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The topologically segregated bilayer-bead concept has been applied to encoded “one-bead one-compound”
(OBOC) combinatorial libraries to avoid the interference of coding tags with biological screening. In this
paper, we report on the development of a novel partial Alloc-deprotection (PAD) approach and the use of
this approach to establish a new ladder-synthesis method for OBOC combinatorial libraries to further exploit
the concept. In the PAD approach, Alloc-protected beads are partially deprotected, sequentially layer by
layer, starting from the outer layer toward the bead interior. The degree of deprotection (or thickness of
each layer) is controlled by the time of exposure to the deprotecting agent, palladium. By repetitive use of
the PAD approach, a small portion of Alloc-protected N termini in the bead interior is liberated in each
synthetic cycle for generation of an additional ladder member such that each library bead will carry a full-
length library compound on the bead surface and a series of truncated ladder members in the bead interior.
For the libraries containing isobaric residues, a simple encoding strategy is introduced in the ladder-synthesis
method so that the isobaric residues can be differentiated by the coding tags. One advantage of this encoding
strategy is that the coding tags are confined together with the truncated ladder members in the bead interior,
thus maintaining the arrangement that only the library compounds are displayed on the bead surface. The
PAD approach of forming multiple concentric functional layers inside a bead is simple, reliable, and may
have other applications in addition to OBOC combinatorial library bead encoding, such as the development
of novel optically encoded beads for multiplex immunodiagnostics or even information recording.

Introduction of the original peptides by calculating the mass differences

In the “one-bead one-compound” (OBOC) combinatorial between adjacent peaks. The utility of this approach has been
library methodt? thousands to millions of compound beads confirmed. However, it is limited to Edman degradative
are rapidly generated using the “splinix synthesis” libraries, such as.-peptide or peptoid libraries (consist of
approacha¢in such a manner that each bead displays only ®-amino acids), with a free N terminus. It cannot be applied
a single compound entitj:d After biological screening, the  to other diverse libraries, such as N-terminal blocked
positive beads are physically isolated for structural analysis. libraries, 8-peptide libraries (consisting ¢f-amino acids),
For peptide beads, we routinely use an automatic proteininverted peptide libraries (from C terminus to N termintis),
microsequencer in conjunction with Edman chemistry to and peptidomimetic or small molecule libraries. The “ladder-
determine the peptide sequence on an individual bead;synthesis” approach originally described by Sepetov &t al.
however, this technique is time-consuming and expensive.and Youngquist et & can overcome some of these
To facilitate the structural analysis of peptide beads, two limitations. In this approach, the bead-bound peptides were
approaches based on mass spectrometry as the sequencirencoded with a series of sequence-specific, partially termi-
technique have been developed for OBOC combinatorial nated products by capping a small portion of the peptides at
libraries. These two approaches, namely, the ladder-sequenceach coupling cycle of the library synthesis. Thus, a ladder
ing approach and the ladder-synthesis approach, are sumfor each compound had been generated prior to biological
marized in Figure 1A and B, respectivélyThe “ladder- screening. Other variations of this “ladder-synthesis” method
sequencing” approach, first introduced by Chait éfaind include the use of the same amino acid but a different
subsequently modified by othets; used a mixture of  protecting group as capping reagent (e.g., use Boc-Ala as
phenylisothiocyanate (PITC, 95%, as Edman degradationthe capping reagent when coupling Fmoc-Ala) the use
reagent) and phenylisocyanate (PIC, 5%, as terminatingof partial incorporation of methionine at each coupling step
reagent) in each step of sequential Edman degradation to(e.g., use 5% of methionine and 95% of amino acid as
generate a peptide ladder on each bead. The ladder membergoupling reagents in each step such that a ladder can be
from a positive bead were released and subsequentlygptained upon cyanogen bromide cleavagé)nlike the
analyzed by mass spectrometry to elucidate the sequencegadder-sequencing approach, the ladder-synthesis approach

* Corresponding author. Phone: (916) 734-8012. Fax: (916) 734-7946. C"?m be aPp”ed_tO N-terminally blocked peptid_es_, peptides
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Figure 1. Methods for determining peptide sequence on a single OBOC combinatorial library bead. The “partial Alloc-deprotection approach
for ladder-synthesis” method described in this report is shown on the right &hino acid, Ac= acetyl, PITC= phenyl isothiocyanate,

PIC = phenyl isocyanate, PE phenyl carbamyl, and Alloe allyloxycarbonyl. Adapted from Wang, et d@. Am. Chem. So€004 126,
5740-5749).

