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A novel strategy for the preparation of peptidic-synthetic
bioconjugate block copolymers is based upon sequential
condensation and living radical addition polymerizations,
each performed upon a solid support.

Several recent, fundamental advances in peptide biology,
polymer chemistry, and nanoscience have emphasized the need
for facile routes toward the preparation of well-defined peptide-
polymer bioconjugates. A number of peptide sequences have
been identified as ligands that facilitate transduction across cell
membranes! and some have been characterized as specific
ligands that direct recognition to cell surface receptors.2 Such
sequences are, therefore, being studied as key components to
provide for cell entry by drugs or molecular probes, which are
often packaged and transported by a polymer delivery vehicle.3
Furthermore, the self-assembly of block copolymers has
emerged as a popular means by which to produce complex
nanostructured materials.4 Previously, we have demonstrated
that conjugation of the protein transduction domain (PTD) of
the HIV-1 TAT protein to the surface of shell crosslinked
nanocages® renders those nanostructures biologicaly inter-
active.® The peptide sequence was bound to a solid support
during the coupling to the nanocage, which limited (to
approximately one) the number of peptides that were then
presented from the nanocage surface. In this report, we describe
the preparation of PTD-functionalized block copolymers by
sequential condensation-based peptide growth and living free
radical polymerization from a solid support.” Standard solid-
phase peptide synthesis conditions were employed for the
preparation of the peptide chain, from which nitroxide-mediated
radical polymerization (NMRP)8 was conducted to yield the
synthetic segment of the bioconjugate. Recent research efforts®
have focused on the assembly of peptide-based block copoly-
mers as precursors to complex macromolecular assemblies for
use in biological applications. The peptide-polymer bio-
conjugates reported herein and the method of production are
expected to be of interest as materials capable of self-
assembly?0 into unique nanostructured materials with defined
surfacelocalization or internal placement of an accurate number
of peptide sequences.

The peptidic-synthetic block copolymers were constructed
upon a solid support, as depicted in Scheme 1. The PTD with a
four residue glycine extension was assembled on Wang's resin
(0.54 mmol g—1) via FMOC solid phase procedures. The N-
terminus of this peptide sequence (1) was converted to a
carboxy functional group (2) by coupling glutaric anhydride.
Further functionalization by reaction with the benzylic amine of
the fluorine-labeled alkoxyaminell (3) yielded an NMRP
initiator tethered to the N-terminus of the peptide, which was
bound to asolid support (4). Following the cleavage of 1, 2, and
4 fromtheresin, the purities of 1-4 were confirmed by MALDI-
tof mass spectrometry and HPLC.

The peptide-supported initiator was then used to create block
copolymers5 and 6, under conditionsthat allowed for NMRP of
tert-butyl acrylate and methyl acrylate sequentialy. Briefly, a
100 mL Schlenk flask that had been oven dried overnight, flame
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dried under vacuum, and back filled with argon was charged
with dry resin beads 4 (428.4 mg, 2.3 X 10—1 mmol).12 tert-
Butyl acrylate (5.00 mL, 34.1 mmol) and 2,2,5-trimethyl-
4-(para-fluorophenyl)-3-azahexane-3-oxide, 7, (2.0 mg, 8.4 x
10—3 mmol) were added via argon flushed syringes. The
reaction mixture was degassed by three cycles of freeze—pump—
thaw and, following the final thaw cycle, the mixture was
allowed to stir for 10 min before being immersed in an oil bath
at 130 °C. After 8 h, the oil bath was removed and the reaction
vessel wasimmersed in liquid nitrogen to quench the polymeri-
zation. Residual monomer was removed in vacuo, to afford 5.
The chain was further extended by charging a Schlenk flask
prepared in the same manner as above with dry resin beads 5
(356.2 mg, 1.9 x 10—1 mmol),12 adding methyl acrylate (MA)
(5.00 mL, 55.5 mmol) and 7 (2.0 mg, 8.4 x 10—3 mmoal) via
argon flushed syringes, degassing the reaction mixture and
immersing in an oil bath at 138 °C. After 16 h, the
polymerization was quenched in liquid nitrogen and the excess
monomer was removed in vacuo to afford 6.

