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Silks are a widely studied class of naturally occurring structural proteins. Dragline spider silk, in particular,

is considered to be nature’s high-performance material due to its remarkable combination of strength and
toughness. These mechanical properties stem from the protein secondary structure, a combination of well-
definedf-sheets in a less well-defined glycine-rich matrix. The translation of this structure into a synthetic
polymer was the aim of this investigation. To achieve this, a peptide-based monomer containing the sequence
alanine-glycine—alanine-glycine, a well-knowrs-sheet-forming sequence found in silk, was synthesized.
Using atom-transfer radical polymerization and a bifunctional initiator, a well-defined peptide-based polymer
was prepared. This was then used as the macroinitiator for the polymerization of methyl methacrylate. The
resulting well-defined triblock copolymer was analyzed using IR spectroscopy, which clearly shehiedt
secondary structure had been introduced.

Introduction silk. Peptide-based materials wjthsheet characteristics can
be obtained via this method. A similar, totally synthetic
Silks are an important class of naturally occurring struc- procedure has been recently developed by Rathore and
tural proteins:? There are many different types of silk, with Sogaht®2°They synthesized block copolymers in which the
many combinations of mechanical properfigdne of the  commong-sheet-forming sequences in silk were coupled to
most extensively studied is dragline spider Silhich is  poly(ethylene glycol) to give multiblock copolymers consist-
considered to be nature’s high-performance fiber, becausejng of a -sheet area and a random amorphous matrix.
of its remarkable combination of strength and toughness, \e have developed an alternative, versatile method for
which is comparable to that of high-tenacity nylon and steel. the construction of well-defined polymer architectures that
Silk fibers attain their unique properties via the characteristic mimic the secondarg-sheet structure found in silk. For this
folding pattern of the proteifi.® This secondary structure purpose we have prepared ABA-type triblock copolymers,
consists of two major parts, crystalling@sheet domains  jn which the B block consists ¢f-sheet-forming monomeric
which are interspersed throughout a less well-defined glycine- ynjts with alanylglycine oligopeptides in the side chain, and
rich helical part® There are also some indications of the the A blocks represent the less ordered part of the silklike
presence of a third weakly orientated doméin. structure. This is an approach different from that used by
The remarkable properties of this material make it of Sogah and Rathore in which tffesheet was included in the
interest for a wide range of applications from bullet-proof main chain. This allows the inclusion of largérsheet do-
vests to tissue engineeritig®and drug delivery? This has  mains without having to construct longer peptide sequences.
inspired many research laboratories to investigate methods To synthesize these structures, we chose to use atom-
either for reproducing the silk protein using protein engineer- transfer radical polymerization (ATRP). ATRP is a robust
ing or to incorporate elements of the silk peptide sequence and versatile technig&e?2which has been shown to be able
into synthetic polymers. Using protein engineering, the major to polymerize a wide range of bioinspired monomers, from
parts of silk proteins have been reproduced in a variety of nucleobaseé? to oligosaccharide¥. We have also recently
ways, from expression in tobacco plants, potatesnd shown that ATRP can be used to polymerize peptide-based
mammalian cell$® A major difficulty of this method is that  monomer® The use of ATRP in the construction of these
to introduce the correct mechanical properties the silk protein triblock copolymers allows considerable freedom with respect
has to be spun into a fiber containing the appropriate to the length and composition of both A and B blocks. For

secondary structufé A recently developed aqueous spinning these reasons ATRP was chosen as the polymerization
process has shown this approach to be promiSiAgsecond technique.

line of research uses protein engineering to produce only
part of the silk protein, namely, th&sheet domains, which Experimental Section

are the most well-defined elements in spider and silkworm
General Procedures.'H and *C NMR spectra were

*To whom correspondence should be addressed. E-mail: measured on a 400 MHz Bruker Inova400 machine with a
j.vanhest@science.ru.nl. Varian probe.
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IR spectra were measured on an ATl Mattson Genesis dioxane/MeOH/NaOH (4 M). This was stirred for 2 h. Next