However, the major disadvantage of the conventional ladder-interior?8°However, this biphasic approach is practical for
synthesis method is that all the ladder members are displayednly one or two bilayer partitions. For multistep ladder syn-
together with the full-length library compound on the bead thesis of OBOC combinatorial libraries (e.g., more than five
surface. These ladder members may interact with the steps), a more versatile approach to partition the bead, layer
screening probes, thus complicating the interpretation of the by layer, is needed. We herein report a novel partial Alloc-
screening result. The ideal ladder-synthesis method for deprotection (PAD) approach that enables us to achieve this
OBOC libraries is to confine the truncated ladder members goal. In the PAD approach, Alloc-protected TentaGel beads
in the bead interior and only allow the outer layer of beads can be partially deprotected, sequentially layer by layer,
to construct the complete library compounds. This arrange- starting from the bead surface toward the bead interior. The
ment can eliminate the interference of the truncated tags withdegree of deprotection or thickness of each layer can be
biological screening. controlled by varying the exposure time of the beads to the
We previously reported a bilayer-bead concept that beadsdeprotecting agent, palladium. By taking advantage of this
could be topologically segregated into double layers by new development, we have designed a new ladder-synthesis
protease$.0n such bilayer beads, the outer layer of beads method for OBOC combinatorial libraries. This method
could be used for library compound synthesis and the beaddiffers from the conventional ladder-synthesis method in the
interior for coding tag synthesis. However, this segregation following manners: (i) only one building block, instead of
method was tedious and not very flexible. To further exploit a mixture of two building blocks, is used in each coupling
the utility of this concept, we subsequently developed a much step; therefore, the problems resulting from the different
more simple and robust biphasic approach to prepare thecoupling rate of two building blocks can be avoided; (ii) the
bilayer bead$.In this biphasic approach, TentaGel beads ladder members of library compounds are topologically
were first thoroughly swollen in water. After the excess water confined (bead surface, the complete library compounds;
was drained, a limiting amount of amino-protecting reagent, bead interior, truncated ladder members), thus eliminating
such as Fmoc-OSu, dissolved in organic solvent was addedthe potential interference of truncated ladder members with
to the swollen beads. Under this condition, only the outer biological screening; and (iii) each library bead carries a
layer of the TentaGel beads was derivatized. We have reverse ladder, and fax-peptide and peptoid libraries, the
successfully used the biphasic approach to develop threereverse ladder, unlike the forward ladder generated by the
different encoding methods for OBOC peptidomimetic and conventional ladder-synthesis method, does not interfere with
small molecule libraries, with library compounds on the bead Edman microsequencing. For the libraries containing isobaric
surface and one to three different coding tags in the beadresidues, a simple encoding strategy has been introduced so
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Scheme 1.Generation of Bilayer Beads by “Partial
Alloc-Deprotection (PAD)” Approach

0,
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Alloc-NH
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a2 Reagents and conditions: (i) Alloc-OSu (3 equiv), DIPEA (6 equiv),
1 h; (i) (ii-a) swell in water, 24 h; (ii-b) Pd(PRJx (0.24 equiv), PhSikl
(20 equiv), DCM, 7 min.

that the isobaric residues can be differentiated by the coding
tags. The remarkable advantage of this encoding strategy is
that the coding tags can be constructed together with the
truncated ladder members in the bead interior so that only
the library compounds are displayed on the bead surface.
To simplify the interpretation of the mass spectra, bromine-
containing-amino acid was incorporated into the cleavable Figure 2. Fluorescent photomicrograph of a sliced FITC-labeled
linker, as reported®1%so that each cleavage product gen- bilayer bead (generated by the PAD approach) under a fluorescent
erates a characteristic doublet. To demonstrate the newmicroscope. The deprotected outer layer containing free amino
ladder-synthesis method, a model bead-bound tetrapeptidegm”ps was Iabelt_ed Wl_th FITC a_md, therefore, fluoresced. The Alloc-

. . . protected bead interior remained dark. Some fluorescent spots
and a model encodgd pgntapeptlc_je Ilb_rary were _SyntheSIZGdscattered inside the bead are probably due to incomplete swelling
Some beads were individually sliced into two pieces. One of the bead in water prior to Alloc derivatization.
piece was submitted for microsequencing; the remaining
piece was chemically treated with cyanogen bromide, and To test the efficacy of bilayer segregation generated by
the releasate was analyzed by MALDI-TOF MS. Consistent the PAD approach, water-swollen Alloc beads were treated
results obtained by these two different sequencing techniqueswith Pd(PPh)/PhSiH; in DCM for 7 min, and the exposed
have validated this method. N termini were labeled with FITC (fluorescein-5-isothiocy-
anate, fluorescent probe). Some beads were cross sectioned
with two scalpels under a dissecting microscope, and a

Partial Alloc-Deprotection (PAD) Approach. Because section of one bead was visualized under a fluorescent
we have successfully utilized the bilayer beads in the microscope (Figure 2). Since only the deprotected sites (free
encoding methods for small molecule and peptidomimetic N termini) would allow FITC-labeling, the deprotected layer
libraries28°our current effort is to explore the applicability ~fluoresced and could be visualized microscopically under a
of the bilayer-bead concept for a multistep ladder-synthesis fluorescent microscope as a bright green fluorescent outer
method of OBOC combinatorial libraries. We seek to develop ring and a dark inner core. A similar result was also observed
such an approach that meets two requirements: (i) it enableswith intact beads using confocal microscopy (data not
us to topologically segregate beads so that the outer layer ofshown). Some fluorescent spots were found scattered inside
beads can be constructed with the full-length library com- the bead interior, as well. We are not sure what causes this.
pounds, and (ii) it permits stepwise liberation of some free It could be due to incomplete swelling of the bead during
amino groups in the interior of the same bead so that a serieghe initial Alloc-protection step.
of ladder members can be conveniently prepared. To determine the time dependence of Alloc deprotection

