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Abstract: Here we describe the preparation of 25 beaded polystyrene—poly(ethylene glycol) graft
copolymers from six spectroscopically active styrene monomers: styrene, 2,5-dimethylstyrene, 4-methyl-
styrene, 2,4-dimethylstyrene, 4-tert-butylstyrene, and 3-methylstyrene. These polymers were thoroughly
characterized by Raman, infrared, and *H/*3C NMR spectroscopies, and differential scanning calorimetry.
Determination of the swelling properties, peptide synthesis, and on-bead streptavidin—alkaline phosphatase
(SAP) binding assay further established that their physical and chemical properties where not significantly
altered by the diversity of their encoded polystyrene core. Each of the 25 resins displayed a unique Raman
and infrared vibrational fingerprint, which was converted into a “spectroscopic barcode”. The position of
each bar matches the peak wavenumber in the corresponding spectrum but is independent of its intensity.
From this simplified representation similarity maps comparing 35 000 resin pairs were generated to establish
the spectroscopic barcoding as a reliable encoding methodology. In effect, in 99% of the cases, the highest
similarity coefficients were obtained for resin pairs prepared from the same styrene derivatives even after
SAP binding assay. We have also shown that a small but unique combination of a resin’s vibrations (30—
40%) is sufficient for its identification. However, in rare cases where a resin’s vibrational signature has
been severely compromised, both the Raman and infrared barcodes were synergistically and reliably utilized
to unequivocally identify its chemical make up.

Introduction coded, spatially resolved (resin-supported) chemical libraries.
The most recent application of this strategy is the diversity-
oriented synthesis (DOS) approach developed specifically for
the search and validation of novel chemical and therapeutic
targets®> Both TOS and DOS rely on similar theoretical and
experimental descriptors to effectively explore the diversity
space, structural complexity, and lead-like nature of the targeted
library 8

Combinatorial chemistfyconcepts are changing the way in
which academic research in many disciplines is conducted. The
essence of this field is the rational and informed selection of
diversity elements followed by their combinatorial association
within a predefined framework to generate a chemical library.
Two schools of thought emerged over the past few years
regarding library design and synthesis: the first favors parallel : .
synthesis and screening of relatively small target-oriented ® éagrlh'écfég?‘g_;KAﬁ%?df fgf_fel_r_'fol_ri””’ig?- Jééjvgﬂeghsmféoﬁ’g&griﬁ s
libraries. Conceptually, this strategy relies on retrosynthetic 9954-9967. (b) Nicolaou, K. C.; Winssinger, N.; Vourloumis, D.; Ohshima,

: ; ; : T.; Kim, S.; Pfefferkorn, J.; Xu, J.-Y.; Li, TJ. Am. Chem. S04998 120,
analy_SIS an_d co_nvennonal organic Synthés's g_e_‘ner"_ite a 10814-10826. (c) Nicolaou, K. C.; Pfefferkorn, J. A.; Roeker, A. J.; Cao,
chemical diversity space that targets a specific biological géé%.;(%?rﬁenlga, SK Mcltchgfll,ﬁH. IZ] AmJ. CAherg. ?oQOOQ 222M993h&” "

. . . . . . icolaou, K. C.; Pfefferkorn, J. A.; Barluenga, S.; Mitchell, H.
function or biochemical pathway_, a target-oriented synthe_5|s 3 Roeker, A. J.; Cao, G.-Q. Am. Chem. So@00Q 122, 9968-9976.
(TOS) approacRB.The second relies on the process of split- &e)é\hc%lao%, K.JCI._:;C Efeﬁegprlnz,o%qA%; zggglgegz F.(:f)R’\tlJ_eCll(er, AKJ.;C Cao,

L .-Q.; Casida, J. em. Biol. s . icolaou, K. C.;
pool synthesisto generate small or large, encoded or nonen- Winssinger, N.; Pastor, J.; Ninkovic, S.; Sarabla, F.; He, Y.; Vourloumis,

D.; Yang, Z.; Li, T.; Giannakakou, P.; Hamel, Bature 1997 387, 268—
272. (g) Wess, G.; Urmann, M.; Sickenberger Agew. Chem., Int. Ed.

T Current address: National Institute for Nanotechnology & Department 2001, 40, 3341-3350. (h) Burke, M. D.; Lalic, GChem. Biol.2002 9
of Chemistry, University of Alberta, ECERF: 9107-116 Street, Edmonton 535-541. (i) Hanessian, SVATO ASI Ser., Ser. E996 320 (Chemical
AB T6G 2V4, Canada. Synthesis)61-90. (j) Hijikuro, I.; Doi, T.; Takahashi, TJ. Am. Chem.

(1) See for instance: (a) Fenniri, H., EZombinatorial Chemistry: A Practical Soc.2001, 123 3716-3722. (k) Lee, A.; Huang, L.; Ellman, J. A. Am.
Approach Oxford University Press: Oxford, 2000. (b) Meldal, M.; Pirrung, Chem. Soc1999 121, 99079914,
M., Eds.Curr. Opin. Chem. Biol2002 6, special issue on combinatorial (4) (@) Furka, A; Hamaker, L. K.; Peterson, M. L. InCombinatorial

chemistry. (c) Joyce, G. F.; Still, W. C.; Chapman, KCurr. Opin. Chem.
Biol. 1997, 1, special issue on combinatorial chemistry. (d) DrewSclence
2000 287, 1960-1964. (e) Szostak, J. W., EGhem. Re. 1997, 97, 347—
510, special issue on combinatorial chemistry.

(2) (a) Corey, E. J.; Cheng, X.-NThe Logic of Chemical Synthesiohn Wiley
& Sons: New York, 1989. (b) Nicolaou, K. C.; Sorensen, EClassics in
Total SynthesisVCH: New York, 1996.
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Chemistry: A Practical ApproachFenniri, H., Ed.; Oxford University
Press: Oxford, 2000. (b) Lam, K. S.; Salmon, S. E.; Hersh, E. M.; Hruby,
V. J.; Kazmierski, W. M.; Knapp, R. Nature 1991, 354, 82—84. (c)
Houghten, R. A,; Pinilla, C.; Blondelle, S. E.; Appel, J. R.; Dooley, C. T.;
Cuervo, J. HNature1991, 354, 84—87. (d) Lam, K. S.; Lebl, M.; Krchnak,

V. Chem. Re. 1997, 97, 411—-448. (e) Furka, A.; Sebestyen, F.; Asgedom,
M.; Dibo, G. Int. J. Protein Res1991 37, 487—493.
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Figure 1. General synthetic strategy for the preparation of-PEG graft copolymers from spectroscopically distinguishable styrene monomers (inset).
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While TOS offers the advantage of screening individual, well- encoding, would be an ideal compromise. In this contribution
characterized compounds obtained in multimilligram quantities, we describe a key ingredient of such strategy.
it is somewhat limited by the size of the library that can be  we have recently reported on a new class of resins prepared
produced and processed in a given period of time and is confinedwith built-in infrared and Raman spectroscopic barcodes (Figure
to a limited diversity space due to its target-oriented nature. 1)28 This approach introduces a new paradigm in combinatorial
DOS on the other hand takes advantage of split-pool synthesischemistry, as the beads are no longer just carriers for solid-
on a polymeric support to dramatically reduce the synthetic phase synthesis but are in addition the repository of the synthetic
effort and give rise to small or large libraries in which each scheme to which they were subjected. In conjunction with a
compound is present in a relatively small quantityl(«mol/ directed sorting strateg¥at the single-bead lesl, automated
compound using macrobe&d3"’). This approach must rely  TOS and DOS of libraries in which each compound is assigned
on firmly established chemistry because the synthetic intermedi- a unique barcode at the outset of a split-pool synthesis is now
ates can be numerous, structurally complex, in small quantity, achievable. Because the loading, size, and the number of beads
and not amenable to routine purification and characterization representing a given compound-barcode could be varied almost
techniques. Thus, a cost-effective method that produces predeat will, the quantity of each synthetic intermediate and library
termined and sufficient quantities of well-characterized com- member could, as a result, be tuned to carry out routine
pounds, in a minimal number of synthetic steps, with a high spectroscopic characterizations at any stage of the library
level of diversity, and that eliminates the need for chemical synthesis and on-bead or solution-phase biological evaluation.

(5) (a) Schreiber, S. LScience200Q 287, 1964-1969. (b) Mayer, T. U.;
Kapoor, T. M.; Haggarty, S. J.; King, R. W.; Schreiber, S. L.; Mitchison,
T. J. Sciencel999 286, 971-974. (c) Kuruvilla, F. G.; Shamji, A. F,;
Sternson, S. M.; Hergenrother, P. J.; Schreiber, S\Nature 2002 416,
653-657. (d) Kubota, H.; Lim, J.; Depew, K. M.; Schreiber, S.Ghem.
Biol. 2002 9, 265-276. (e) Spring, D. R.; Krishnan, S.; Blackwell, H. E.;
Schreiber, S. LJ. Am. Chem. So@002 124, 1354-1363. (f) Micalizio,

G. C.; Schreiber, S. LAngew. Chem., Int. EQR002 41, 152-154. (g)

Blackwell, H. E.; Perez, L.; Stavenger, R. A.; Tallarico, J. A.; Eatough, E.

C.; Foley, M. A.; Schreiber, S. LChem. Biol.2001, 8, 11671182. (h)
Clemons, P. A.; Koehler, A. N.; Wagner, B. K.; Sprigings, T. G.; Spring,
D. R.; King, R. W.; Schreiber, S. L.; Foley, M. Ahem. Biol.200], 8,
1183-1195. (i) Stavenger, R. A.; Schreiber, S.Angew. Chem., Int. Ed.
2001, 40, 3417-3421. (j) Blackwell, H. E.; Perez, L.; Schreiber, S. L.
Angew. Chem., Int. EQ001, 40, 3421-3425. (k) Sternson, S. M.; Louca,
J. B.; Wong, J. C.; Schreiber, S. 1. Am. Chem. So@001, 123 1740~
1747. (1) Tallarico, J. A.; Depew, K. M.; Pelish, H. E.; Westwood, N. J.;
Lindslay, C. W.; Shair, M. D.; Schreiber, S. L.; Foley, M. A. Comb.
Chem.2001, 3, 312-318. (m) Spring, D.; Krishnan, S.; Schreiber, SJL.
Am. Chem. So00Q 122, 5656-5657. (n) Komarov, P. G.; Komarova,
E. A.; Kondratov, R. V.; Christov-Tselkov, K.; Coon, J. S.; Chernov, M.
V.; Gudkov, A. V.Sciencel999 285 1733-1737. (0) Chibale, KIUBMB
Life 2002 53, 249-252. (p) Arya, P.; Joseph, R.; Chou, D. T. Ghem.
Biol. 2002 9, 145-156. (q) Itami, K.; Nokami, T.; Ishimura, Y.; Mitsudo,
K.; Kamei, T.; Yoshida, JJ. Am. Chem. So@001, 123 11577-11585.

(r) Pelish, H. E.; Westwood, N. J.; Feng, Y.; Kirchhausen, T.; Shair, M.