Cleavage from the solid support allowed for isolation and
characterization of the materials. After the preparation of 5, a
portion of the peptide-polymer conjugate was cleaved through
treatment of the resin with asolution of 95% trifluoroacetic acid
(TFA):2.5% triisopropylsilane (T1S):2.5% water (10 mL) for a
minimum of 4 h. These conditions also effected cleavage of the
tert-butyl esters, to yield PTD-b-poly(acrylic acid) (PTD-b-
PAA) as a hydrophilic block copolymer, 8. Isolation involved
removal of the beadsvia filtration, rinsing with TFA, concentra-
tion in vacuo, and repeated precipitation into cold ether with
collection via centrifugation at 3500 rpm for 10 min. Once the
pellet was allowed to dry, the PTD-b-PAA was suspended in

o 0,00 o o q/ |
| OJ\RRRQRRKKRGYGGGCHNHZ 0eq U | procces A Aon N L
S — . H 40¢q j’\ g,
PTD 1 DMF 2 519
HOBt A
l DIC . F
DMF MM 3
fao PRI “+ 1.
o™
5 o : ﬂ/ 7 \L p.
|-PTOGGGG—N 5 P ‘
J o o Y
005eq & F
! ‘—PTDGGGG—u/K/\)L:/r‘l

138 °C F

VP i

)—prneeea N N

95:2.5:2.5 5 5 NP
J\/\)k

s RSy !
5 . f fi’IL
NeJalade

TFA:TIS:H,0 l
— > HOOCPTDGGGG oM
41, RT " :G’D j’j

’% s
95:2.52.5 /|\ ey L\T ‘
TFATIS:H,O o 9 . s
6 4h,RT> HOOCPTDGGGG: uwu

Scheme 1 The resin-supported assembly of peptidic-synthetic block
copolymerswas accomplished by coupling an alkoxyamine NMRP initiator
to an extended PTD sequence followed by sequential living radical addition
polymerizations.
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water, and purified by dialysis (1000 MWCO tubing) against
water for 48 h. A similar procedure was followed to isolate the
amphiphilic triblock copolymer, PTD-b-PAA-b-PMA, 9.

The polymers were characterized by 1H and 9F NMR
spectroscopies, which confirmed the polymer chain growth and
identified the chain ends as being PTD and the 19F-labeled
alkoxyamine. The resonances for the protons of the peptide
sequence were observed in each of the samplesfrom 1, 4, 5 and
6 upon cleavage from the resin (Fig. 1 a ¢, d, and e
respectively). The degrees of polymerization were determined
to be 100 and 270 for the acrylic acid and methyl acrylate chain
segments, respectively, by comparison of the ratios of the
aromatic proton intensities to the resonance intensities for the
aliphatic protons. The presence of the alkoxyamine chain end
was observed by 19F NMR spectroscopy (Fig. 1, insets). The
differences in 19F chemical shifts and line widths suggest
different solution state interactions'3 for the cationic, zwitter-
ionic and amphiphilic block copolymers. Further studies are
needed to determine whether these structures produce well-
defined supramolecular assemblies. The zwitterionic and am-
phiphilic nature of the block copolymers, 8 and 9, complicated
molecular weight and polydispersity determination by tradi-
tional methods.14.15 Further studies are needed to determine
these structural features and to assess whether these precursors
produce well-defined supramolecular assemblies.

In conclusion, nitroxide mediated radical polymerization has
been conducted from initiating siteslocated on the chain termini
of peptides loaded on a solid support. This versatile synthetic
strategy provides a route to create peptidic-synthetic block
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Fig. 1 1H and *9F NMR spectraof PTD-G, (a), 1°F-labeled NMRP initiator,
3 (b), PTD conjugated 19F-labeled NMRP initiator (c), PTD-b-PAA 100, 8
(d), and PTD-b-PAA 100-b-PMA270, 9 (€). For those spectra collected in
DMSO-de, the solution contained approximately 5% trifluoroacetic acid
(TFA). For each 19F spectrum, the internal reference is specified as either
CFCl3 or TFA.

copolymer bioconjugates that are unique in the fact that
stoichiometry and regiosel ectivity of each of the chain segments
can be controlled. Although the methodology is demonstrated
using PTD and NMRP, virtualy any peptide sequence and
living radical polymerization conditions can be substituted.
This procedure extends the realm of polymer materials that can
be produced by well-established solid phase synthesis meth-
ods—involving both step-growth and chain-growth polymeri-
zation mechanisms. In addition to the study of these unique
block copolymersin solution, we are interested in their surface
reorganization properties,16 given the secondary structure that
can be programmed into the peptidic component.

This material is based upon work supported by the National
Science Foundation (DMR-9974457), a GAANN fellowship
(P200A80221), and a NIH-supported Chemistry-Biology Inter-
face Training Fellowship (5-T32-GM08785-02) (M. L. B.).
Amber Russell and Andre d’Avignon are acknowledged for
their assistance with MS and NMR spectroscopy, respec-
tively.

Notes and references

1 (a) S.R. Schwarze, A. Ho, A. Vocero-Akbani and S. F. Dowdy, Science,
1999, 285, 1569; (b) V. Polyakov, V. Sharma, J. L. Dahlheimer, C. M.
Pica, G. D. Luker and D. Piwnica-Worms, Bioconjugate Chem., 2000,
11, 762; (c) L. Chen, L. R. Wright, C.-H. Chen, S. F. Oliver, P. A.
Wender and D. Mochly-Rosen, Chem. Biol., 2001, 8, 1123.