With these requirements in mind, we have developed a with palladium, several aliquots of water-swollen Alloc beads
novel approach termed “partial Alloc-deprotection” (PAD) were treated with palladium in two different solvent systems
by using a deprotection reaction under the biphasic condition. (DCM/ether (50/50, vijand DCM alone) over time. The
Scheme 1 illustrates the generation of bilayer beads by thetreated beads were then reprotected with Fmoc and later
PAD approach. Typically, the amino groups of the TentaGel released for UV quantitatiolf.Figure 3 illustrated the Alloc-
beads (diameter, 90m) are first protected with an Alloc  deprotection plots under the two different solvent systems.
group and then thoroughly swollen in water, followed by When DCM/ether was used as the solvent, Alloc deprotection
deprotection using palladium chemistryin an organic proceeded rapidly to 80% completion within 10 min. In
solvent for a predefined limited time, resulting in beads with contrast, deprotection proceeded gradually in the presence
a deprotected outer layer (free N termini) and a protected of DCM alone, making it an ideal organic solvent for PAD.
inner core. The thickness of the outer layer (Alloc-depro- Thus, using DCM as the solvent and by limiting the exposure
tection percentage) of beads is dependent on the duration otime of the beads to palladium, Alloc groups on the beads
deprotection. The remaining Alloc groups in the bead interior can be partially and sequentially removed starting from the
can be successively exploited by repeating the same biphasiouter layer toward the bead interior in a highly controlled
deprotection approach. Alloc is crucial to this approach manner. It should be noted that the Alloc deprotection
because it can be selectively removed in the presence of othepercentages achieved in the subsequent PAD processes could
protecting groups, such as Fmoc and Boc, and its deprotecbe smaller than those indicated by the plot in Figure 3
tion has been demonstrated to be time-dependent under théecause the deprotection reagents need to diffuse through
biphasic condition. the outer layers first and then into the interior of the bead.

Results and Discussion
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100 interior are then partially liberated using the same approach
(swelling time in water, 3 h; deprotection time, 4 min) to
produce~10% free amino-group as a second layer inside
the beads. After Fmoc is removed from the outer layer with
piperidine, all free N termini on both first and second layers
are simultaneously coupled with the second residue Fmoc-
Xa, resulting in two distinct peptides in the two layers (outer
layer, Fmoc-%X;-; second layer, Fmoc-X). These three
steps of partial Alloc deprotection (PAD), Fmoc deprotection,
and coupling with a Fmoc-amino acid represent one synthetic
cycle. Every time this synthetic cycle is repeated, a new layer
is formed inside the bead interior, and an additional residue
is added to the N termini of each ladder peptide on each
. , , . preceding layer. As indicated in Scheme 2, the beads are
0 5 10 15 20 25 split into bead aliquots prior to coupling with Fmoc-amino
Deprotection time (min) acid, and the bead aliquots are mixed together prior to the
Figure 3. Degree of deprotection (determined by Fmoc quantita- PAD step. This split mix synthesis approach is essential to
tion) as a function of exposure time to palladium (deprotection time) produce the OBOC combinatorial libratyln the last (e.g.,
in two different organic solvents: DCM/ether (50:50, v/&)(and fourth) cycle, the remaining Alloc groups on each bead are
DCM (m). See text for experimental details. completely removed according to standard Alloc-deprotection

Nevertheless, current deprotection protocol enables us toProtocoli* and the last Fmoc residue {Xis incorporated.
generate an adequate amount of five distinct ladder sequenceéfter Fmoc and side-chain deprotection, each library bead
from each bead for unambiguous decoding. carries a complete library compound 4&X>X1-) on the
New Ladder Synthesis Method Since the PAD approach ~ outer layer, and three truncated ladder memberX{Xz-,
allows time-controlled partial removal of Alloc groups on XaXs- and X-) in the bead interior.
beads, as demonstrated above, it creates the feasibility of In contrast to the conventional ladder-synthesis method
repetitive Alloc deprotection on the same bead during library (Figure 1B) that uses a mixture of two building blocks (e.g.,
synthesis. Deprotection begins sequentially from the beadacetyl-amino acid and Fmoc-amino acid) for coupfirtbis
surface, layer by layer, toward the bead center. On the basismethod (Figure 1C) only uses one single building block for
of this approach, we developed a new ladder synthesiscoupling during each coupling step, thereby avoiding the
method for OBOC libraries (Scheme 2). To simplify the problems caused by the differential coupling rates of two
drawings in the Scheme, we combine the multiple inner different building blocks. Moreover, all the truncated ladder
layers as one and only show the outer layer as a separatenembers are confined to the bead interior, and only the full-
layer. In this method, the beads preprotected with an Alloc length library compound is displayed on the bead surface.
group are used for library synthesis. Initially, the Alloc beads As a result, the undesirable interference of ladder tags with
are thoroughly swollen in water for a long time (24 h) to the biological screening can be avoided. In addition, this
ensure complete swelling and then topologically derivatized method generates a reverse ladder that allows one to
with a deprotected outer layer (free N termiri20% of total determine the peptide sequences by calculating mass differ-
substitution) and a protected inner core80% of total ences between each two adjacent peaks in mass spectrometry.
substitution) by the PAD approach (deprotection time, 7 A unique feature of the “reverse ladder” generated by this
min). The exposed N termini on the outer layer are coupled method, as opposed to the “forward ladder” generated by
with a Fmoc-amino acid (FmocsXto establish the first  the conventional ladder-synthesis method or ladder-sequenc-
library residue (X). The remaining Alloc groups in the bead ing method (Figure 1A, B), is that the reverse lad@égure
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Figure 4. Schematic of two sequencing techniques (protein microsequencer and MALDI-TOF MS) carried out on two different sections

of the same compound bead prepared by the new ladder-synthesis method. The smaller piece is sequenced directly, without releasing of the
ladders, with the automatic protein microsequencer using Edman chemistry. The larger piece is treated with CNBr and the releasate was
analyzed by MALDI-TOF MS.