D. J. Am. Chem. So@001, 123 6740-6741.

(6) (a) Martin, E. J.; Critchlow, R. E]J. Comb. Chem1999 1, 32—45. (b)

Ghose, A. K.; Viswanadhan, V. N.; Wendoloski, JJJComb. Chen1999

1, 55-68. (c) Blaney, J. M.; Martin, E. Lurr. Opin. Chem. Biol1997,

1, 54-59. (d) Oprea, T. |1J. Comput.-Aided Mol. De00Q 14, 251—
264. (e) Fecik, R. A.; Frank, K. E.; Gentry, E. J.; Menon, S. R.; Mitcher,
L. A.,; Telikepalli, H. Med. Res. Re 1998 18, 149-185. (f) Lipinski, C.

A.; Lombardo, F.; Dominy, B. W.; Feeney, P.Aldv. Drug. Delivery Re.
1997 23, 3—25. (g) Teague, S. J.; Davis, A. M.; Leeson, P. D.; Oprea, T.
Angew. Chem., Int. EAL999 38, 3743-3748. (h) Hann, M. M.; Leach,
A. R.; Harper, GJ. Chem. Inf. Comput. S&001, 41, 856-864. (i) Oprea,

T. l.; Davis, A. M.; Teague, S. J.; Leeson, P.DChem. Inf. Comput. Sci.
2001, 41, 1308-1315. (j) Lipinski, C. A.; Lombardo, F.; Dominy, B. W.;
Feeney, P. JAdv. Drug Delivery Re. 1997 23, 3—25. (k) Sheridan, R.
P.; Kearsley, R. KJ. Chem. Inf. Comput. Sci995 35, 310-320. (I)
Cramer, R. D.; Clark, R. D.; Patterson, D. E.; Ferguson, A.JMMed.
Chem.1996 39, 3060-3069. (m) Henkel, T.; Brunne, R. M.; Mer, H.;
Reichel, F.Angew. Chem., Int. EA.999 38, 643-647. (n) Sadowski, J.;
Wagener, M.; Gasteiger, Angew. Chem., Int. Ed. Endl995 34, 2674~
2677. (0) Patterson, D. E.; Cramer, R. D.; Ferguson, A. M.; Clark, R. D.;
Weinberger, L. EJ. Med. Chem1996 39, 3049-3059. (p) Ghose, A. K.;
Viswanadhan, V. N.; Wendoloski, J.J.Phys. Chem. A998 102, 3762
3772. (q) Oprea, T. |.; Gottfries, J. Comb. Chen001, 3, 157-166. (r)
Oprea, T. I.Curr. Opin. Chem. Biol2002 6, 384—389.

(7) Rapp, W. E. InCombinatorial ChemistryWilson, S. R., Czarnik, A. W.,

Eds.; Wiley: New York, 1997; pp 6593.

(8) Fenniri, H.; Ding, L.; Ribbe, A. E.; Zyrianov, Yl. Am. Chem. So2001,

123 8151-8152.

J. AM. CHEM. SOC. = VOL. 125, NO. 35, 2003 10547



ARTICLES Fenniri et al.

Such a strategy engenders two challenges: (a) The repertoirgesulting in further cross-linking and decrease of the resin
of usable barcoded resins must be expanded, and (b) a rapidoading. Alternatively, PEG chains can be attached via amide
barcode-reading and bead-sorting device must be designed. Thi®r urethane bonds to aminomethy! copoly(styrene-1% divinyl-
contribution addresses a key aspect of the latter problem. Tobenzene}?221A “PEG environment?lik can also be generated
sort the barcoded beads we opted to take advantage of flowby partially functionalizing the aminomethyl groups with
cytometeryt® Standard flow cytometry, however, was optimized monomethoxypoly(ethylene glycol) chains. Although the result-
for particles flowing in a stream of water or buffered solution ing resins are suitable for solid-phase peptide synthesis, the
and would, as a result, require BCRs (BarCoded Resins) thatamide (or urethane) linkage connecting the PEG to the PS matrix
are compatible with such media. To address the water- is relatively labile under strongly acidic/basic conditions utilized
compatibility issue and at the same time offer the opportunity in solid-phase organic synthesis.
for on-bead and in-flow biological assays,here we: (a) report Among the reported methods for the preparation of PEGylated
the preparation of 25 spectroscopically encodedPEG graft resinst2-21we have chosen Bayer and Rapp’s original approach
copolymers, (b) discuss key physical properties of these resins,because it minimizes resin processiigrhus, styrene, 2,5-

(c) validate their utility by the synthesis of a test hexapapetide
and its on-bead binding assay to streptaviciitkaline phos-

phatase (SAP) conjugate, (d) establish that the barcodes are not

altered by the loaded material (band shift/overlap) even after
SAP binding assay, (e) show that potential differences in the

physical and chemical properties of the BCRs generated from
a range of styrene monomers do not adversely affect the SAP
binding assay, and (f) demonstrate that despite the low amount

of encoding material (in comparison with the previous genera-
tion of BCRs} the barcodes remain reliable.

Results

Preparation of BCR, BCR—TEG, and BCR—PEG. PEG-
based resins are well-documented in the literat¢mr® and most

of them are amenable to spectroscopic barcoding because of

their polystyrene contedt 17 Direct attachment of dihydroxyl
PEG to chloromethylated Merrifield resin via Williamson
coupling is possiblé4a.p.20pyt it is inefficient with long-chain
PEGs ¢800 D); moreover, the PEG reacts partially at two sites,

(9) (a) Nicolaou, K. C.; Xiao, X.-Y.; Parandoosh, Z.; Senyei, A.; Nova, M. P.
Angew. Chem., Int. Ed. Engl995 34, 2289-2291. (b) Nicolaou, K. C.;
Vourloumis, D.; Li, T.; Pastor, J.; Winssinger, N.; He, Y.; Ninkovic, S.;
Sarabia, F.; Vallberg, H.; Roschangar, F.; King, N. P.; Finlay, M. R. V.;
Giannakakou, P.; Verdier-Pinard, P.; Hamel, Ahgew. Chem., Int. Ed.
Engl. 1997 36, 2097-2103. (c) Xiao, X.-Y.; Li, R.; Zhuang, H.; Ewing,
B.; Karunaratne, K.; Lillig, J.; Brown, R.; Nicolaou, K. @iotechnol.
Bioeng. (Combinatorial Chemistry00Q 71, 44—50. (d) Moran, E. J.;
Sarshar, S.; Cargill, J. F.; Shahbaz, M. J. M.; Lio, A.; Mjalli, A. M;
Armstrong, R. W.J. Am. Chem. Sod995 117, 10787-10788. (e) Herpin,

T. F.; Van Kirk, K. G.; Salvino, J. M.; Yu, S. T.; Labaudiniere, R. F.
Comb. Chem200Q 2, 513-521. (f) Shi, S.; Xiao, X.-Y.; Czarnik, A. W.
Biotechnol. Bioengl998 61, 7—12. (g) Service, R. FSciencel995 270,
577. (h) Czarnik, T.; Nova, MChem. Br.1997, 33, 39—41. (i) Miller, K.
Scientist2002 16, 52. (j) Xiao, X.-Y.; Nova, M. P. InCombinatorial
Chemistry Wilson, S. R., Czarnik, A. W., Eds.; Wiley: New York, 1997;
pp 135-152. (k) Andres, C. J.; Swann, R. T.; Severino, J.; Granat-Young,
K.; Edinger, K.; Mongillo, J.; Deshpande, M. Biotechnol. Bioengl998

61, 93-94.

(10) (a) Trau, M.; Battersby, B. Adv. Mater.2001, 13, 975-979. (b) Battersby,

B. J.; Lawrie, G. A.; Trau, MDrug Discavery Today2001, 6 (HTS Suppl,)
19-26.

(11) (a) Ormerod, M. G., EdFlow Cytometry: A Practical ApproagtOxford
University Press: New York, 2000. (b) Keren, D. F., McCoy, J. P., Jr.,
Carey, J. L., EdsFlow Cytometry in Clinical DiagnosjsASCP Press:
Chicago, 2001. (c) Rudbruch, A., EBlow Cytometry and Cell Sorting
Springer: New York, 2000.

(12) (a) Miranda, L. P.; Lubell, W. D.; Halkes, K. M.; Groth, T.; Gratli, M.;
Rademann, G.; Gotfredsen, C. H.; Meldal, 81.Comb. Chem2002 4,
523-529. (b) Rademann, J.; Gratli, M.; Meldal, M.; Bock, K.Am. Chem.
So0c.1999 121, 5459-5466. (c) Renil, M.; Meldal, MTetrahedron Lett.
1996 37, 6185-6188. (d) Buchardt, J.; Meldal, M.etrahedron Lett1998
39, 8695-8698. (e) Gratli, M.; Rademann, J.; Groth, T.; Lubell, W. D;
Miranda, L. P.; Meldal, MJ. Comb. Chem2001, 3, 28-33. (f) Gratli,

M.; Gotfredsen, C. H.; Rademann, J.; Buchardt, J.; Clark, A. J.; Duus, J.
@.; Meldal, M.J. Comb. Chem200Q 2, 108-119.

(13) (a) Renil, M.; Pillai, V. N. RTetrahedron Lett1994 35, 3809-3812. (b)

Renil, M.; Nagaraj, R.; Pillai, V. N. RTetrahedrornl994 50, 6681—-6688.
(c) Roice, M.; Kumar, K. S.; Pillai, V. N. RMacromoleculesl999 32,
8807-8815. (d) Varkey, J. T.; Pillai, V. N. Rl. Pept. Sci1999 5, 577—
581. (e) Varkey, J. T.; Pillai, V. N. Rl. Appl. Polym. Scil999 71, 1933-
19309. (f) Varkey, J. T.; Pillai, V. N. RJ. Pept. Res1998 51, 4954,
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Peptides: Structure and Functiphiruby, V. J., Rich, D. H., Eds.; Pierce
Chemical Company: Rockford, lllinois, 1983; p 890. (b) Bayer, E.;
Rapp, W. InChemistry of Peptides and Protejnigoelter, W., Bayer, E.,
Ovchinnikov, Y. A,, lvanov, V. |., Eds.; Walter de Gruyter: Berlin, 1986;
Vol. 3, pp 3-8. (c) Rapp, W.; Zhang, L.; Bayer, E. Bolid-Phase Synthesis
Epton R., Ed.; SPCC (U.K.) Ltd.: Birmingham, U.K., 1990; p 205. (d)
Rapp, W. In Combinatorial Peptide and Non-Peptide Libraries: A
Handbook Jung, G., Ed.; John Wiley & Sons: New York, 1998; pp 425
464. (e) Bayer, E.; Rapp, W. IiPoly(Ethylene Glycol) Chemistry:
Biotechnical and Biomedical Applicationsiarris, J. M., Ed.; Plenum
Press: New York, 1992; pp 32845. (f) Bayer, E.; Dengler, M.; Hemmasi,
B. Int. J. Pept. Protein Red.985 25, 178-186. (g) Bayer, E.; Hellstern,
H.; Eckstein, HZ. Naturforsch1987, 42, 455-460. (h) Rapp, W.; Zhang,
L.; Habich, R.; Bayer, E. IPeptides 1988Jung, G., Bayer, E., Eds; Walter
de Gruyter: Berlin, 1989; p 199. (i) Bayer, Bngew. Chem., Int. Ed. Engl.
1991, 30, 113-129.

(15) (a) Itsuno, S.; Moue, I.; Ito, KPolym. Bull. 1989 21, 365-370. (b)

Kamabhori, K.; Ito, K.; Itsuno, SJ. Org. Chem1996 61, 8321-8324. (c)

Hird, N.; Hughes, I.; Hunter, D.; Morrison, M. G. J. T.; Sherrington, D.

