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Screening of a bead-supported encoded library of unnatural polyamines against model polyanionic targets (1 and 2) demonstrated that a
combinatorial approach can highlight structural selectivity in multivalent ion pairing in aqueous solutions. This approach even provided
-NH-2AccR-6AhxR-Et, a highly target-selective triamine sequence that can discriminate between two trisulfonated dyes displaying subtle structural
differences.

Despite their ubiquity and their essential roles in living remains to be seen whether the fine structure of the
systems, only a small number of distinct polyamines exist interammonium spacers in polyamines can be tuned to
in nature}? Notable examples of these vital biomolecules optimize binding affinity and selectivity in multipoint ion
include putrescine, spermidine, and spermine. Polyaminespairing complexes in aqueous medfaNature provides
are protonated under physiological conditions and are thusrelatively few insights to address this question; the main
predisposed to form strong salt bridges. These cationic biogenic polyamines, made almost exclusively with 1,3-
molecules were shown to condense with the phosphatediaminopropyl and 1,4-diaminobutyl units, display little
groups of DNA and RNZA, with anionic oligosaccharide/s,  diversity in their sequence and length as compared to the
and with the carboxylate side chains of aspartate and
glutamate residues in polypeptidesnd protein$. Yet, it
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other natural biopolymers (peptides, nucleic acids, and solvents and thus are appropriate for screening against a

oligosaccharides). By way of multivalent ion pairing, we library of polyamines supported onto polystyrene-based

hypothesize that large combinatorial libraries of unnatural supports.

polyamines could reveal highly potent and selective ligands To access the library, our synthetic plan was centered on

for polyanionic biomolecules (Figure 1). As a first step a “library from library” approack whereby a split-pool
library of polyamide precursors is exhaustively reduced to

I | |  nolyamines using our borane-promoted procedure for pep-

tides supported onto a trityl linker (Figure )Library design

o S wm was based on optimizing structural diversity with a limited
2 . . . . .
anNH/\{"ﬁU\HJlFf"NTH‘ﬁJLHS'NTH but representative set of 14 amino acid building blocks
0 0 offering a variety of geometrical features (length and
Polyamide library flexibility) (Figure 3). Split-pool libraries of end-acetylated
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Figure 1. Synthesis and screening of bead-supported unnatural
polyamine libraries for multivalent ion pairing. Note: 1-RR3 4Acc 4Ame HOLC  NH
represent structurally diverse spacers. NH, 2Acc
HOZC—Q—/
4Amb

toward this g_oal,_ we _descnbe the first derr_lonstra_tlon O_f on- Figure 3. Set of structurally diverse amino acid building blocks
bead screening in mixed aqueous—organic media, using arfor the generation of polyamine libraries. Note: 2Acc is employed
encoded structural library of unnatural polyamines synthe- as racemate, 4Acc and 2Acc are exclusively, and 4Amc is
sized by a split-pool approaéh. exclusively oftrans configuration.

As a proof of principle our initial objective was to
synthesize and screen a relatively small prototypical library di- and tripeptides were assembled using Fmoc-amino acid
of polyamines against model polyanionic molecules. The coupling methods from a trityl bound dodecamine spéater.
trisulfonated dyed4 and2 were selected as examples of rigid Such a long spacer was selected in order to avoid steric
targets for multivalent ion pairing (Figure ®They are also  interference from the triphenyl moiety. The library was
reminescent of the polysulfated heparin oligosaccharides andencoded by termination synthesis whereby 10% of the
thus can serve as models for the eventual development ofcorrespondingN-acetyl or N-butyryl amino acids were
ligands and molecular sensors for these biologically impor- employed in each coupling stép.This method, which
tant carbohydrate’s.From a practical standpoint, these red- eventually allows unambiguous identification of the oligo-
colored dyes also provide a direct means of visually detecting
bead hits in the screening experiments. In addition, bemg (9) For reviews on “one bead-one molecule” libraries made by split-

rather amphiphilic, they are soluble in mixed aqueous organic pool synthesis, see: (a) Lam, K. M.; Lebl, M.; Krcna/. Chem. Reu.
1997,97, 411. (b) Still, W. CAcc. Chem. Re4.996,29, 155.