1C) will not interfere with Edman degradation. This is linker) on the outer layer (20% of the total substitution) and
because the same PTC-amino acid created by the reactiorthree ladder members (P-L-G-linker, 10%; P-L-linker, 10%;
of PITC with the N terminus of the amino acid (PTC, phenyl and P-linker, 60%) in the bead interior. Five beads were
thiocarbamyl) is released from both the full-length peptide randomly isolated. One of them was sliced into two pieces.
and its truncated ladders during each Edman degradationThe smaller piece was sequenced by the protein microse-
cycle. One obvious application of this unique feature is that quencer, and the larger piece plus four other intact beads
each positive bead isolated from screening can be sectionedvere individually cleaved by cyanogen bromide, and the
into two pieces. If the MALDI-TOF MS result obtained from  releasates were analyzed by MALDI-TOF MS separately
one piece is ambiguous or incomplete, for example, due to (Figure 4). As expected, the microsequencer unambiguously
isobaric amino acids or other technical difficulties, the other confirmed the peptide sequence of PLGI as originally
piece can be subjected to automatic Edman degradationdesigned. The releasates from each bead and bead piece
(Figure 4). generated an identical mass spectrum (Figure 5). The first
To validate the new ladder-synthesis method, a model mass peak beyondve of 557 (mass of the protonated
tetrapeptide, Pro-Leu-Gly-lle (P-L-d) together with its cleavage linker which does not appear in the mass spectrum)
three truncated ladder members (P-L-G, P-L, and P) washad a molecular mass of 654.1498. Because there was a mass
prepared on Tentagel beads according to Scheme 2 (wherdoss of 18 Da (HO) when the peptide bond was formed, the
X1=1,X,=G, X3= L, and X, = P). Prior to the peptide  molecular mass for residuesXould be determined by the
synthesis, a cleavable linker consisting of three componentsfollowing formula: (mass of the first peak mass of the
(methionine, 3-(4-bromophenyB-alanine, and 2,2ethyl- cleavage linkert+ 18) or (654— 557+ 18). The calculated
enedioxy-bis(ethylamine) monosuccinanije was as- molecular mass of 115 confirms the identity of %s Pro.
sembled on beads. As recently report@dethionine acts as  The molecular mass of the next residue)(¥ simply the
a chemoselective cleavage site by cyanogen brothide mass difference between the two peaks (#6854 = 113),
ensure quantitative release of compounds from beads; toand it could be either isoleucine or leucine because they have
simplify interpretation, the bromine-containifigamino acid the same molecular weight. The third residue, Mas
can generate a characteristic isotopic doé@Btéfon the mass  identified as glycine (824- 767 = 57). Likewise, the last
spectra for each compound; the last hydrophilic componentresidue (X) could be either leucine or isoleucine (937
can improve the solubility and extractability of the released 874 = 113). Therefore, from the MS analysis, the peptide
compounds from the beadé8Moreover, this final component  sequence was P-L(/1)-G-I(/L), which is totally consistent with
will produce, together with the other two components, a big the Edman degradation result, thus validating our methodol-
mass shift of 555 Da, thus pushing all releasates away fromogy. However, isobaric residues (e.g., isoleucine and leucine,
the background noise region in MALDI-TOF MS.The or glutamine and lysine) cannot be differentiated by MS;
beads with the preassembled cleavable linker were thentherefore, for OBOC libraries with isobaric residues, we may
protected with Alloc. According to Scheme 2, the beads were use either Edman sequencing of the second half of the bead
treated by the PAD approach for 7 min in the first step to as a backup or use a simple encoding strategy to differentiate
achieve~20% of free N termini (for the outer layer) and 4 isobaric residues so that the identity of the isobaric residue
min in the subsequent two steps to achiex% of free N can be determined by MS.
termini in each of the two other layers. In the last step, the Encoding Strategy for Isobaric Residues.As shown
remaining Alloc groups were thoroughly removed. The free above, the isobaric residues, such as leucine and isoleucine,
N termini liberated by the PAD approach in each step were cannot be differentiated by MS. An encoding strategy is
monitored by the chloranil te4t.By the end of the library  therefore needed to differentiate the isobaric residues in
synthesis, each bead carried a complete peptide (P-L-G-I-libraries. In the conventional ladder-synthesis methtwo
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Figure 5. The mass spectrum of the model peptide ladder released from one single bead prepared by the new ladder-synthesis method. The
peptide sequence (starting from the N terminus) is identified by calculating the mass differences between adjacent peaks from low mass to

high mass. The first residue was determined as P by deducting 557 (mass of protonated cleavage linker, does not appear in the mass
spectrum) from the mass of the first peak. The full-length peptide sequence was identified as P-L(/1)-G-I(/L).

different terminating reagents (e.g\-acetylalanine and lowed by Alloc, are incorporated onto the beads prior to
N-propionylalanine) together with an isobaric Fmoc-amino library synthesis, and (ii) a PAD step is added prior to each
acid were simultaneously coupled to beads in each step toFmoc-deprotection step. The synthesis of an encoded OBOC
generate an additional coding tag. They produced doubletcombinatorial peptide “ladder-synthesis” library, although it
peaks with a unique mass difference so that the identity of looks a little complicated in Scheme 3, is indeed rather simple
the isobaric residue can be determined. However, this strategyonce the general principle is followed. The synthetic scheme
further compromised the library quality because additional of the encoded library is essentially the same as that of the
coding tags were displayed together with the complete library nonencoded library (Scheme 2), except for an extra encoding
compound and all the other truncated coding tags on the beadstep applied to the bead aliquot that has just reacted with
surface. To avoid this problem, we developed a new encodingthe designated encoded isobaric building block. This bead
strategy that can confine all the coding tags together with aliquot will undergo PAD and react with a coding tag (e.g.,
the truncated ladder members in the bead interior. To Gly) prior to mixing with the rest of the bead pool that has
illustrate how this encoding strategy works, the synthesis of just undergone PAD. This extra step is applied to any
a hypothetical tripeptide library is shown in Scheme 3. designated isobaric building block (e.g., isoleucine for the
Among the three building blocks (A, B, and E), A and B isoleucine/leucine pair and glutamine for the glutamine/lysine
are a pair of isobaric residues. Building block A is encoded pair) at any coupling cycle except the last. At the last
by a coding tag, but building block B is not encoded. As a coupling cycle, the bead aliquot that has just reacted with
result, the presence of “a” in the final mass spectrum signifies the designated encoded isobaric building block will undergo
A and not B, even though both A and B have identical mass. full Alloc deprotection followed by coupling with another
The method for synthesizing a nonencoded OBOC com- coding tag (e.g., Ac) rather than Gly.