C.; Stevenson, LTetrahedron1999 55, 9575-9584. (d) Wilson, M. E.;

Paech, K.; Zhou, W.-J.; Kurth, M. J. Org. Chem1998 63, 5094-5099.

(16) (a) Moss, J. A.; Dickerson, T. J.; Janda, K. Tetrahedron Lett2001, 43,
37—-40. (b) Toy, P. H.; Reger, T. S.; Garibay, P.; Garno, J. C.; Malikayil,
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Chimomura, O.; Clapham, B.; Spanka, C.; Mahajan, S.; Janda, K. D.
Comb. Chem2002 4, 436-441.

(17) (a) Porco, J. A., Jr.; Deegan, T. L.; Devonport, W.; Gooding, O. W.; Heisler,
K.; Labadie, J. W.; Newcomb, B.; Nguyen, C.; van Eikeren, P.; Wong, J.;
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38, 8465-8468.

(18) (a) Renil, M.; Ferreras, M.; Delaisse, J. M.; Foged, N. T.; Meldal JM.
Pept. Sci.1998 4, 195-210. (b) Meldal, M.Tetrahedron Lett1992 33,
3077-3080. (c) Auzanneau, F.-I.; Meldal, M.; Bock, B. Pept. Sci1995
1, 31-44. (d) Meldal, M.; Auzanneau, F.-1.; Hindsgaul, O.; Palcic, M. M.
Chem. Commurl994 1849-1850. (e) Renil, M.; Meldal, MTetrahedron
Lett. 1995 36, 4647-4650.

(19) (a) Barany, G.; Albericio, F.; Kates, S. A.; Kempe, M.Roly(Ethylene
Glycol): Chemistry and Biological Applicationsiarris, J. M., Zalipsky,
S., Eds.; American Chemical Society: Washington, DC, 1997; pp-239
264. (b) Kempe, M.; Barany, GI. Am. Chem. Socdl996 118 7083—
7093. (c) Kempe, M.; Barany, G. IReptides: Chemistry, Structure and
Biology, Proceedings of the Fourteenth American Peptide Symppsium
Kaumaya, P. T. P., Hodges, R. S., Eds.; Mayflower Scientific Ltd.:
Kingswinford, England, 1996; pp 86866. (d) Kempe, M.; Barany, G.
In Innovations and Perspeates in Solid-Phase Synthesis and Combina-
torial Chemical Libraries Epton, R., Ed.; Mayflower Worldwide Ltd.:
Birmingham, England, 1995; pp 19194.

(20) (a) Inman, J. K.; Du Bois, G. C.; Appella, b Solid-Phase Methods in
Protein Sequence Analysis, Proceeding of the Second International
Conference on Solid-Phase Methods and Protein Sequence Analysis
Previero, A., Coletti-Previero, M. A., Eds.; North-Holland Publishing
Company: Amsterdam, The Netherlands, 1977; pp®4 (b) Regen, S.
L.; Dulak, L. J. Am. Chem. S0d.977, 99, 623-625.(c) Warshawski, A.;
Kalir, R.; Deshe, A.; Berkovitz, H.; Patchornik, 8. Am. Chem. So¢979
101, 4249-4258. (d) Heffernan, J. G.; MacKenzie, W. M.; Sherrington,
D. C.J. Chem. Soc., Perkin Trank981, 2, 514-517. (e) Becker, H.; Lucas,
H.-W.; Maul, J.; Pillai, V. N. R.; Anzinger, H.; Mutter, MMakromol.
Chem., Rapid Commut982 3, 217-223. (f) Hellerman, H.; Lucas, H.-
W.; Maul, J.; Pillai, V. N. R.; Mutter, M.Makromol. Chem1983 184,
2603-2617. (g) Tsuchida, E.; Nishide, H.; Shimidazu, M.; Yamada, A;
Keneko, M.Makromol. Chem., Rapid Commut981, 2, 621-626.
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dimethylsytrene, 4-methylstyrene, 2,4-dimethylstyreneert-
butylstyrene, and 3-methylstyrene were used to prepare lightly
cross-linked (1%) Merrifield-like BCRs following a standard
suspension polymerization process (Figur&2)These mono-
mers were selected on the basis of their relative chemical
inertness, commercial availability and cost, unique IR and
Raman spectral features, and their amenability to react in high
yield (>95%) in a standard suspension polymerization reaction.
This choice was also motivated by the necessity to maintain
the same chemical robustness as Merrifield resins and yet
incorporate subtle changes that significantly alter the spectro-
scopic properties of the resulting (co-)polymers. 1,4-Divinyl-
benzene (1.3%) was used as a cross-linking agent, and 4-chlo
romethylstyrene was introduced as an attachment point for the
PEG gratft.

The resulting barcoded polystyrene beads were then treated

with excess tetraethylene glycol under basic conditions to yield
the corresponding hydroxylated BEREG 14abResidual chlo-
ride titration ruled out the presence of unreacted chloromethyl
groups?® Anionic polymerization of ethylene oxide on BGR
TEG was then carried out to produce the PEGylated BCRs
(BCR—PEG). Anionic polymerization proceeds at higher rate
when the propagating anionic species exist as free ions in
solution. Therefore, a polar nonprotic solvent (THF) and a
weakly coordinating counterion (K were chosen to reduce the
ion-pairing effect. Minimal ion-pairing leads to facile proton
exchange between initiation and polymer growth sites. This
equilibrium-controlled polymerization leads to nearly equivalent
chain growth from every initiation sit®24To activate the
BCR—TEG resins toward anionic polymerization and improve

Table 1. TEG and PEG Vibration Modes in BCR—TEG and
BCR—PEG Resins (£3 cm~1), Respectively

IR d Raman d vibration mode®
~350¢ s v(OH)
~2900*° s v(CH)
2742 w v(CH)
2696 w v(CH)
196% w summation band
1480 s 04(CHy), »(CC)
1466 m 1468 w  0sCHy), »(CC)
1461 w 02(CHy)
1454 w 04(CHy)
1448 w 1448 w  04(CHy)
141% w ws(CHy)
136Q¢ w wa(CHp)
1342w ®4(CHy)
1278 m 1279 s &(CHy), to(CHy)
246 m t(CHy)
1233 m  t(CHy), wa(CH,), ta(CHy), t(CH>)
1147 s 1140 s r{CHy), v4(COC)
1126 m  r{CHy), »{(COC)
1109° s 1(COC),v4(COC),v4(COC), 5(CHy)
1062 m  ¥(CC),v{COC),1(CC), (CHy)
~950° s r{(CHy), v(COC),»(CC), v(COC)
_ 858 s  »{COC), KCHy)
844 m 843 s r4(CHy), v,(COC)
580 w
~530 w 537 m  04CCO),0(COC),54(CCO), K(CHy)
509 w 04(CCO), 5(CHy)
360 s 0(COC),04CCO)
275 s 04(CCO),6(COC)

aThese vibrations were recorded for BEREG and BCR-PEG.P The
underlined vibrations are intensified in BEREGZ’ ¢ Although these
vibrations are known for PEG, they were not observed in BCEG and
BCR—PEG spectra. Furthermore, several vibrations arising from the TEG
and PEG grafts are not listed here because they do not occur regularly (see
underlined values in Tables 5 and 6 in the Supporting Information section).

the reaction rate between the base and the buried hydroxyl sites s, strong:m, medium;w, weak.® d,, deformationy, stretch:o, wagging;

we have chosen a relatively hydrophobic base (potassium
naphthalide) instead of the previously reported metallic potas-
sium* and tBuOK!” Under these conditions the propagating
center, potassium alkoxide, was rapidly generated, and the
polymerization proceeded 2 h instead of the 2448 h reported
with metallic potassiudt and tBuOK!’” Furthermore, linear

(21) (a) Zalipsky, S.; Chang, J. L.; Albericio, F.; Barany R&act. Polym1994
22, 243-258. (b) Zalipsky, S.; Albericio, F.; Barany, G. IReptides,
Structure and FunctionHruby, V. J., Rich, D. H., Eds.; Pierce Chemical
Company: Rockford, IL, 1983; pp 257260. (c) Zalipsky, S.; Albericio,
F.; Barany, G. IrPeptides, Structure and FunctipDeber, C. M., Hruby,
V. J., Kopple, K. D., Eds.; Pierce Chemical Company: Rockford, IL, 1985;
pp 257-260. (d) Barany, G.; Albericio, F.; SQI&N. A.; Griffin, G. W.;
Kates, S. A.; Hudson, D. IfPeptides Schneider, C. H., Eberle, A. N.,
Eds.; Escom Science Publishers: Leiden, The Netherlands, 1992; pp 267
268. (e) Kates, S. A.; McGuinness, B. F.; Blackburn, C.; Griffin, G. W.;
Sole N. A.; Barany, G.; Albericio, FBiopolymers (Peptide SciencE)98
47, 365-380. (f) McGuiness, B. F.; Kates, S. A.; Griffin, G. W.; Herman,
L. W.; Solg N. A.; Vagner, J.; Albericio, F.; Barany, G. l®eptide
Chemistry, Structure and Biology: Proceedings of the Fourteenth American
Peptide SymposiunKaumaya, P. T. P., Hodges, R. S., Eds.; Mayflower
Scientific Ltd.: Kingswinford, England, 1996; pp 12826. (g) Barany,
G.; Albericio, F.; Biancalana, S.; Bontems, S. L.; Chang, J. L.; Eritja, R.,
Ferrer, M.; Fields, C. G.; Fields, G. B. Peptide Chemistry and Biology:

t, twisting; r, rocking. Subscripts “a” and “s” refer to asymmetric and
symmetric modes, respectively.

PEG, a side product of anionic polymerization of ethylene oxide
in the presence of tBuOK, elimination reactions, and potential
degradation of the PEG chain were minimiZ&eit24Although

the benzyl ether bond connecting the PEG to the PS backbone
is relatively labile under strongly acidic conditions, a phenetyl
ethef® or aliphatid217linkage could be introduced to overcome
this drawback.

Except for the disappearance of the chloromethyl vibration
at 1265 cn?, no significant changes were recorded by Raman
upon attachment of the TEG spacer. The IR spectra of BCR
TEG showed the disappearance of the 700£@Cl streching
and the 1266 cmt CH,Cl wagging, and the appearance of new
(or stronger) bands at3460 (OH stretch);~2900, 1342, and
1109 cnt! due to TEG spacer (see Table 1 for assignments).
The vibration at 1721 cri ascribed to carbonyl groups in BCR
disappeared upon grafting the TEG spacer. This functional group

Proceedings of the Twelfth American Peptide Sympas&mmith, J. A.,
Rivier, J. E., Eds.; Escom Science Publishers: Leiden, The Netherlands,
1992; pp 603-604. (h) Albericio, F.; Bacardit, J.; Barany, G.; Coull, J.
M.; Egholm, M.; Giralt, E.; Griffin, G. W.; Kates, S. A.; NictdaE.; Sole

N. A. In Peptides 1994, Proceedings of the Twenty-Third European Peptide
SymposiumMaia, H. L. S., Ed., ESCOM Science Publishers: Leiden, The
Netherlands, 1995; pp 27R72. (i) Ferrer, M.; Woodward, C.; Barany,

G. Int. J. Pept. Protein Red.992 40, 194-207. (j) Barany, G.; SoleN.

A.; Van Abel, R. J.; Albericio, F.; Selsted, M. E. Imnovation and
Perspecties in Solid-Phase Syntheskspton, R., Ed.; Intercept Limited:
Andover, UK, 1992; pp 2938. (k) Adams, J. H.; Cook, R. M.; Hudson,
D.; Jammalamadaka, V.; Lyttle, M. H.; Songster, M. JF.Org. Chem.
1998 63, 3706-3716.