2 (a) J. H. Lee, J. A. Engler, J. F. Collawn and B. A. Moore, Eur. J.
Biochem., 2001, 268, 2004; (b) Y. Liu, M. Jones, C. M. Hingtgen, G. Bu,
N. Laribee, R. E. Tanzi, R. D. Moir, A. Nath and J. J. He, Nat. Med.,
2000, 6, 1380.

3 (a) K. Fujimoto, C. Iwasaki, C. Arai, M. Kuwako and E. Yasugi,
Biomacromolecules, 2001, 1, 515; (b) F. Kratz, U. Beyer, T. Roth, N.
Tarasova, P. Collery, F. Lechenault, A. Cazabat, P. Schumacher, C.
Unger and U. Falken, J. Pharmaceut. Chem., 1998, 87, 338.

4 H.-A. Klok and S. Lecommandoux, Adv. Mater., 2001, 13, 1217.

5 H. Huang, E. E. Remsen, T. Kowalewski and K. L. Wooley, J. Am.
Chem. Soc., 1999, 121, 3805.

6 J. Liu, Q. Zhang, E. E. Remsen and K. L. Wooley, Biomacromolecules,
2001, 2, 362.

7 (a) M. Husemann, M. Morrison, D. G. Benoait, J. Frommer, C. M. Mate,
W. D. Hinsberg, J. L. Hedrick and C. J. Hawker, J. Am. Chem. Soc.,
2000, 122, 1844; (b) M. Husseman, E. E. Mamstrom, M. McNamara, C.
M. Mate, D. Mercereyes, D. G. Benoit, J. L. Hedrick, P. Mansky, E.
Huang, T. P. Russell and C. J. Hawker, Macromolecules, 1999, 32,
1424; (c) J. C. Hodges, L. S. Harikrishnan and S. Ault-Jones, J. Comb.
Chem., 2000, 2, 80; (d) X. Huang and M. J. Wirth, Macromolecules,
1999, 32, 1694; (e) M. Ejas, S. Yamamoto, K. Ohno, Y. Tsujii and T.
Fuduka, Macromolecules, 1998, 31, 5934; (f) S. Angot, N. Ayres, S. A.
F. Bon and D. M. Haddleton, Macromolecules, 2001, 43, 768; (g) ) K.
Matyjaszewski, P. J. Miller, N. Shukla, B. Immaraporn, A. Gelman, B.
B. Luokala, T. M. Siclovan, G. Kickelbick, T. Vallant, H. Hoffman and
T. Pakula, Macromolecules, 1999, 32, 8716; (h) B. Zhao, W. J. Brittain,
W. Zhou and S. Z. D. Cheng, J. Am. Chem. Soc., 2000, 122, 2407; (i) T.
von Werne and T. E. Patten, J. Am. Chem. Soc., 1999, 121, 7409.

8 D. Benoit, V. Chaplinski, R. Braslau and C. J. Hawker, J. Am. Chem.
Soc., 1999, 121, 3904.

9 (a) J. D. Hartgerink, E. Beniash and S. I. Stupp, Science, 2001, 294,
1684; (b) H.-A. Klok, Angew. Chem., Int. Ed., 2002, 41, 1509; (c) M. S.
Wong, J. N. Cha, K.-S. Choai, T. J. Deming and G. D. Stucky, Nano Lett.,
2002, 2, 831; (d) J. C. M. van Hest and D. A. Tirrell, Chem. Commun.,
2001, 1897.

10 G. M. Whitesides and B. Grzybowski, Science, 2002, 295, 2418.

11 M. Rodlert, E. Harth, I. Reesand C. J. Hawker, J. Polym. ci., Part A:
Polym. Chem., 2000, 38, 4749.

12 Molar ratios were determined from the mass of the beads and the
original peptide loading concentration (0.54 mmol g—1 resin bead).

13 (a) N. Proietti, M. E. Amato, G. Masci and A. L. Segre, Macromole-
cules, 2002, 35, 4365; (b) B. Schuler, W. Kremer, H. R. Kalbitzer and
R. Jaenicke, Biochemistry, 2002, 41, 11670.

14 MALDI-tof spectra were complicated by complexes formed with the
matrices, and the presence of a small fraction of peptide.

15 Theblock copolymerswereinsolublein THF, CH,Cl,, DM SO (without
acid), and N-methylpyrrolidinone.

16 S. G. Boyes, W. J. Brittain, X. Weng and S. Z. D. Cheng,
Macromolecules, 2002, 35, 4960.

| CHEM. COMMUN., 2003, 180-181

| 181