binatorial peptide “ladder-synthesis” library (Scheme 2) is  According to Scheme 3, the synthesis of the encoded
very similar to that of standard OBOC peptide libraries, as tripeptide “ladder-synthesis” library is as follows: In each
originally reported2 except that (i) cleavable linkers, fol-  synthetic cycle, beads are first partially deprotected by the
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Scheme 3.General Encoding Ladder Synthesis for a Trimer Combinatorial Library Containing Isobaric Résidues

AIIoc:é:)

Alloc

Alloc A”TC Alloc
l PAD; couple 'a' biX; PAD
1
A "8 E
a HZN@ H,N
Alloc Alloc Alloc

y A v°® VE
| ' EB EE

AB AE BA BB BE EA
Aa \@ A@ Ba-@ B@ B@ Ea@ E@ E@
Alloc Alloc Alloc Alloc Alloc Alloc Alloc  Alloc Alloc
| I— L 1
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AA AB BA BB BBE EA EB EE
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a H,N H,N HN H,N HN HN
Alod  Alod Aloe Alloc Al Alloc Alloc Aloc. Alloc
L ]
mix; -Fmoc; split (two portions: 1/3, 2/3)
(1/3 portion) (2/3 portion)
{ A *—Alloc; split
¢ -Alloc; couple 'b' + B + E
AAA AAB AAE BAA BAB BAE EAA EAB EAE
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E
Aa Aa Aa Ba 5 Ba Ba Ea a E Ea
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A
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AEA AEB AEE BEB BEE EEA EEB, EEE
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b b E E E
L l
¢ mix; -Fmoc; side chain cleavage
Library beads: X3=X5-X4
(27 members) X, X(3)
X5-(a)
° @ (z=b, or x,)

aThe residues in the brackets of the ladder members on the resulting library beads may or may not be present in the corresponding ladder members. In
this library, A and B are a pair of isobaric residues.

PAD approach, followed by a Fmoc-amino acid coupling. together, Fmoc-deprotected and split for the next synthetic
Then the aliquot of beads coupled with A are partially cycle. By repeating the synthetic cycle, the ladder segments
deprotected, followed by coupling with a coding amino acid generated in the preceding cycles are simultaneously ex-
a” (e.g., Gly), the other aliquots of beads are pooled and tended with the current coupling of a residue. However, in
partially deprotected. Since the terminus of A is still Fmoc- the last cycle of library synthesis, the encoding is different.
protected after coupling (not shown in the scheme), the In this cycle, all beads are first split into two aliquots. The
subsequent coding block (“a”) can be anchored only to the small aliquot with 1/3 portion of the beads are coupled with
exposed free N termini. All beads are then combined A and then thoroughly Alloc-deprotected, followed by
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Xg-X4-X5-X,=X,-linker,

3
A

1) Release |
Xg-X,~X;-X,-(G)-linker, 2) MS - >
X5-X,-%5~(G)-linker IE — 'H
Xg-X~(G)-linker T
xg-(G)-linker M, M, M, M, M, M, M,
z-linker (z=Ac, or Xg)

in the mass spectrum:
M, = linker (not present in mass spectrum)
M, = Ac-linker, or xs-linker
M,= xg-linker, or x5-G-linker

M= x5-X-linker, or x;-x,-G-linker

Br HN
):NH M,= Xg-XX5-linker, or
N Xg-X4-X;-G-linker

N _ )
HzN/\/O\/\O/\/NNH N o M;= X5-X,-X5-X,-linker, or
0 H 0o

Xg-X4-X3-Xo-G-linker

cleavable linker by CNBr:

Mg= X5-X4-X5-X,-X 1-linker

Figure 6. General structure of ladder compounds on an encoded pentapeptide library bead and hypothetical mass spectrum of releasate
with six mass peaks (M-Mg) from one bead. The chemical structure of the cleavable linker is shown.