(22) (a) Arshady, R.; Ledwith, AReact. Polym1983 1, 159-174. (b) Arshady,
R.,Makromol. Chem1989 189, 1295-1303. (c) Yu, Z.; Bradley, MCurr.
Opin. Chem. Biol2002 6, 347—-352.

(23) See Supporting Information for experimental details.

(24) (a) Malkemus, J. DJ. Am. Oil Chem. Sod956 33, 571. (b) Inman, J.
K.; Du Bois, G. C.; Apella, E. IrSolid-Phase Methods in Protein Sequence
Analysis Proceedings of the Second Annual Conference; North-Holland
Publishing: Amsterdam, 1977; pp 891. (c) Harris, J. M.; Sedaghat-
Herati, M. R.; Sather, P. J.; Brooks, D. E.; Fyles, T. M. Synthesis of Poly-
(Ethylene Glycol) Derivatives. IiRoly(Ethylene Glycol) Chemistry: Bio-
technical and Biomedical Applicationblarris, J. M., Ed.; Plenum Press:
New York, 1992; pp 374381. (d) Price, C. C.; Carmelite, D. D. Am.
Chem. Soc1966 88, 4039-4044. (e) Rapp, W.; Bayer, E. Innovation
and Perspecties in Solid-Phase Synthesis and Related Technologies:
Peptides, Polypeptides and OligonucleotidEpton, R., Ed.; Intercept:
Andover, 1992; pp 259266. (f) Gee, G.; Higginson, W. C. E.; Livesley,
P.; Taylor, K. JJ. Chem. Soc1959 1338-1344. (g) Gee, G.; Higginson,
W. C. E.; Livesley, P.; Taylor, K. JJ. Chem. Soc1959 1345-1352.

(25) Park, B. D.; Lee, H. I.; Ryoo, S. J.; Lee, Y. Betrahedron Lett1997, 38,
591-594.
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Table 2. Binary Codes, Composition, Loading, PEG Content, and
Peptide Synthesis Yield

resin loading
(mmolig) PEG graft AFGHPQ
binary code  composition®  [-Cl]”  [-OH]®  wt¢  Ll®  L2"  yield (%)?
100000 A 0.89 0.25 72 67 60 96.0
110001 A/B/IF 1.00 0.33 67 47 44 111
100011 A/EIF 0.90 0.42 53 29 32 98.1
010011 B/E/F 0.99 0.45 54 28 26 87.5
110010 A/B/IE 0.87 0.31 64 50 47 97.9
011001 B/C/F 0.90 0.26 71 63 60 101
010001 B/F 0.91 0.23 74 73 81 92.2
100010 AIE 1.03 0.32 68 49 54 98.9
101001 AICIF 1.03 0.36 65 42 42 105
001000 C 0.91 0.31 66 50 51 108
001001 C/IF 0.99 0.38 62 38 39 82.4
001010 CIE 0.88 0.31 62 44 23 125
101000 AIC 1.01 0.38 62 38 33 97.8
011000 B/C 0.93 0.35 63 42 38 109
011010 B/CIE 0.92 0.37 60 37 30 81
100001 AlF 1.00 0.35 65 44 4 101
001011 CIE/IF 0.92 0.28 70 58 50 82.4
100100 A/ID 1.14 0.31 73 55 50 100
010010 B/E 0.86 0.40 53 31 27 98.3
101010 AIC/IE 1.00 0.34 65 49 50 84.6
000011 E/F 0.89 0.26 71 64 62 99.0
010000 B 0.96 0.25 74 68 72 96.2
111000 A/B/IC 0.99 0.37 62 39 37 111
110000 A/B 1.07 0.36 64 42 39 94.2
000001 F 1.06 0.42 61 33 29 106
average: 0.96 0.34 65 47 47 98.5

aA = styrene, B= 2,5 dimethylstyrene, G= 4-methylstyrene, D=
2,4-dimethylstyrene, E= 4-tert-butylstyrene, F= 3-methylstyrene, CMS
= 4-chloromethylstyrene, DVB= 1,4-divinylbenzene? Resin loading
determined by titration of the chloride content prior to TEG/PEG grafting.
¢Loading obtained by attaching Fmoc-Phe to BEHEG followed by
titration of the fulvene-piperidine adduct released upon treatment with 20%
piperidine/DMF23 The same titration experiment was carried out with Fmoc-
Gly, and the results were withi#t5% (data not showny PEG content in
% weight after epoxide polymerization, determined from the ratio of the
loading (mmol/g) before and after PEG grafting or gravimetrically from
the weight gain after PEG grafting (final hydroxyl loadirgnitial loading
x [initial weight/final weight]).® Length of the PEG graft in number of
ethylene oxide units obtained from the resin loading and PEG content.
fLength of the PEG graft in number of ethylene oxide units derived from
1H NMR data.9 Yield of hexapeptide synthesis obtained from the fulvene
piperidine adduct metho#.

results most likely from the polymerization initiator, benzoyl
peroxide?® Upon grafting of the PEG chain several new IR and
Raman vibrations were recorded, while others were enhanced
(Table 1).

Loading and PEG Content. The chloromethyl styrene
contents of the parent BCRs were adjusted-tb mmol/g so
that upon grafting of the PEG chain the weight gain would
reduce the resin loading t00.3 mmol/g. Chloromethylstyrene
incorporation (hence the loading of the BCRs) was titrated using
a chloride ion-selective electrod&The hydroxyl content of
BCR—PEG was determined after coupling with Fmoc-Phe and
Fmoc-Gly followed by spectrophotometric titration of the
fulvene—piperidine adduct generated upon treatment of the resin
with 20% piperidine/DMF22 On the basis of the loading before
and after PEGylation the average PEG content and its length
in the BCR-PEG resins were determined to 865% w/w and
~47 ethylene oxide units, respectively (Table?®).

Swelling Properties.The swelling properties of BCR, BCR
TEG, and BCR-PEG were determined by using the syringe

(26) (a) Moad, G.; Solomon, D. H.; Willing, R. HMacromolecules988 21,
855-857. (b) Moad, G.; Solomon, D. H.; Johns, S. R.; Willing, R. H.
Macromoleculesl982 15, 1188-1191.
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method?® BCR and BCR-TEG displayed swelling properties
similar to those of Merrifield resins, except in DMF where the
swelling properties of BCRTEG were significantly enhanced.
BCR—PEG displayed enhanced and broad swelling properties
including those in methanol and water (Figure 2).

Magic Angle Spinning?® 'H NMR and Gel Phasé*/i2913C
NMR Experiments. All the 'H NMR spectra were recorded at
298.15 K (uncorrected) with a spin rate of 3 kHz at the magic
angle on a Varian Infinity CMX 400 solid-state spectrometer
equipped wih a 5 mmIH/X/Y triple resonance MAS probe.
From peak integrals, the PEG content was determined (Table
2). Because of the smaller line widths and better chemical shift
dispersion of'C lines, gel phasé*C NMR spectroscopy in a
standard liquids probe was sufficient to assess the composition
of the polymers synthesized. Thus, all the proton-decouised
NMR spectra were recorded at 298.15 K (uncorrected) with a
spin rate of 20 Hz using WALTZ decoupling with an effective
field of 3125 Hz on a Bruker DRX 500 MHz or Varian Unity

(27) (a) Yokoyama, M.; Ochi, H.; Tadokoro, H.; Price, C.Macromolecules
1972 5, 690-698. (b) Rosenberg, M.; Loewenschuss, A.; Marcus, Y.
Spectrochim. Acta PA 1998 54, 1819-1826.

(28) (a) Maas, W. E.; Laukien, F. H.; Ory, D. G.Am. Chem. S0d.996 118
13085-13086. (b) Chin, J.; Fell, B.; Shapiro, M. J.; Tomesch, J.; Wareing,
J. R.; Bray, A. M.J. Org. Chem1997, 62, 538-539. (c) Dhalluin, C.;
Boutillon, C.; Tartar, A.; Lippens, Gl. Am. Chem. So0997, 119, 10494~
10500. (d) Riedl, R.; Tappe, R.; Berkessel, A, Am. Chem. Sod.998
120, 8994-9000. (e) Warrass, R.; Wieruszeski, J.-M.; Lippens,JGAm.
Chem. Soc1999 121, 3787-3788. (f) Chin, J.; Fell, B.; Pochapsky, S.
Shapiro, M. J.; Wareing, J. R. Org. Chem1998 63, 1309-1311. (g)
Klein, J.; Meinecke, R.; Mayer, M.; Meyer, B. Am. Chem. Sod.999
121, 5336-5337. (h) Sarkar, S. K.; Garigipati, S.; Adams, J. L.; Keifer, P.
A.J. Am. Chem. S0d.996 118 2305-2306. (i) Meissner, A.; Bloch, P.;
Humpfer, E.; Spraul, M.; Sgrensen, O. W.Am. Chem. S0d.997, 119,
1787-1788. (j) Pursch, M.; Schiotterbeck, G.; Tseng, L.-H.; Albert, K.;
Rapp, WAngew. Chem., Int. Ed. Endl996 35, 2867-2869. (k) Anderson,

R. C.; Jarema, M. A.; Shapiro, M. J.; Stockes, J. P.; Ziliox, MOrg.
Chem.1995 60, 2650-2651. (I) Garigipati, R. S.; Adams, B.; Adams, J.
L.; Sarkar, S. KJ. Org. Chem1996 61, 2911-2914. (m) Lippens, G.;
Bourdonneau, M.; Dhalluin, C.; Warrass, R.; Richert, T.; Seetharaman, C.;
Boutillon, C.; Piotto, M.Curr. Org. Chem1999 3, 147-169. (n) Keifer,

P. A.Drug Discaery Todayl997, 2, 468-478. (0) Duus, J. O.; St. Hillaire,

P. M.; Meldal, M.; Bock, K.Pure Appl. Chem1999 71, 755-765. (p)
Schneider, B.; DoskocildvaD.; Dubal, J.Polymer1985 26, 253-259.

(q) Anderson, R. C.; Jarema, M. A,; Shapiro, M. J.; Stokes, J. P.; Ziliox,
M. J. Org. Chem1995 60, 2560-2561. (r) Steer, H. D. H.; Ffehet, J.

M. J. Macromoleculed991, 24, 883-888. (s) Jelinek, R.; Valente, A. P.;
Valentine, K. G.; Opella, S. J. Magn. Res1997, 125 185-187. (t) Gibb,

S. J.; Johnson, S. J. Magn. Res1991], 93, 395-402. (u) Dingley, A. J.;
Mackay, J. P.; Chapman, B. E.; Morris, M. B.; Kuchel, P. W.; Hambly, B.
D.; King, G. F.J. Biomol. NMR1995 6, 321-328. (v) Altieri, A. S;
Hinton, D. P.; Byrd, R. AJ. Am. Chem. S0d995 117, 7566-7567. (w)
Stranix, B. R.; Gao, J. P.; Barghi, R.; Salha, J.; Darling, GJDOrg.
Chem.1997, 62, 8987-8993. (x) Ruhland, T.; Andersen, K.; Pedersen, H.
J. Org. Chem1998 63, 9204-9211.