(10) For other examples on dye screening, see: (a) Lam, K. S.; Zhao,
Z.-G.; Wade, S.; Krchnak, V.; Lebl, MDrug Dev. Res1994,33, 157. (b)
Wennemers, H.; Still, W. CTetrahedron Lett1994,35, 6413.
(11) van Boeckel, C. A. A.; Petitou, MAngew. Chem., Int. Ed. Engl.
NAOLS ‘l 1993,32, 1671.
® O (12) Ostresh, J. M.; Husar, G. M.; Blondelle, S. E.; Dérner, B.; Weber,
NaG.S N oM P. A.; Houghten, R. AProc. Natl. Acad. Sci. U.S.A994,91, 11138.
3 i (13) (a) Manku, S.; Laplante, C.; Kopac, D.; Chan, T.; Hall, D.JG.
\©\N Ho O N O Org. Chem2001,66, 874. (b) Wang, F.; Manku, S.; Hall, D. Grg. Lett.
I NaOsS 2000,2, 1581.
N O (14) See details in Supporting Information. The final resin loading of
OO the polyamine libraries is relatively high (ca. 0.7 mmoflty Because of
NaO,$ SOsNa NaOs8 the hydrophobic nature of the polymer matrix it is possible that polyamine
) protonation is uniform mainly at the surface. This should not affect binding
1 SPADNS 2 New Cocaine selectivity. Similarly, the hindered tritylamine anchor is not expected to
interfere.
Figure 2. Model trisulfonated target$ and 2. (15) Youngquist, R. S.; Fuentes, G. R.; Lacey, M. P.; Keough).T.
Am. Chem. S0d 995,117, 3900.

32 Org. Lett.,, Vol. 4, No. 1, 2002



amines by electrospray mass spectrometry (ES-MS), can eve || N NG

distinguish between isobaric sequences by “ladder” deCOdingTable 1. Screening Results between Triamine Library and Dye

of truncatgd fragmept@. S _ Targetsl and2 Expressed in Residue Occurrence Per Position
Exhaustive reduction of the tripeptide library provided the

2744-member tetraamine library. The corresponding 196- dye
member library of triamines was also made. Over 20 beads 1 1 1 2 2
from the larger tetraamine library were picked at random in pH 7.0 7.0 55 7.0 55
order to test the validity of the synthetic approach and the additive® SP SP SP SP
encoding method. The beads were cleaved individually in no.of beads 30 26 23 40 31
microvials with 5% TFA/CHCI,, and the resulting material ~ Position® 1.2 1.2 1.2 12 1.2
was analyzed by LC-ES-MS. From these test runs and other 12Abo® 8,4 9.8 14,9 3.5 5,6
subsequent ones, decoding efficiencies in the®% range  8Ac” 1013 7,14 13 185 52
are routinely obtained (see examples in Supporting Informa- GANX® 25 3,0 1.1 96 73
: yAbUR 0.1 0,0 0,0 0,3 0,0
tion). BAlaR 11 1,2 01 13 0,0
TheN-ethyl-terminated triamine libraf+(CH,); NHCH,R'- GlyR 0,0 0,0 0,0 0,1 1,0
NHCH;R?>-NHCH,CHs} was employed for this study because LNvaR 0,0 0,0 0,2 0,1 01
the model sulfonated targets are triply anionic species. The DNva® 0,0 0,0 01 0.1 13
triamines are not quite symmetrical, the two end groups LPhe™ 0.0 0.0 02 01 0.0
i ) . . ~~ DPheR 0,0 0,0 2,0 01 0,2
presentmg slightly Q|fferent dggrees of size and hydrophoblc- 2ACCR 01 0.0 0.0 4.2 8.3
ity. Control experiments (with and without 0.1% Triton  gaccR 2.3 5.0 4.4 2.4 43
X-100) with the uncharged tripeptide library confirmed the 4AmcR 7.2 1,2 0,0 3,6 0,6
absence of nonspecific interactions between the dyes and4AmbF® 0,0 0.0 10 0.1 0.2
the polymer matrix. Thus the triamine library (3 mg, Most Frequent Residues?
approximately 1®beads), in a large stoichiometric excess, 8AocR  8Aoc®  12AboR  8Aoc®  12Abo®