acylation with a different coding block “b” (e.g., Ac); the (isoleucine/leucine, and glutamine/lysine) can be synthesized
large aliquot with 2/3 portion of the beads is thoroughly in one week. In the library, glutamine and isoleucine are
deprotected to remove all remaining Alloc groups, then split encoded by glycine (G), but lysine and leucine are not. The
into two aliquots, followed by coupling with a residue (B or general structure of the ladder family on the pentapeptide
E) to each aliquot. As a result, each of the encoded OBOC library beads and hypothetical mass spectrum are illustrated
library beads carries four ladder products: full-length library in Figure 6. Each bead carries six ladders;—Wls. In each
compound (%X2X;-) on the outer layer and three truncated ladder segment, the coding tag (G) in the brackets means
ladder products containing the coding tags in the bead interiorthat it may or may not be present. It is important to keep in
(XsXa(a)-, Xs(a)- and z- (z= b when X is the encoded  mind that (i) an extra encoding step is applied to the bead
residue, or z= X3 when Xz is not the encoded residue); “a”  aliquot that has just reacted with the designated encoded
in the brackets of the ladder members means that it may orisobaric building block. This bead aliquot undergoes PAD,
may not be present in the corresponding ladder segments)reacts with a coding tag Fmoc-G prior to mixing with the
Obviously, when z= X3 and “a” is not present in the second  rest of the bead pool that has just undergone PAD, and (ii)
ladder product, Xa)- and z- will be degenerate as a single at the last coupling cycle, the bead aliquot that has just
product (%-). In this case, the library compound actually reacted with the designated encoded isobaric building block
has only three ladder members. will undergo Alloc deprotection, followed by coupling with
Fmoc-glycine is the preferred coding block (Fmoc-“a”) another coding tag, acetic acid (Ac) rather than glycine. As
because of its lowest molecular weight among all amino a result, the presence of a coding tag (G) in a ladder member
acids, making all ladder products on a single bead alwayssignifies that an encoded residue (either isoleucine or
appear in a fixed order in the mass spectrum (from low massglutamine) is present in the preceding ladder member
to high mass). The reason to use a different coding block corresponding to that position. However, whes Xs- and
(“b” = G) in the last cycle is to allow glycine as one of the G is absent in the ladder member o0§-§G)-, M; and M
library residues; “b” can be a small organic acid such as will be degenerate as one single peak in the mass spectrum.
acetic acid or propionic acid. For a library containing In this case, M= My, and there will be a total of only five,
residues, the synthetic cycle can be reiteratedhfiimes to instead of six, MS peaks. All ladder members are released
achieve the desired length of library sequence. In this case,from a bead and analyzed by MALDI-TOF MS to determine
the Alloc-deprotection time in each PAD step can be properly the peptide sequence. To illustrate how the encoding system
shortened to reserve sufficient Alloc groups in the bead works, the expected ladders generated from four different
interior for subsequent multistep liberations. If a library hypothetical beads isolated from thesX¢XsX,X;-bead
contains several pairs of isobaric residues, an identical codinglibrary, with isoleucine and glutamine as the designated
block (e.g., glycine) can still be used to encode one of each encoded isobaric building block, is shown in Table 1. Bead
pair because the coding tag is used only to reveal the pres{ has no isobaric building block; therefore,M= M;, and
ence of an encoded residue. But for libraries containing a five standard reverse ladders are expected. For bead I, the
residue with more than two isobaric isomers, one may use presence of laddersXa-linker and X%-I-linker indicates that
additional small coding blocks (e.g., Ala) to encode ad- X, is an encoded isobaric building block, in this case,
ditional isomers. isoleucine. For bead Ill, the presence of b-linker and I-linker
Using the above encoding strategy, one can readily signifies that the last residue incorporated (i.e., the amino
generate an encoding peptide library with a desired sequencderminus) is an encoded isobaric building block, in this case,
length. For example, an encoded pentapeptide libraryisoleucine. For bead IV, the presence afaclinker, Xs-1-
(XX 4X3XX3-bead) including two pairs of isobaric residues linker, Xs-I1-X 3-X2-a-linker, and %-1-X 5-X,-Q-linker indicates
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Table 1. Expected Ladder Sequences Released from Five Hypothetical Beads, Some with Designated Encoded Isobaric
Building Blocks (I for I/L; Q for Q/K) at Specific Position, Isolated from an OBOC Combinatorial Peptide Library
(XsX4X3X2X1-Bead) Generated by the New Ladder-Synthesis Method Shown in Sctfeme 3

XXX 3XoX 1 -linker- XsIX 3X X q-linker- IX 4X3X X 1-linker- XsIX 3XQ-linker- I-1X 3QX;-linker-

MS peak bead bead (I) bead bead (Il) bead bead (l11) bead bead (1V) bead bead (V)

Me X5X4X3X2X1-Iinker X5IX3X2X1-Iinker IX4X3X2X1-Iinker X5IX3X2Q-Iinker I-IX3QX1-Iinker

Msg XX aX3Xo-linker XslX 32X o-linker IX4X3Xo-linker XslX 3Xsa-linker I-1X3Q-linker

My XX aX3-linker XslX s-linker IX4X3-linker XslX s-linker I-IX sa-linker

M3 XsX4-linker Xsl-linker IX 4-linker Xsl-linker I-I-linker

M, (same as M) Xsa-linker I-linker Xsa-linker la-linker

M1 Xs-linker Xs-linker b-linker Xs-linker b-linker

Mg linker linker linker linker linker

aEncoding blocks: “a™= G (glycine); “b” = Ac (acetyl group). In the library, Q and | are encoded but their corresponding isomers K
and L are not.