(29) (a) Bayer, E.; Albert, K.; Willisch, H.; Rapp, W.; Hemmasi, Bacro-
molecules199Q 23, 1937-1940. (b) Ford, W. T.; Mohanraj, S.; Periyasamy,
M. Br. Polym. J.1984 16, 179-187. (c) Look, G. C.; Holmes, C. P.; Chinn,
J. P.; Gallop, M. AJ. Org. Chem1994 59, 7588-7590. (d) Brown, J.
M.; Ramsden, J. AChem. Commurl996 2117-2118. (e) Svensson, A;
Fex, T.; Kihlberg, JTerahedron Lett1996 37, 7649-7652. (f) Keifer, P.

A.; Baltusis, L.; Rice, D. M.; Tymiak, A. A.; Shoolery, J. N.. Magn.
Reson. A1996 119 65-75. (g) Frechet, J. M. Jletrahedron1981, 37,
663-683. (h) Barany, G.; Kneib-Cordonier, N.; Mullen, D. [@t. J. Pept.
Protein Res1987, 30, 705-739. (i) Epton, R.; Goddard, P.; Irvin, K. J.
Polymer 198Q 21, 1367-1371. (j) Giralt, E.; Rizo, J.; Pedroso, E.
Tetrahedronl984 40, 4141-4152. (k) Feliz, M.; Goralt, E.; Rihal. M.;
Trull, F. R. Makromol Chem.1988 189, 1551-1559. (I) Giralt, E.;
Albericio, F.; Bardella, F.; Eritja, R.; Feliz, M.; Pedroso, E.; Pons, M.;
Riso, J. Inlnnovation and Perspectes in Solid-Phase SynthesBpton,
R., Ed.; SPCC Ltd: Birmingham, UK, 1990; p 111. (m) Sterlicht, H.;
Kenyon, G. L.; Packer, E. L.; Sinclair, J. Am. Chem. Sod 971 93,
199-208. (n) Liebfritz, D.; Mayr, W.; Oekonomopulos, R.; Jung, J.
Tetrahedron1978 34, 2045-2050. (0) Manatt, S. L.; Amsden, S. F.;
Bettison, C. A.; Frazer, W. T.; Gudman, J. T.; Lenk, B. E.; Lubetich, J. F.;
McNelly, E. A.; Smith, S. C.; Templeton, D. J.; Pinnell, R. TRetrahedron
Lett. 198Q 21, 1397-1400. (p) Jones, A. J.; Leznoff, C. C.; Svirskaya, P.
1. Org. Magn. Resonl982 18, 236—240. (q) Blossey, E. C.; Cannon, R.
G.; Ford, W. T.; Periyasamy, M.; Mohanraj, $.0rg. Chem199Q 55,
4664-4668. (r) Keifer, P. A.Curr. Opin. Biotechnol1999 10, 34—41.

(s) Shapiro, M. J.; Wareing, J. Rurr. Opin. Chem. Biol1998 2, 372~
375. (t) Kanemitsu, T.; Kanie, O.; Wong, C.-tAngew. Chem., Int. Ed.
1998 38, 3415-3418.
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Figure 2. Swellability of BCR, BCR-TEG, and BCR-PEG (mL/g) in toluene, dichloromethane (&), tetrahydrofuran (THF)N,N-dimethylformamide

(DMF), methanol (CHOH), and deionized water ¢@).
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Figure 3. Summary of!3C (top) and!H (bottom) NMR resonances and 20 30 40 50 60 70 80
assignments of the 25 BCRPEG graft copolymers synthesized. Divinyl- PEG / ethylene oxide units
benzene bridges were not included because they represent only 1.3% of ) ] )
the polymers’ weight and were as a result undetectable. Figure 4. Melting temperature T), heat capacity @) and melting

enthalpies AH) of the BCR-PEG resins prepared as a function of PEG

Plus 600 MHz spectrometers. All the polymers synthesized length (28-73 ethylene oxide units).

displayed'H and3C resonances characteristic of their parent coefficientr = 0.86 according to the following relationship:
monomers. Figure 3 summarizes #teand13C NMR assign- AH = 0.358+ 1.32 x L, wherelL is the PEG graft length in
ments. number of ethylene oxide units.

Differential Scanning Calorimetry. DSC thermograms were Streptavidin—Alkaline Phosphatase (SAP) Binding Assay.
obtained at a heating rate of 2G/min over the temperature A hexapeptide (EN-QPHGFA-OH) was synthesized on BER
range of 26-150 °C on a TA 2920 differential scanning PEG in high yield ¢98.5%) using Atherton and Shepp#té?
calorimeter equipped with a computer-analyzer system. Figure Fmoc/tBu  peptide synthesis protocol. The QPH tripeptide
4 and Table 4 (Supporting Information) summarize the ther- Séquence at its N terminus was previously identified by
modynamic parameters recorddg, andC, where found to be ~ @stergaar#t?and Lanf>31><as a ligand for streptavidin. Thus,
ms_ensmve to PEC_’ length betweefn_ 28 and _73 ethylene (_)deG (30) Atherton, A.; Sheppard, R. Golid-Phase Peptide Synthesis: A Practical
units, wherea?\H increased quasi-linearly with a correlation Approach Oxford University Press: Oxford, 1989.
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Figure 5. Sequence of steps leading to BEREG-AFGHPQ-NH for the e § 006
SAP binding assay. The blue beads show resin-bound streptavillialine )g
phosphatase, whereas resins without peptide remained colorless (not shown). s 0.02
The barcodes generated for BCR and for BFREG-AFGHPQ-NH after |
the SAP binding assay were found to be essentially identical. 200 60 1000 1400 1800 4000 2000 1000 1200 800 400
150000] ™ ()
1.2
upon addition of BCIP (5-bromo-4-chloro-3-indolyl phosphate, E
alkaline phosphatase substrate) and SAP, the beads turned blug s §
turquoise from the local hydrolysis of BCIP, revealing the beads § o8
bound to streptavidin. This experiment was implemented to0 “ s W“»M./’k_
further estabhsh_ the rell_ablllt_y of the barcoding strategy as a g e
means to unequivocally identify the BCRs, even after a binding Wavenumber / cm Wavenumber / cm”

assay, and to demonstrate that the heterogeneity of the PSrigure 6. Raman (left) and infrared (right) spectra of resin 111000: BCR

backbone does not alter the binding assay. Indeed, all the BCR (&b), BCR-TEG (c,d), BCR-PEG (e,f), BCR-PEG-FmocGly (g,h),
BCR—PEG-FmocPhe (i,j), BCRPEG-AFGHPQ before SAP assay (k,l),

PEG synthesm_ed turned blue (Figure 5), and their Raman a'ndand BCR-PEG-AFGHPQ after SAP assay (m,n). These spectra show that
IR barcodes prior and after the SAP assay were found to bemost of the vibrations of the parent BCR appear in subsequent resins,

essentially identical.

Binary Code and Spectroscopic Barcode Generatione
have arbitrarily assigned a basic binary code for each of the six
monomers (Figure 1). The presence (1) or absence (0) of a
particular styrene monomer within a given polymer determines
the binary code assigned to each resin. Thus, a six-digit binary
code was assigned for each resin obtained from the six parent
styrene monomers. The Ranfaand IR spectra of the BCR,

(31) (a) Dstergaard, S.; Hansen, P. H.; Olsen, M.; HolmFBBS Lett.1995
362 306-308. (b) Lam, K. S.; Lebl, Mimmunomethod$992 1, 11-15.
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particularly in BCR-PEG-AFGHPQ after SAP assay.

BCR-TEG, BCR-PEG, BCR-PEG-Fmoc-Gly, BCRPEG-
Fmoc-Phe, BCRPEG-AFGHPQ before and after SAP assay
for each type of parent polymer were recorded and baseline-
correctec?® Most of the vibrations present in the BCR series
were consistently identified in subsequent derivatives of the
same parent polymers (BEGR'EG and BCR-PEG). Figure 6
illustrates the changes in Raman and infrared spectra observed
upon grafting TEG, PEG, PEG-FmocGly, PEG-FmocPhe, and
PEG-AFGHPQ (before and after SAP assay) to BCR 111000.
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Figure 7. Raman (left) and infrared (right) spectroscopic barcodes of the parent BCRs used in the preparation-dHBCBCR-PEG, BCR-PEG-

FmocGly, BCR-PEG-FmocPhe, and BCRPEG-AFGHPQ.

These vibrations were converted into barcodes in which the derivatives we processed the Raman and IR spectral data as
position of each bar matches the peak wavenumber in thefollows:

corresponding spectrum (Figure 7).
Conservation of the Vibrational Fingerprint. To determine
the level of similarity between the parent BCRs and their

(32) (a) Gift, A. D.; Ma, J.; Haber, K. S.; McClain, B. L.; Ben-Amotz, D.
Raman Spectroscl999 30, 757—765. (b) Hashimoto, M.; Araki, T,;
Kawata, S.Opt. Lett.200Q 25, 1768-1770. (c) Ma, J.; Ben-Amotz, D.
Appl. Spectroscl997, 51, 1845-1848. (d) Fenniri, H.; Hedderich, H. G.;
Haber, K. S.; Achkar, J.; Taylor, B.; Ben-Amotz, Bngew. Chem., Int.
Ed.2000Q 39, 4483-4485. (e) Fenniri, H.; McFadden, R. M. Multispectral
Imaging for the High-Throughput Evaluation of Solid Phase-Supported
Chemical Libraries. InDptimization of Solid-Phase Combinatorial Syn-
thesis Yan, B., Czarnik, A. W., Eds.; Marcel Dekker: New York, 2001;
pp 287304.

(33) (a) Yan, B.; Yan, HJ. Comb. Chen200], 3, 78-84. (b) Yan, B.; Chu,
Y.-H.; Shapiro, M.; Richmond, R.; Chin, J.; Liu, L.; Yu, Z. ®ombinatorial
Chemistry: A Practical ApproaghFenniri, H., Ed.; Oxford University
Press: Oxford, 2000; pp 26286. (c) Yan, B.Curr. Opin. Chem. Biol.
2002 6, 328-332. (d) Yan, B.; Kumaravel, G.; Anjaria, H.; Wu, A.; Petter,
R. C.; Jewel, F. C., Jr.; Wareing, J. R. Org. Chem1995 60, 5736~
5738. (e) Gremlich, H.-U.; Berets, S. Bppl. Spectrosc1996 50, 532—
536. (f) Yan, B.; Fell, J. B.; Kumaravel, Q. Org. Chem1996 61, 7467—
7472. (g) Gosselin, F.; De Renzo, M.; Ellis, T. H.; Lubell, W. D.Org.
Chem.1996 61, 7980-7981. (h) Yan, B.; Sun, Q.; Wareing, J. R.; Jewell,
C. F.J. Org. Chem1996 61, 8765-8770. (i) Russell, K.; Cole, D. C.;
McLaren, F. M.; Pivonka, D. EJ. Am. Chem. Sod996 118 7941—
7945. (j) Li, W.; Yan, B.J. Org. Chem1998 63, 4092-4097. (k) Yan, B.
Acc. Chem. Re4.998 31, 621-630. (I) Shapiro, M. J.; Lin, M.; Yan, B.
On-Resin Analysis in Combinatorial Chemistry. AnPractical Guide to
Combinatorial ChemistryCzarnik, A. W., DeWitt, S. H., Eds.; American
Chemical Society: Washington, DC, 1997; pp ¥2%1. (m) Yan, B.;
Gstash, HTetrahedron Lett1996 37, 8325-8328. (n) Luo, Y.; Ouyang,
S.; Armstrong, R. W.; Murphy, M. MJ. Org. Chem.1998 63, 8719~
8722. (0) Yan, B.; Gremlich, H.-U.; Moss, S.; Coppola, G. M.; Sun, Q.;
Liu, L. J. Comb. Chem1999 1, 46-54. (p) Chen, C.; Ahlberg Randell,
L. A.; Miller, R. B.; Jones, A. D.; Kurth, M. JJ. Am. Chem. Sod.994
116, 2661-2662. (q) Frechet, J. M.; Schuerch,LAm. Chem. S04971,
93, 492-496.

