at a level of 10%. This is a level that would be clearly assignable and had good signal-to-noise. The level of tagging,
unsuitable for longer peptides. However, MALDI-TOF mass we believe, could be reduced te-2%. The major limitations
spectrometry is a highly sensitive technique that allows the are not really MS-based but are more experimental with
detection of compounds at the fmol level, and a single bead respect to the accurate capping of resin sites. This MS method
may contain~400 pmol of sites. Thus, capping at a level of has, we believe, the potential to reduce the effort and errors

5% would give 10 pmol of each capped fragment pair, which associated with current single-bead MS analysis.
is well within the detection limits of the technique and would

allow a hexamer to be prepared and capped with the loss of Experimental Section

only 30% of the total sites. That reduced levels of capping

are possible can be seen from the excellent signal-to-noise Peptide Synthesis: Materials and MethodsPeptides
ratio in Figures 3 and 5. In addition, Figure 4 shows not Were synthesized manually using standard Fmoc cherfistry
only the fully deprotected peptide series but also related usingN-hydroxybenzotriazole (HOBt) arld,N'-diisopropyl-
peptides from this series with side-chain protection intact carbodiimide (DIC). Capping was realized using a 1:1
(Pmc) and tryptophan oxidation. Thus, the 10% capping has mixture of acetic acid/Bacetic acid or benzoic acidib
been spread among a series of molecular ions, but all werebenzoic acid, as described below, using benzotriazole-1-yl-
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Figure 5. Sample bead from library 3, combination of two cluster analyses. Red peaks show analysis with a mass difference of 3.02. Only
the first two amino acids are seen in the processed spectrum. The terminal amino acid, therefore, must be labeled with benzoic acid. Green
peaks show analysis with a mass difference of 5.03. This gives the identity of the terminal amino acid as GIn; therefore, the total sequence
is GIn-Gly-Val.

Table 1. Results obtained in the sequencing of the three acid used in the first coupling was Fmoc-Val, Fmoc-Phe,
peptide libraries or Fmoc-Ala; in the second position, Fmoc-Asn, Fmoc-
library Ser(OBu), or Fmoc-GIn; and in the third position, Fmoc-
1 2 3 Asp(OBu), Fmoc-Tyr(GBu), or Fmoc-Trp(Boc). Side-chain
liorary size >7 >7 6 pr_otectlng groups were removed by treatmemntifd with a
samples analyzed 30 27 8 mixture of TFA (1.6 mL), HO (0.2 mL), TIPS (0.1 mL),
sequences obtained 30 23 8 and phenol (100 mg). The resin was then thoroughly washed
% sequencing success 100 85 100 with DCM (5 x 5 mL) and methanol (3< 5 mL), dried

under vacuum, and stored atl0 °C.
oxy-tris—pyrroIid_i_no—phosphonium_hexafluorophosphate (Py- Synthesis of Peptide Library 2.A 27-member tripeptide
Bop) andN,N-diisopropylethylamine (DIPEA). library was generated on the spacer-linker consteddix-
Synthesis of Test Peptide ITentaGel S NHresin (0.27 apy cAhx-Met described above using the three Fmoc amino
mmol/g, 500 mg, 0.135 mmol) was used as the solid support o ids Arg(Pmc), Trp(Boc), or Asn and capped as above. Side-

for the synthesis. The spacer linker constredhx-cAhx- chain deprotection was realized as above with a 5-h treat-
Met was synthesized by the addition of a 5-fold excess of ment.

Fmoc-amino acid in DMF (5 mL), preactivated for 10 min . . . . .
by treatment with DIC and HOB (5 equiv of each), to the _SyntheS|s 01_‘ Peptide le_rary 3.The resin was substituted
with the peptide-spacer-linker construct Gly-VakAhx-

resin that had been preswollen in DCM (5 mL), followed Ahx-cAhx-M all d d ied ab h
by shaking for 2 h. After confirmation of reaction completion € X-eANX- et partla y capped as described above, then
split into six portions, and each was coupled with one of the

by the Kaiser ninhydrin tes and thorough washing, the X X o
Fmoc group was removed by treatment with 20% piperidine '0lloWing Fmoc amino acids: Lys(Boc), Leu, Asp),
lle, GIn, or Asn. The portions substituted with Lys, Leu, or

in DMF (5 mL, 5 min repeated for 10 min), followed by _ X
thorough washing. The amino acids Fmoc-Val, Fmoc-Gly, Asp were then.pamally c.apped V_V'th ACOH{ACOH as
@bove; the portions substituted with Ile, GIn, or Asn were

and Fmoc-Phe were then coupled sequentially using the sam . . -
method. After each couplingdeprotection step, partial capped by the same method with a 1:1 mixture of benzoic

capping was realized by shaking the resin with 0.1 equiv of ¢1d/Ds benzoic acid. The portions were then mixed, and
a 1:1 mixture of ACOH/R-ACOH, followed by the addition ~ Side-chain deprotection was carried out as above.
of 0.5 equiv of PyBop and DIPEA for 45 min. The resin Cleavage of Peptides from Single Beadsingle beads
was then thoroughly washed with DMF (35 mL), DCM were picked randomly with a micropipet under>5@nag-
(5 x 5mL), and methanol (% 5 mL), dried under vacuum,  nification and placed into 100L capacity glass vial inserts
and stored at-10 °C. inside 500«L microcentrifuge tubes. A 2@L portion of a
Synthesis of Peptide Library 1.The resin was substituted 20 mg/mL solution of cyanogen bromide in 1:L®{TFA
with the spacerlinker constructeAhx-eAhx-eAhx-Met as was added, and the tubes were sealed, sonicated for 5 min,
described above. Split-and-mix synthesis was then used toand then allowed to react in the dark for 24 h. The samples
generate a library of 27 tripeptides using the coupting were then centrifuged under vacuum (80) until dry. A
deprotection-capping strategy described above. The amino 10-uL portion of HPLC grade MeCN was added, and the
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samples were sonicated for 5 min, then centrifuged at 5000studentship from Novartis the EPSRC, the JIF initiative, and
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MALDI Sample Preparation. A 2 uL portion of each Catalunya (J.P.).

sample was applied to the MALDI sample plate and allowed
to dry. A further 1uL of sample and L of a saturated
solution ofa-cyano-4-hydroxycinnamic acid in 1:1 MeCN/ (1) Furka, A Sebestyen, F.; Asgedom, M.; Dibo |@. J. Pept.
H,O containing 0.1% TFA was then applied on top Protein Res1991, 37, 487493

! (2) Lam, K. S.; Salmon, S. E.; Hersh, E. M.; Hruby, V. J,;
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