was screened against 37481 dye 1 in 0.4 mL of 10% 12AboR  12AboR  4Acc®  BAhxR  2AccR
4AmcR 4AmcR  6AhxR

aqueous 50 mM TRIS-MES buffer (pH 7.0) in DMF. T\hefse 6AhXR 12AbOR  8AOCR
conditions provide a huge excess of water molecules vis-a 2AccR  4AccR
vis the target dYe; A pro.port|on o_f about SQO% of all aThe R superscript indicates a reduced amino acid residue. Each assay
beads became distinctly pink, of which approximately6S6 was repeated once and was shown reproduch®® = spermidine.
had a deeply red-colored appearance. Decoding results forf Positions 1 and 2 refer to the interammonium spacersRCHnd CHR?,
h - . respectively (Figure 1), originating from the reduced residues of Figure 3.

the darkest beads are shown in Table 1 as a function of singles see Supporting Information for full sequence results.
residue frequency with respect to their position within the
triamine backbone (R R?).

Out of 30 of the darkest beads picked under a microscopefeature of these results is the almost total absengA&R
(first column), most had triamines with either the long 12- andyAbuR, the respective 3- and 4-carbon interammonium
and 8-carbon interammonium spacers 12Abod 8A0& spacers found in the natural polyamines. The presence of
regardless of the position. For instance, some of the most1:1 binding stoichiometry in this system is assumed on the
recurrent sequences were 12&Aoc and 8Ao&-8AoR basis of a Job’s plot obtained from NMR titrati@performed
(found four times each). A small number of beads also had between model triamine MeCONH(GstNH-8A0c*-8Aoc*-
the relatively long but more rigid spacers 6/&rend 4Ac&. Et and dyel2° This allows a tentative rationalization of
The assay was repeated with 0.32 mM spermidine (secondsequence selectivity based on triply ion paired complexes
column) as a competitive ligand to minimize nonspecific involving a combination of electrostatic and hydrogen
ionic interactions and also at pH 5.5 (third column), a bonding interactions. Hydrophobic interactions do not seem
precautionary measure to ensure that even short triamineglominant since exposure of the same dye to the precursor
with the two-carbon interammonium spacers fraramino peptide library and to the triamine library in its neutral form
acids were largely protonatéd.Binding did not seem  (at pH 11) provided only faint beads. Except for rotation
affected, and the overall selectivity was conserfescreen- along theN-naphthyl bonds, the framework of dygsind2
ing of dye2 provided similar residue consensus (fourth and is almost entirely rigid. From inspecting hand-held models
fifth columns), however, reduced in 12Abt include more we have identified two reasonable planar conformers for each
6AhxR and also 2AcR as a frequent residue that was dye (Figure 4).
essentially absent from the screening of dyé\side from As shown for dyel, in both conformers A and B the
the remarkable degree of selectivity observed, an interestingsulfonate groups are relatively far apart. Thetasulfonates
of dye 2, however, are much closer spatially. The relative

(16) N-Butyryl derivatives ob-a-amino acids were employed in order
to distinguish them from the-enantiomer and also to distinguish 4Acc

from 2Acc by mass spectrometry. (19) Fielding, L.Tetrahedron2000,56, 6151.
(17) Bergeron, R. J.; Weimar, W. R.; Wu, Q.; Feng, Y.; McManis, J. S. (20) Performed in 20% ED in DMSO-ds using standard methods
J. Med. Chem1996, 39, 5257. described in ref 19 (see Supporting Information for more details). It should
(18) A notable exception is the lower occurrence of 8Aatlower pH. be noted that different binding stoichiometries may be possible on solid
Spermidine, with distant nitrogens spaced by 8 atoms, might be a more support as a result of the high local concentration of triamines within the
effective competitor of this spacer under these conditions. beads.
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Figure 4. Possible conformations of dye targetsand 2 with
indicated oxygen-to-oxygen distances (A) measured between remote

sulfonate oxygens.