Method 1.The Raman (IR) vibrations for each series of 25
resins were combined, and their occurrences and standard
deviations within each series were determined (Tables 5 and 6,
Supporting Information). For instance, the Raman vibration at
1445 cnt! appears in the spectra of 25 BCR, BEREG,
BCR—-PEG, BCR-PEG-FmocGly, BCRPEG-FmocPhe, and
BCR—PEG-AFGHPQ (before and after SAP assay) with a
standard deviation of 1.6, 1.7, 0.4, 1.4, 1.8, 1.7, and 1.8'cm
respectively. The IR vibration at 3023 cthappears in the
spectra of 21 BCR, BCRTEG and BCR-PEG, 20 BCR-
PEG-FmocGly, 17 BCRPEG-FmocPhe, and 21 BCRPEG-
AFGHPQ (before and after SAP assay) with a standard deviation
of 2.7, 2.7, 2.9, 2.4, 2.5, 2.5, and 2.9 threspectively. This
comparative analysis allowed us to rapidly probe the overall
persistence of the parent BCR’s vibrational fingerprint.

Method 2.A similarity coefficient §)3* between each resin
pair was calculated according to the following equation:

Z(ViA'ViB)
ZViA + zViB - Z(ViA'ViB)

where Vs is 1 when vibrationi is present in resin A and 0
when it is absent. Similarly, ¥ is 1 when vibration is present

S
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in resin B and 0 when it is not. Thus, the numerator correspondsstudied, a linear combination of the parent homopolymers’
to the intersection of the family of vibrations present in A with frequencie2? in addition to new vibrations unique to the
the family of vibrations present in B (i.e. number of vibrations copolymers as illustrated in Figure 2&.This result was
common to both resin A and resin B). The denominator instrumental in streamlining the choice of styrene derivatives
corresponds to the union of families A and B (i.e. sum of the used in the suspension polymerization and predicting the resins’
vibrations unique to resin A, the vibrations unique to resin B, spectroscopic barcodes, composition, and properties.

and the vibrations common to both resins). The result is a NMR Studies. Solvent motion in the polymer network leads
similarity table for each pair of resin series (Tables62, to chain expansion observable on a macroscopic scale as a
Supporting Information). To simplify the comparison of the swelling of the bead (Figure 2) and is accompanied by an
Raman and IR data, tHfgvalues were normalized along each enhanced local mobility of the PEG chains at the microscopic
column by considering that the diagonal values (for homologous |evel. As a consequence of the enhanced molecular mobility,
resins) are the highest, which is indeed the case in 99% of thethe various interactions that govern the line width of the NMR
35 000 calculated similarity coefficients. The resulting normal- signal will be motionally averaged, including the homonuclear
ized tables were then presented as contour plots in which thedipolar interaction that can broaden proton signals up to 20 kHz
highest similarity intersections appear in red and the lowest in a static solid-state sample. This motional averaging may be
appear in blue (Figure 9 and Figure 1 in Supporting Information incomplete due to the anisotropic environment of the solvent
section). molecules in the polymer. The resulting residual dipolar
broadening can be further reduced by spinning the sample at
the magic angle (54°7from the z-axis) at a rate higher than
BCR—PEG Graft Copolymers. Grafting PEG on PS was  the nonspinning residual line width. This last condition on the

Discussion

carried out in the 1970s and early 1980s by Inrff&fReger?® spinning rate can be advantageously exploited to suppress the
Warshawski and PatchorniRS Sherringtor?® and Mutters%ef lines of the more rigid supporting cross-linked polystyrene
but it was not until Bayer and Rapp introduced TentaGiel backbone while obtaining a liquidlike spectrum for the more

the mid 1980s that this formulation became frequently used in mobile PEG graft. Magic angle spinning (MAS) eliminates also
solid-phase organic synthe¥is!92:35and on-bead biological  the magnetic-susceptibility broadening caused by the difference
assay$'* This study was further motivated by their ease of in (electronic) magnetic susceptibility between the polymer and
preparation and the need to generate encoded resins amenabl&e pure solvent, combined with the irregular shape of the
to directed sorting using flow cytomet#:11 solvent-polymer interface. Thus, MAS NMR at a spinning rate
The defining characteristic of the BERPEG is their prepara-  of 2—5 kHz eliminates to a large extent both mechanisms of
tion from spectroscopically active styrene monomers displaying line broadening, provided the NMR solvent is chosen to
unique IR and Raman vibrational fingerprints. The styrene maximize resin swelling.
monomers’ substitution pattern is the source of spectral diversity Although from the reactions’ high yield we were able to infer
of the resulting polymers. The frequencies used to generate thethe incorporation of all the styrene monomers used as well as
barcodes are mainly due to aromatic ring skeletal bending andthe level of PEG grafting, this result was further established by
C—H stretching modes. Tables 688 (Supporting Information)  NMR. All the polymers showed the characteristic PEG
summarize the IR and Raman vibrations of the homopolymers resonances at 62 ppm (@BH), 70 ppm (CHOCHy), and 73
generated from the parent monom&¥/The vibrational spectra  ppm (ArCH0). The aromatic CH (125130 ppm) and C (134
(and barcodes) of the corresponding copolymers are, in all cases| 46 ppm) resonances were generally weakly resolved and broad
as a result of their limited mobility*"1282The CH, and CH

(34) Woodruff, H. B.; Lowry, S. R.; Ritter, G. L.; Isenhour, T. Anal. Chem.

1975 47, 2027-2030. resonances of the polymer backbone gave two characteristic
(35) (@) Swali, V.; Wells, N. J.; Langley, G. J.; Bradley, M.1J.Org. Chem. peaks at 41 ppm (sharp) and 44 ppm (broad), respectively. The

1997 62, 4902-4903. (b) Winther, L.; Aimdal, K.; Batsberg Pedersen, . . k k

W.; Kops, J.; Berg, R. H. IPeptides: Chemistry, Structure and Biology. ~ 0€Nnzene ring substituants gave the following diagnoSt

Proceedings of the Thirteenth American Peptide Sympodilodges, R. i iti

S., Smith, J. A., Eds.; Escom Science Publishers: Leiden, 1994; pp 872 resonances that al.lowed us FO confirm the composition of the_‘

873. (c) Haralambidis, J.; Duncan, L.; Tregear, G. Tétrahedron Lett. polymers and the incorporation of all the styrene monomers:

1987, 28, 5199-5202. (d) de la Torre, B. G.; Avino, A.; Tarrason, G.; H _
Piulats, J.. Albericio. F.; Eritia, Rretrahedron Lett1994 35, 2733 2736, ~ (@) resins prepared fromtést-butylstyrene featured resonances

(e) Fenniri, H.; Janda, K. D.; Lerner, R. Rroc. Natl. Acad. Sci. U.S.A. at 32 ppm (CCH) and 35 ppm (CCk ppm, (b) resins with

1995 92, 2278-2282. (f) Gao, H.; Gaffney, B. L.; Jones, R. Betrahedron _di di
Lett. 1091 32, 5477-5480. (g) Wright, P.: Lioyd, D.: Audrus, A Rapp. 2,5-dimethylstyrene or 2,4-dimethylstyrene gave resonances at

W. Tetrahedron Lett1993 34, 3373-3376. 18 ppm (2-methyl), 22 ppm (4-methyl or 5-methyl), and 35 ppm
(36) (a) Quarell, R.; Claridge, D. W.; Weaver, G. W.; Lowe,N&l. Diversity : P _

1995 1, 223-232. (b) Pillai, V. N. R.; Mutter, MAcc. Chem. Re4981 (CH), (c) resins containing 3-methylstyrene or 4 methylstyrene

14, 1%5)—130. (c) Smith, H. lK.;Bradley, I\/U.ﬁomb. Chenil999 1, 326~ gave a unique resonance at 22 ppm (3-methyl or 4-methyl).

332. Burger, M. T.; Bartlett, P. Al. Am. Chem. So4997, 119 12697 : : :

12698. (e) Leon, S.; Quarrell, R.; Lowe, Bioorg. Med. Chem. Letl.998 _These (_jata are summarized in Flgl_”e 2. FroifNMR peak )
@7 %%h2997i3002. . based i . (&) Raynolds, N. M. Hsu, S. L integration we were also able to confirm the PEG content, which

e assignments are based in part on: (a) Raynolds, N. M.; Hsu, S. L. . . : .

Macromoleculed 990 23, 3463-3472. (b) Painter, P. C.. Koenig, J. L. was found to be similar to that determined gravimetricalig{

Polym. Sci., Polym. Phys. E@977 15, 1885-1903. (c) Snyder, R. W,; ethylene oxide units on average, Table 2).

Painter, P. CPolymer1981, 22, 1633-1641. (d) Sears, W. M.; Hunt, J. X . i . .

L.; Stevens, J. RJ. Chem. Phys1981, 75, 1589-1598. (e) Sears, W. M.; Differential Scanning Calorimetry (DSC) Studies.Standard

Hunt, J. L.; Stevens, J. R. Chem. Phys1981, 75, 1599-1602. (f) Yan, _ 10, i B

B.; Sun, Q.J. Org. Chem1998 63, 55-58. (g) Altava, B.; Burguete, M. gel tyPe copoly(styrene 1% _d_|vmy|benzene) resins are glassy

I.; Garcia-Verdugo, E.; Lius, S. V.; Vicent, M. Jetrahedron2001, 57, materials with a glass transition temperatufg) (~110 °C.38

8675-8683. (h) Colthup, N. B.; Daly, L. H.; Wiberley, S. Entroduction

to Infrared and Raman Spectroscogycademic Press: New York, 1975.

(i) Varsanyi, G.Assignments for Vibrational Spectra of:®a Hundred (38) TheTyis ~110°C for polystyrene with an average molecular weight above

Benzene Deriatives Wiley: New York, 1974. (j) Painter, P. C.; Howe, 36 000: (a) Boyer, R. Rl. Appl. Polym. Scil987, 33, 955-969. (b) Akiba,

S. E.; Coleman, M. MAppl. Spectrosc1984 38, 184-190. I.; Ohba, Y.; Akiyama, SMacromoleculesl999 32, 1175-1179.
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1.0 the presence of BCIP (alkaline phosphatase substrate) demon-

strating that streptavidin recognized its peptide substrate regard-
less of the diversity of the resin’s BCR core. The barcodes were

recorded before and after the SAP binding assay and compared
to those of BCR, BCRTEG, and BCR-PEG (next section).