that both X and X are the encoded isobaric building blocks, Ms, My, Ms, and M, from low mass to high mass, as shown
isoleucine and glutamine, respectively. For bead V, the in Figure 6, to identify the full-length peptide sequence. The
presence of b-linker signifies thatsXs an encoded iso- first step of this algorithm is to determine the mass difference
baric building block, and the presence of I-a-linker, I-I-linker, between M and M. If the value matches the mass of Ac
I-I-X s-a-linker, and I-1-%-Q-linker indicates that both and (= 42), it confirms that X is an encoding residue. If the
X, are the encoded isobaric building blocks, isoleucine and value is different from the mass of AcsX not an encoded
glutamine, respectively. residue. In the second step, ifM Mg matches the mass of
General Decoding Strategy Although most MS spectra  any residue £ molecular weight of any residue 18, due
can be readily decoded by inspection using the aboveto mass loss from coupling) in the library, it means that (i)
principles and examples, it is important to develop a general the coding tag G is absent; therefore,iX not an encoding
decoding algorithm that works for all beads. Such an residue; and (ii) the calculated molecular weight of M
algorithm is shown in Scheme 4. On the basis of this My is the molecular mass of residug.Xf M, — M, does
algorithm, we have written software (Perl script included in not match any mass of building blocks used in the library
the Supporting Information) to facilitate the decoding synthesis, that suggests that the coding tag (G) is involved.
process. The algorithm is based on the following decoding In this case, X = M, — My — G, and X is an encoded
principles using the encoded pentapeptide library shown in residue because of the presence of G. Ongis Hetermined,
Figure 6 as an example: (i) Identity of each residue in the it will be used in the subsequent steps. Likewise, in the next
sequence is determined from low mass to high mass bystep, if Ms — My — Xs matches the mass of any library
calculating the mass differences between the mass of eachesidue, then X= M3z — Mo — X5, and X is not an encoded
cleavage ladder member and the cleavage linker (do notresidue; otherwise, X= M3z — Mo — X5 — G, and X% is an
appear in mass spectra). (i) Molecular masses of all building encoded residue. OncesXs identified, it will be used
blocks and the sum of building block and G (building block together with X% in the subsequent steps. Using a similar
mass+ 57) are unique; therefore, each mass peak exceptstrategy, %, X, can be successively identified. In the last
M; can reveal two facts: the molecular mass of the residue step, since M corresponds to the full-length sequence
and the presence or absence of the coding block (G). (iii) XsX4X3X2Xs-linker, it is easy to identify X by the equa-
M1 peak reveals the presence or absence of the coding blockion: X; = Mg — Mg — X5 — X4 — X3 — Xa. Thus, the
(Ac), and in some cases, it reveals the identity gf(When full-length library sequence (from N terminus) can be
M; = Xs-linker). For example, the presence of Ac indicates determined. This strategy can readily be automated and
that Xs is an encoded residue. (iv) The absence of the codingexpanded to the libraries with longer sequence. A software
tags G or Ac indicates that the corresponding residue is notprogram, Perl script, which greatly facilitates the interpreta-
an encoded residue. (v) It should be noted that the identity tion of the mass spectra, is included in the Supporting
of the residue cannot be determined solely by the coding Information.
tag because there may be several pairs of isobaric residues To demonstrate the encoding and decoding strategies, a
in the library. In this case, both the molecular weight of the real model pentapeptide library was synthesized by the
residue (determined from the preceding larger ladder) andgeneral procedure shown in Scheme 3. Seventeen eukaryotic
information on the presence or absence of the coding tagamino acids, excluding methionine, cysteine, and glutamine,
are needed. As illustrated by the correlation between thewere used as building blocks in the library in which
coding tags and library residues shown in Table 1, the isoleucine (I) and leucine (L) were purposely used as the
presence (or absence) of the coding tag (Ac or G) in one only pair of isobaric isomers. To ensure uniform protonated
ladder member reveals that the corresponding residue in theresponse of all cleavage products, arginine was incorporated
preceding larger ladder member is (or is not) an encodedin the cleavable linker as previously reporfé The mass
residue. (vi) When only five peaks appear in the mass of the protonated cleavage linker shown in Figure 6 is 713
spectrum, M = M. (Mo = 713, does not appear in the mass spectrum). Glycine
On the basis of the algorithm (Scheme 4) developed from (G) was used to encode isoleucine in each synthetic cycle
these principles, we can use the six mass peaks,M4, except in the last step, where acetic acid (Ac) was used
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Scheme 4.General Decoding Strategy for an Encoded

Pentapeptide Librafy
> No |

X5 is not an encoded residue

>No—1

X5=My-My-G; x, is an
encoded residue

>T1

X4=M3-My-x5-G; X, is
an encoded residue

I

>Tl

X;=M,-My-X5-X4-G; X, is
an encoded residue

> No
v

X,=Mg-My-X5-X4 -X5-G;
X, is an encoded residue

If MM, =Ac

+ Yes

X5 is an encoded residue

Y
If M,-My=mass of
any library residue*

Ye

<

X5=M,-M, ; X, is not
an encoded residue

-

\
If M;-M;-x;=mass of
any library residue*

‘ Ye

<

X4=M5-Mg-X; ; X, is not
an encoded residue

\J

If M,-M;-x5-x,=mass

of any library residue*
‘ Ye

X;=M,-Mg-X5-X4 ; X, is not
an encoded residue

\
If Mg-M;-%5-x,-x,=mass of
any library residue*

*Ye

X,=Mg-My-X5-X, -X,; X, IS
not an encoded residue

Y

X, =Mg-Mg-Xg-X, -X5-X,

!

library sequence:
Xg=X4-X5-X,=X4- (Bead)

2 The mass peaks of M-Mg correspond to the ladder sequences shown
in Figure 6. Each mass peak (excepf)Veveals two facts: the molecular
weight of a library residue and the presence or absence of an coding tag
(G). My is only used to reveal the presence or absence of Ac. For libraries
containing several residues with two isobaric isomers each, glycine (G, M
= 57) is used to encode one of each isomer pair. In the last synthetic cycle,
acetic acid (Ac, M= 42) is used for encoding instead. Mass of any library
residue*= (molecular weight of any residue 18), because of mass loss
of 18 during coupling. In the model library, the mass of the protonated
cleavage linker, M= 713.