positioning for the three sulfonate groupsdns identical

triamine as described above (pH 7.0, 50 mM MES-TRIS
H,O/DMF 1:9). The beads, which became red instanta-
neously, were rinsed several times with a 0.1 M DMF
solution of PhSENa and then with a 0.5 M solution in order

to elute off the bound dye. As shown in the HPLC

chromatogram of the final fraction (Figure 5), dgewas

1(2.5, 5.0 min) 2 (10.7 min)

12

Figure 5. HPLC chromatogram of a 1:1 mixture of dygsand?2
(A), and after elution of bound material from resin-supported
-(CHp)12-NH-2AccR-6AhxR-Et (B). Conditions: 5-20% (10 min)
acetonitrile in water containing 25 mM phosphate buffer (pH 7.0),

for both conformers. As a basis for guiding comparisons, UV detection at 350 nm. Note: dyk tends to elute under two
all indicated distances were measured between farthesforms using these conditions, although it is homogeneous by NMR.

oxygens of these groups on minimized structdt&imilarly,
internitrogen distances were calculated for the most frequent
residues in their extended conformation: 12RI§b6.6 A),
8A0CR (11.5 A), 6AhR, (8.9 A), 4Amc (7.2 A), 4AcB (5.4
A), and 2Ac& (4.5 A). This simple analysis accounts
especially well for the high preference for 8&0GAhxXR,
and 4Ac® in the case of both dyes and for 2A&cas a
shorter, geometrically suitable spacer for bridging rtieta
sulfonates in dye. The presence of 12ABas one of the
preferred residues, in particular with could be accounted
by two-point binding across farthest sulfonate groups.
Overall, the most favored dydriamine complexes appeared
to be tightly bound, as shown by tig value of 6400 M1
measured between model compound MeCONH{}gNH-
8A0CR-8A0C?-Et and dyel.1922

Most interestingly, the results of Table 1 should prove
useful in the context of designing target-selective triamine
ligands. This was demonstrated by the design of ZAcc
6AhxR, a sequence foreseen as a specific ligand for 2lye
after comparing triamine residue consensusifand 2,3
and from the measurement Bf values using MeCONH-
(CHy)s-NH-2AccR-6AhxR-Et as modell{, with dye1 = 1100
M™1 Ky with dye 2 = 2700 M1).1922 |In a “fishing-out”
experiment, a mixture of these two dyes (1:1 ratio) was
incubated with resin-bound -(GH>NH-2Acc?-6AhxR-Et

(21) Geometrical optimization was performed using the SYBYL force
field on MacSpartan Plus version 1.1.9 (Wavefunction Inc.).

(22) Performed in 20% ED in DMSO-ds. K, values were determined
using the 1:1 complexation model program developed by C. A. Hunter (see
Supporting Information for more details).

(23) See graphics in Abstract. Molecular docking of d¥yavith the
protonated EtNH-2AdE6AhXR-Et triamine, in a highly extended form,
showed a high level of overlay between thetasulfonates and the 2ABc
unit, with the 6-carbon interammonium spacer of 6Rheaching the
leftover sulfonate.
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detected with approximately 97% purity, thereby confirming
that highly target-selective polyamines can be designed from
a library approach. This result is particularly significant given
the subtle structural differences betwekeand2. All other
triamines tested, including 8ABBAOCR, were less efficient.

This work on bead-supported encoded libraries of un-
natural polyamines shows that a combinatorial approach,
even with a relatively small library of linear flexible
polyamines, can provide structural selectivity in multivalent
ion pairing in mixed aqueous—organic media and even turn
in target-selective ligands. We expect that the elaboration
of larger polyamine libraries on fully hydrophilic supports
will help in the discovery of ligands and sensors for
polyanionic biomolecules.
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