Reliability of the Spectroscopic Barcoding.Two methods
were used to determine the reliability of the spectroscopic
barcoding. The first consisted in generating a repertoire of
vibrations appearing in the BCR series and determining the
occurrence of each vibration in subsequent resins. Of the 54
BCR Raman vibrations in the 188@00 cnt?! spectral range
20 40 60 80 100 (two chloromethyl vibrations omitted), 100% appeared in BCR

TEG, 83% in BCR-PEG, 80% in BCR-PEG-FmocGly and
r T Y BCR—PEG-FmocPhe, 93% in BCRPEG-AFGHPQ (before
TentaGel-S-OH SAP assay), and 87% in BCRPEG-AFGHPQ (after SAP
7 assay) (Table 5, Supporting Information). Similarly, of the 84
BCR infrared vibrations in the 4068650 cnt?! spectral range
(two chloromethyl vibrations omitted), 91% appeared in BER
TEG, 75% in BCR-PEG, 68% in BCR-PEG-FmocGly, 67%
in BCR—PEG-FmocPhe, 69% in BCRPEG-AFGHPQ (before
SAP assay), and 76% in BCRPEG-AFGHPQ (after SAP
assay) (Table 6, Supporting Information). This simple com-
parison shows that neither PEG, nor PEG-amino acid or PEG-
AFGHPQ which make up-65, 68, and 71% of the respective
2.0 L L L ) . S Lo
20 40 60 80 100 resins’ weight, did significantly alter the vibrational modes of
Temperature / °C the BCR core. It is thus anticipated that a small-molecule library

Figure 8. Differential scanning calorimetry (DSC) endotherms of BER with an avergge molecular Welght O.f 650 .glmOI qr less would
PEG (100010) (top) and of 13@m TentaGel-S-OH (bottom). The latteris ~ have a marginal effect on the vibrational fingerprint of BER
a commercially available PSPEG graft copolymer with an average PEG  PEG and an undetectable effect on that of BCR resins.

e e e s’ _To further challenge he robustness of the barcocing trategy
for DSC endotherms of other BGRPEG resin prepared). we calculated the similarity between all the resins synthesized
according to method 2 described above. For instance, the Raman
The thermal behavior of PSPEG graft copolymers, on the other and IR barcodes of 25 BCR resins were cross-checked against
hand, depends on the PEG content and the length of the graftsthemselves as well as against 25 BEREG, 25 BCR-PEG,
For illustration, the DSC endotherms of BEREG (100010) 25 BCR-PEG-FmocGly, 25 BCRPEG-FmocPhe, 25 BCR
and of TentaGel-S-OH are shown in Figure 8. The endotherm PEG-AFGHPQ (before SAP assay), and 25 BEHEG-AF-
is associated with a phase transition in which the PEG graft GHPQ (after SAP assay). The resulting database of 35 000
changes from the solid (crystalline) to the fluid state. The similarity coefficients showed that in 99% of the cases, the
melting temperaturesT{,’s) ranged from 34 to 39C (average highestS values were obtained for resins with identical binary
Tm = 37.4°C), which is an indication of the uniformity of the  codes (diagonal values in Tables2, Supporting Information).
PEG graft, and compares well with that of commercial Tenta- To simplify the comparison of the IR and Raman similarity
Gel-S-OH [, = 34.5°C). These values are also comparable tables, theS values were normalized and presented as contour
with those reported for unbound linear PEG of corresponding plots as shown in Figure 9 (see also Figure 1, Supporting
length3® Furthermore, whileT,, and C, were independent of  Information).
PEG length,AH varied quasi-linearly in the range 231 Several important conclusions were drawn from this analysis.
ethylene oxide units, in agreement with reported literature on gjrst  all the contour plots show high similarity along the
linear unbound PE®: As previously observed for TentaGel  giagonal, demonstrating that resins with identical binary codes
and ArgoGef’ no Ty's associated with glassy PEG or poly- majntain the highest level of similarity despite the attachment
styrene domains were observed in the range of D °C, o TEG, PEG, PEG-amino acid, or PEG-AFGHPQ to the BCR
confirming that the crystalline PEG in BCRPEG resins  core. Second, neither the hexapeptide AFGHPQ nor the SAP
dominates the solid-state properties of the copolymer. binding assay altered the reliability of the spectroscopic bar-
SAP Binding Assay.Central to the success of this methodol-  coding. Third, the Raman and infrared contours are significantly
ogy in combinatorial screening is the conservation of the gifferent, therefore allowing us to use them synergistically for
vibrational fingerprint of BCRs not only upon PEG grafting  the unequivocal identification of a barcoded resin. To illustrate
but also after undergoing multistep syntheses and on-beadis synergy, consider the extreme case where BERG-
binding assays. To this end we synthesized a hexapeptide gmocphe 10 (binary code 001000, Figure 9i) showed high
known to bind to streptavidin, on all 25 resins and subjected Raman similarity with BCR 10 (001000), BCR 13 (101000),
them to the SAP binding assay. All the beads turned blue in gcRr 14 (011000), BCR 18 (100100), BCR 23 (111000), and

(39) Gines, J. M.; Arias, M. J.; Rabasco, A. M.; NakaC.; Ruiz-Conde, A,; BCR 24 (110000)' The IR _Si_m“arity contour (Figure 9j),
Senchez-Soto, P. J. Therm. Anal1996 46, 291-304. however, ruled out every possibility except the correct one, BCR

BCR-PEG (100010)
05}

Heat Flow / W.g™
=)
[3,]

Heat Flow / W.g"

J. AM. CHEM. SOC. = VOL. 125, NO. 35, 2003 10555



ARTICLES

Fenniri et al.

BCR

BCR

BCR

10556 J. AM. CHEM. SOC.

BCR-TEG
1 5 10 15

BCR-PEG
1 5 10 15

1 5 10 15

m VOL. 125, NO. 35, 2003

BCR

BCR

1 5 10 15 20 25

1 5 10 15 20 25

BCR




Barcoded Resins ARTICLES
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Raman Similarity Contour Plot

Figure 9. Raman (left) and infrared (right) similarity contour plots of (a,b) BCR versus BCR, (c,d) BCR versus BER, (e,f) BCR versus BCRPEG,
(g,h) BCR versus BCRPEG-FmocGly, (i,j) BCR versus BCRPEG-FmocPhe, (k,)) BCR versus BEREG-AFGHPQ (before SAP assay), and (m,n)
BCR versus BCRPEG-AFGHPQ (after SAP assay). The highest similarity intersections are depicted in red and the lowest in blue.

10. Finally, the mean similarity coefficient for each pair of resin  BCR—PEG, and BCR PEG-amino acid decreased from 100%
series was calculated by averagfdgalues along the diagonal to under 40% (Table 3). Despite this decrease in overall
of each similarity table. As reflected by the increased red/orange similarity, the reliability of the barcoding strategy remained
contours on going from (a,b) to (i,j) in Figure 9, the meéan  uncompromised. This analysis shows also that not all the
values decreased with the weight % of the BCR core. For vibrations need to be present for a barcode to be identified and
instance, the mean similarity of BCR’s Raman and infrared assigned to a bead, a unique combination of-80% of the
vibrational fingerprints versus those of BCR, BEREG, bands appears to be sufficient. For the same reason, the
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Table 3. Average S Values along the Diagonals of Tables 7—62 (Supporting Information), Reflecting the Similarity Level between the
Raman and Infrared Vibrational Spectra of Various Resin Series?

BCR-PEG BCR-PEG
BCR-PEG BCR-PEG -peptide -peptide
BCR BCR-TEG BCR-PEG -FmocGly -FmocPhe before SAP after SAP
BCR 1.00+ 0.00 0.88+ 0.05 0.544+ 0.07 0.48+ 0.06 0.48+ 0.06 0.65+ 0.08 0.66+ 0.10
(1.00+ 0.00) (0.70+ 0.04) (0.44+ 0.05) (0.34+ 0.04) (0.38+ 0.05) (0.38+0.04) (0.54+ 0.06)
BCR-TEG - 1.00+ 0.00 0.57+ 0.07 0.50+ 0.06 0.50+ 0.06 0.68+ 0.09 0.69+ 0.11
(1.00+ 0.00) (0.52+0.08) (0.40£ 0.07) (0.44+ 0.07) (0.44+ 0.05) (0.64+ 0.09)
BCR—PEG - - 1.00+ 0.00 0.73+0.14 0.70+ 0.16 0.60+ 0.12 0.55+ 0.07
(1.00+ 0.00) (0.60+ 0.08) (0.66+ 0.06) (0.48+ 0.07) (0.55+0.10)
BCR—PEG -FmocGly - - - 1.00+ 0.00 0.82+ 0.15 0.57+ 0.10 0.51+0.06
(1.00+ 0.00) (0.77£ 0.11) (0.44+ 0.05) (0.47+£ 011)
BCR—-PEG -FmocPhe — — - - 1.00+ 0.00 0.58+ 0.09 0.51+ 0.07
(1.00+ 0.00) (0.474+ 0.06) (0.54+ 0.11)
BCR—-PEG-peptide - - - - - 1.00+ 0.00 0.76+ 0.10
before SAP (1.00+ 0.00) (0.58+ 0.09)
BCR—PEG -peptide - - - - - - 1.00+ 0.00
after SAP (1.00+ 0.00)

aValues in parentheses were derived from the infrared similarity t&bles.

appearance of vibrations unique to the material loaded on thematerials microarray¥' The second approach benefits from the
resin is not an issue. In extreme cases, however, where themultitude of microcarriers available, their amenability to split-
resin’s vibrational fingerprint may be severely altered, the release pool synthesig,and their compatibility with a broad spectrum
of the support-bound compound or even degradation of the PEGof encoding/code readout strategléd28.29.31.32.4557 The mj-
chain under strongly acidic conditions would unveil the underly- crocarriers can be encoded during library synthesis by adding
ing barcode. a detectable chemical tag at each synthesis cycle that encodes
On the basis of the similarity trend between BCR and BCR  for that particular step (parallel encoding approach). Alterna-
TE_G’ BCR-PEG, an_d BCR—PEC_;-amlno_aud, one may an- (41) (a) Stoll, D.; Templin, M. F.; Schrenk, M.; Traub, P. C.; Vohringer, C. F.;
ticipate that hexapeptide synthesis would induce further decrease JEoo:, L (t)Frozn(t).o %iczsc%zggé_ 78, ?%13—032- (b) Lgckgérg Dt- f Wigje{er,
in overall similarity with the parent BCR. Counterintuitively, Genet 1099 21 (Suppl. 1) 3337, ((Cd)) Case.Groen. S. G M, K. U
an apparent improvement of the average similarity between BCR Z;i(t)cfza;dc, rﬁ: EM SO\;JthernF,{ E.H l\ﬂf)t:)rriloé)inBChemABiﬂll998 )2< 4(1:04fSt
. . . (e ee, M.; Yang, R.; Hubbell, E.; Berno, A.; Huang, X. C.; Stern,

an_d BCR-PEG-AFGHPQ was O_bserved (first row in Table 3). D.: Winkler, J.: Lokhar%, D. J.: Morris, M. S.: Fodor, S. I% Science
It is known that long PEG chains feature strong Raman and 1996 274, 610-614. (f) Southern, E. MTIG 1996 12, 110-115. (g)
. . . . . Fodor, S. P. A;; Rava, R. P.; Huang, X. C.; Pease, A. C.; Holmes, C. P;
infrared vibrations as a result of their ordered helical structure, Adams, C. L Nature1993 364 555-556. (h) Pirrung, M. CChem. Re.

i i 1997 97, 473-488. (i) Pease, A. C.; Solas, D.; Sullivan, E. J.; Cronin, M.
whereas short or amorphous PEG chains dlsplay broad and T.; Holmes, C. P.; Fodor, S. P. Rroc. Natl. Acad. Sci. U.S.A994 91,
weaker band$? We propose, therefore, that the enhancement 5022-5026. (j) McGall, G. H.; Barone, A. D.; Diggelmann, M.; Fodor, S.
observed is due to an attenuation of PEG’s vibrations in BCR P. A; Gentalen, E.; Ngo, NJ. Am. Chem. S0d.997 119, 50815090
PEG-AFGHPQ which could be the result of an induced disorder
attributed to the hexapeptide. Alternatively or concurrently,
BCR—PEG-AFGHPQ may have a higher propensity to retain
solvent molecules and salts (from the buffer), thereby destabiliz-

(k) Pirrung, M. C.; Bradley, J.-Cl. Org. Chem1995 60, 6270-6276. (I)
Fodor, S. P. A,; Read, J. L.; Pirrung, M. C.; Stryer, L.; Lu, A. T.; Solas,
ing PEG’s secondary structure and resulting in broadening/
attenuation of the PEG vibrations.