Wang et al.

of the same bead. In Figure 7b, five mass peaks appeared,
where M= 814, (M, = M; = 814), My = 927, M, = 984,

Ms = 1121, and M = 1222. The compound sequence was
identified as T-L-G-H-T, which was also confirmed by
Edman microsequencer. However, since no coding tag was
present in all ladder members on this bead, the analysis of
the mass spectrum can be simplified as that of a nonencoded
library, which used the mass differences between adjacent
peaks to identify each library residue (shown in Figure 7b).
It should be noted that, in this model, an encodepeptide
library, in the four cases when the calculated mass difference
in a step equals 114, 128, 156, or 186 that respectively
matches N (or G+ G), K (or A+ G), R (or V+ G) or W

(or E + G), since these molecular masses have two
possibilities each (e.g., 128 K or A + 57), they may make

it a little more complicated to determine the whole sequence.
However, since the mass peak dMof the full-length
sequence does not contain any coding tag, the misleading
results (6, X4, X3, X) in the preceding steps by the decoding
strategy that only follows one choice (e.g., the mass
difference of 114, 128, 156, or 186 is identified as N, K, R,
or W, respectively) will no longer match M In these
circumstances, the other choice will reveal the correct
sequence.

To test the reliability of the encoded ladder-synthesis
method, we further sequenced 40 library beads by MALDI-
TOF MS upon cyanogen bromide cleavage. The compound
sequences of 37 beads were unambiguously identified. Only
three beads did not generate sufficient peaks for analysis, of
which one lost all signals, probably due to loss of the bead
while transferring. For the other two beads, we observed four
peaks each (losing the second peak according to the large
mass differences). However, the four peaks still enabled us
to identify the compound sequence because the pair of amino
acids that summed to the measured mass could be easily
identified, although the order of the two residues could not
be determined due to the loss of the second peak. Thus, the
overall MS-based sequencing success rate of over 92% has
demonstrated the reliability of the method.

Using the new ladder synthesis method described in this
Article, all ladder members inside the bead, as well as the
full-length library compound on the bead surface, will have
the cleavable linker (consisting of 2;@thylenedioxy-bis-
(ethylamine) monosuccinamide, 3-(4-bromopheri/la-
nine, arginine, and methionine). This long linker may some-
times have undesirable effects on biological screening.
Therefore, in some applications, one may want to link the
library compound to the bead surface directly via the amino

instead. Ten library beads were randomly isolated. Four of terminus of the PEG on TentaGel, that is, without the long
them were sliced into two pieces. The ladders on six intact cleavable linker. This can easily be achieved by first using
beads and four sliced bead pieces were released individuallthe PDA approach to deprotect the outermost layer of the
by cyanogen bromide for MALDI-TOF MS analysis. Figure Alloc bead (e.g., 10%), block the deprotected amino groups
7 illustrates two typical mass spectra of library beads (7a, with Fmoc, then deprotect all the remaining Alloc group with
coding tag observed; 7b, no coding tag observed). In Figure palladium. The cleavable linker can then be assembled on
7a, six distinct protonated peaks were detected:=\826, the entire bead interior and N-terminally protected with
M, = 883, My = 939, M, = 1010, My = 1111, and M = Alloc. Library synthesis can then proceed as described in
1224. Using the above decoding strategy, the full-length this report. Since the library compound on the bead surface
pentapeptide sequence was determined as L-1-A-T-L, which does not have a cleavable linker, it will never be released
was confirmed by microsequencing of the remaining piece and will not affect the MS analysis.
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Synthesis and Applications of Beads with Multiple molecule combinatorial libraries. Since TentaGel bead is fully
Concentric Layers. In 2002, Farrer et al. reported the use compatible with water and organic solvents, a biphasic
of a limiting amount of Fmoc-chloride and other protecting system can be set up so that the diffusion of the protecting
agents to sequentially generate TentaGel bead with multilayerreagent through the bead becomes even slower; as a result,
functionalities!” The method is based on the fact that the the thickness of each layer can be better controlled. However,
reaction rate of amino protection is significantly faster than to use the above differential protecting methods to generate
the diffusion rate of the protecting agent inside the bead. a large number of concentric layers on beads is problematic.
However, as indicated by the authors in the article, as the The PAD approach described in this report, however, is much
synthesis of each layer progresses, the production of eachmore robust, versatile, and easy to control. Unlike the
successive layer becomes more difficult. About the same previous methods described above, the PAD approach is
time, we introduced the biphasic approado prepare based on controlling the deprotection reaction rather than
multilayer beads and applied it to encode OBOC small- the protection reaction. As shown in Figure 3, the depro-
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tection reaction is slow when DCM is used as the solvent efficient and reliable. In addition, the PAD approach can be
for palladium. Therefore, the extent of deprotection, or expanded for diverse encoding applications because the
thickness of each layer, can be easily controlled with time Alloc-protected amino groups reserved in the bead interior
of exposure to palladium. In principle, beads with well- can be stepwise liberated in a desired percentage at any point
defined multi concentric layers of different fluorescent dyes of synthesis while the outer layer is assembled with library
(e.g., up to 10 layers) may be prepared with precision and compounds. In addition to using it to encode OBOC libraries,
used for optical encoding. The number of permutations gen-the PAD approach could also lead to the development of
erated by such optical encoding system can be enormousnovel optically encoded beads for multiplex immunodiag-
and it can greatly surpass the 00000 different dye com-  nostics or even information recordia).
binations afforded by the Luminex technoloylhese multi-
layer optically encoded beads can potentially be applied to  Acknowledgment. This work was supported by NIH
the development of multiplex immunodiagnostics. The chal- R33CA-86364, NIH R33CA-99136, RO1CA-098116, and
lenge would be to develop a detector (similar to a two-photon NSF CHE-0302122. We thank Dr. William Jewell and Dr.
fluorescent or confocal microscope) that can rapidly decode Young Jin Lee for skillful technical assistance in MALDL-
beads with multi concentric fluorescent layers. TOF-MS; and Dr. Jan Marik, Dr. Alan Lehman, Ms. Amanda
Enstrom, and Ms. Lauren Young Lee for editorial assistance.
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