D. Sciencel99], 251, 767-773. (m) Winzeler, E. A.; Richards, D. R;
Conway, A. R.; Goldstein, A. L.; Kalman, S.; McCullough, M. J.;
McCusker, J. H.; Stevens, D. A.; Wodicka, L.; Lockhart, D. J.; Davis, R.
W. Sciencel99§ 281, 1194-1197.
(42) (a) Wilson, D. S.; Nock, SAngew. Chem., Int. EQR003 42, 494-500.
(b) Sundberg, S. A.; Barrett, R. W.; Pirrung, M.; Lu, A. L.; Kiangsoontra,
B.; Holmes, C. PJ. Am. Chem. Sod995 117, 12056-12057. (c) Holmes,
C. P.; Adams, C. L.; Kochersperger, L. M.; Mortensen, R. B.; Aldwin, L.
A. Biopolymers1995 37, 199-211. (d) Adams, C. L.; Kochersperger, L.
M.; Mortensen, R. B.; Aldwin, L. A.; Holmes, C. Hech. Protein Chem.
1994 5, 525-532. (e) Kramer, A.; Volkmer-Engert, R.; Malin, R.; Reineke,
U.; Schneider-Mergener Pept. Res1993 6, 314-319. (f) Tegge, W.;
Frank, R.; Hofmann, F.; Dostmann, W. R. Biochemistry1995 34,
10569-10577. (g) Kramer, A.; Shuster, A.; Reineke, U.; Malin, R,
Volkmer-Engert, R.; Landgraf, C.; Schneider-Mergenelé&thods (Meth-
ods Enzymol.1994 6, 388—395. (h) Jacobs, J. W.; Fodor, S. P.Tkends
Biotechnol.1994 12, 19-26. (i) Malin, R.; Steinbrecher, R.; Jannsen, J.;
Semmler, W.; Noll, B.; Johannsen, B.; nmel, C.; Hdne, W.; Schneider-
Mergener, JJ. Am. Chem. S0d995 117, 1182%-11822. (j) Frank, RJ.
Biotechnol.1995 41, 259-272. (k) Molina, F.; Laune, D.; Pau, B.; Granier,
C. Pept. Res.1996 9, 151-155. (I) Pirrung, M. C.; Huang, C.-Y.
Bioconjugate Chenl996 7, 317-321. (m) Brockman, J. M.; Frutos, A.

Conclusions

Encoded combinatorial chemistrgmerged over the past
decade as a strategy for tracking the chemical identity of
individual compounds in a chemical library, the main goal being
that large numbers of compounds can be tested simultaneously
and only those with the desired properties would be decoded.
There are two main approaches to accomplish this. The first
relies on spatial segregation on a 2D matrix, wherein each library
member is identified by itsqy) coordinates. The second relies \?\Iél&?rgi;RL.a%‘,\]kAg‘; Eggﬁ/%?ml_%egfgg;87(?521é2(1‘)2§§?”k°‘43'\”-?
on microcarriers bearing each a unique compound along with (43) MacBeath, G.; Koehler, A. N.; Schreiber, S.1.Am. Chem. S0d.999
its encoding element. While the first approach reached the %g)l Sgﬁ@ggf’%'; Devenney, M.; Giaguinta, D. M. Golden, J. H.
market rapidly, its scope is limited to a few classes of Haushalter, R. C.; McFarland, E. W.; Poojary, D. M.; Reaves, C. M.;
compounds and chemistries, namely DR#grotein and pep-

Weinberg, W. H.; Wu, X. DSciencel998 279, 837—-839. (b) Cremer, P.
’ . ! ) . S.; Yang, T.J. Am. Chem. Sod.999 121, 8130-8231. (c) Baker, B. E;
tides#? presynthesized small molecul®sand inorganic/organic

Kline, N. J.; Treado, P. K.; Natan, M. J. Am. Chem. Sod 996 118
8721-8722. (d) Wang, J.; Yoo, Y.; Gao, C.; Takeuchi, I.; Sun, X.; Chang,
H.; Xiang, X.-D.; Schultz, P. G.Sciencel998 279 1712-1714. (e)

(40) (a) Koenig, J. L.; Angood, A. CJ. Polym. Sci197Q 8, 1787-1961. (b)
Maxfield, J.; Shepherd, I. WPolymer1975 16, 505-509. (c) Kuptsov,

A. H.; Zhizhin, G. N.Handbook of Fourier Transform Raman and Infrared

Spectra of PolymersElsevier: New York, 1998; pp 116120.
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Briceto, G.; Chang, H.; Sun, X.; Schultz, P. G.; Xiang, X.$tiencel995

270, 273-275. (f) Xiang, X.-D.; Sun, X.; Bricén, G.; Lou, Y.; Wang,
K.-A.; Chang, H.; Wallace-Freedman, W. G.; Chen, S.-W.; Schultz, P. G.
Sciencel995 268 1738-1740.
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tively, the microcarriers can be encoded before the synthesistags include oligonucleotid®,halo-aryls?é trityls,*” secondary

(pre-encoding approachy;®4 in which case they must be

amines’® fluorescent dye&® or peptidegd46c.50 While the

decoded at each synthetic cycle to keep track of their chemical detection methods for the elucidation of the codes are generally

history (directed sorting strateg$ab-°

difficult to automate®! they include a broad spectrum of

Parallel encoding requires the physical separation of the tagstechniques including mass spectroméfi$? high-resolution

from the microcarrier followed by their analysis to uncover the
chemical identity of the encoded material. Common molecular

(45) (a) Needles, M. C.; Jones, D. G.; Tate, E. H.; Heinkel, G. L.; Kochersperger,
L. M.; Dower, J. W.; Barrett, R. W.; Gallop, M. AProc. Natl. Acad. Sci.
U.S.A.1993 90, 10700-10704. (b) Nielsen, J.; Brenner, S.; Janda, K. D.
J. Am. Chem. S0d.993 115 9812-9813. (c) Brenner, S.; Lerner, R. A.
Proc. Natl. Acad. Sci. U.S.A.992 89, 5381-5383.

(46) (a) Ohlmeyer, M. H. J.; Swanson, R. N.; Dillard, L. W.; Reader, J. C.;
Asouline, G.; Kobayashi, R.; Wigler, M.; Still, W. Rroc. Natl. Acad.
Sci. U.S.A1993 90, 10922-10926. (b) Dolle, R. E.; Guo, J.; O'Brien, L.;
Jin, Y.; Piznik, M.; Bowman, K. J.; Li, W.; Egan, W. J.; Cavallaro, C. L.;
Roughton, A. L.; Zhao, Q.; Reader, J. C.; Orlowski, M.; Jacob-Samuel,
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magic angle spinnirf§ and gel phaséti2® 4, 13C, and!F
NMR spectroscopie®, energy-dispersive X-ray spectroscdpy,
X-ray photoelectron spectroscopyinfrared and Raman spec-
troscopies!32:56and fluorescence spectroscdpyre-encoding
requires simply matching the microcarrier’'s preset code with
the corresponding library member. The encoding methods in
this case include opticé?;%8 colloidal 1> organié® and inor-
gani®! dye, radio frequenc§-9graphicalf? size53 and shap¥
encoding.

Spectroscopic barcodifigvas recently introduced as a new
pre-encoding strategy wherein the resin beads are not just
carriers for solid-phase synthesis but are in addition the
repository of the synthetic scheme to which they were subjected.
The goal of the present study is to establish the potential of
this methodology in diversity-oriented library synthesis and
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screening, biomedical diagnosis and genomics. Thus, high 10004m)%® offer the possibility to control the amount of each
loading, chemically “inert” polystyrenee-divinylbenzene resins  synthetic intermediate and library member. As a result, routine
were prepared from six spectroscopically active styrene mono- spectroscopic characterizations at any stage of the library
mers and subjected to graft copolymerization with ethylene synthesis as well as on-bead or solution-phase biological
oxide to generate 25 new polystyren@oly(ethylene glycol) evaluations could be carried out. Read-out of the barcodes can
graft copolymers (BCRPEG) each possessing a unique be done using single-bead microspectrosédgif3or can be
intrinsic vibrational fingerprint that serves as a spectroscopic dramatically speeded up by using hyperspectral imaging of
barcode for their rapid identification. These resins were dozens of beads simultaneoudl§e Bead synthesis can be
characterized by infrared, Raman, aMd/**C NMR spec- automated at the laboratory scale to produce at least 50 BCRs
troscopies and DSC. Their compatibility with biological assays per day in 25 g batcheéd¢ and more in a production setting.
was tested by determining their swelling properties in solvents The beads’ pore size can be readily controlled between 5 and
ranging in polarity from toluene to water, and by subjecting 500 nn#® to improve on-bead biological assakjg21k.36

them to peptide synthesis and SAP binding assay. The key result A particularly attractive aspect of these resins is their potential
is that their chemical and physical properties were not signifi- use in “semi-dynamic” combinatorial chemisf#for instance,
cantly altered by the chemical diversity of the polystyrene core. a dynamic library with two diversity inputs can be readily
Central to the success of this methodology is to reliably read deconvoluted if each of the diversity positions is immobilized
and assign the resins’ vibrational fingerprint, particularly after on BCRs and subjected separately to the dynamic selection in
library synthesis and screening. To simulate these conditionsthe presence of the complementary diversity inputs. Identifica-
we used two methods to investigate several derivatives of thetion of the most active elements at each position, via barcode
BCRs, (BCR-TEG, BCR-PEG, BCR-PEG-FmocGly, BCR read-out of the active beads, would result in a subset of optimal
PEG-FmocPhe, and BCRPEG-AFGHPQ before and after SAP  building blocks. Combinatorial association of these elements,
assay). The first method consisted in enumerating the vibrationsusing solution-phase parallel synthesis or directed synthesis on
of the parent BCRs that appeared in subsequent derivatives oBCRs, would then result in a focused library of hits from which
this polymer. This comparison shows that neither PEG, PEG- the most active compounds can be rapidly identified. Work to
amino acid or PEG-AFGHPQ which make ug5, 68, and establish this concept is underway in our laboratories.
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