Series FTIR.
MALDI-TOF-MS spectra were measured on a Bruker
Biflex Ill machine, with dihydroxybenzoic acid (DHB) as

a 1 M KHSQ, solution was added, and then the mixture was
concentrated until all MeOH was removed. The product was
freeze-dried to yield 5.01 g of Boc-Ala-Gly-OH (86% yield).

the matrix. The samples were prepared by dissolving 2 mg*H NMR (400 MHz) (SO(CR)2): 6 1.1 (NHCH((H3)C=

of analyte in 1 mL of THF, after which this solution was
mixed in a 1:1 ratio with a solution of 10 mg of DHB in 1
mL of H,O, containing 0.1% trifluoroacetic acid. This was
then placed on a MALDI plate.

0, 3H, d), 1.4 (OC(0)C(83)s, 9H, s), 3.7 (NHCHH,C=
O, 1H, dd), 3.85 (NHE&,H,C=0, 1H, dd), 3.9-4.1
(NHCH(CHs)C=0, 1H, m), 6.9 (N(CHs)CHC=0, 1H, d),
8.1 (NHCHC=0, 1H, 1).

GPC measurements were performed using a Shimadzu (c) Synthesis of HCINH.-Ala-Gly-OEt. Boc-Ala-Gly-

GPC instrument with Shimadzu RI and UV/vis detection,
fitted with a Polymer Laboratories Plgel &m mixed-D
column and a PL wm Guard column (separation range from
500 to 300000 molecular weight) using THF as the mobile
phase at 38C. Polymer Laboratories polystyrene calibration
kits were used.

Reagents.CuCl (Aldrich, 97%) was purified by washing
with glacial acetic acid three times and once with diethyl
ether?® Boc-alanine-OH (Fluka, 99%), HIH,-glycine-OEt
(Fluka, 99%), methyl methacrylate (MMA; Aldrich, 99%),
hydroxyethyl methacrylate (HEMA; Aldrich, 97%), 2-bro-
moisobutyric acid, (Aldrich, 98%), 2'ipyridyl (bipy;
Aldrich, 99%),N,N-dicyclohexylcarbodiimide (DCC; Fluka,
99%), 4-(dimethylamino)pyridine (DMAP; Across, 99%),
DMSO-ds (Aldrich, 99.9%), N,N'-diisopropylethylamine
(DIPEA,; Fluka, 99%), 1-hydroxybenzotriazole hydrate (HOBY;
Fluka, >98%), trifluoroacetic acid (TFA; Aldrich, 98%),
potassium hydrogen sulfate (KHg@Riedel-de hae, 99%),
sodium hydrogen carbonate (NaHgQMerck, 99.5%),
sodium sulfate anhydrous (Fluka, 99%), and ethylenedi-
aminetetraacetic acid tetrasodium salt hydrate (EDTA; Al-
drich, 98%) were all used as received.

Dichloromethane (DCM) and ethyl acetate (EtOAc) were
distilled from calcium hydride, and THF was distilled from
sodium/benzophenone prior to use. Dimethylformamide
(DMF) and isopropy! alcohol were used as received (J.T.
Baker).

Monomer Synthesis. (a) Synthesis of Dipeptide Boc-
Ala-Gly-OEt. Boc-Ala-OH, 9.47 g (50 mmol), was dissolved
in 300 mL of EtOAc in a 500 mL round-bottom flask. To
this were added HGNH,-Gly-OEt (13.59 g, 50 mmol),
DIPEA (17.4 mL, 100 mmol), HOBt (7.60 g, 50 mmol), and
DCC (10.32 g). This mixture was then stirred overnight at
room temperature. The precipitated dicyclohexylurea (DCU)
was filtered off, and the EtOAc solution was washed, twice
with 20 mL o a 1 M solution of KHSQ, twice with 10 mL
of distilled water, once with 10 mL of saturated NaCl
solution, twice with 20 mL 6a 1 M solution of NaHCQ,
twice with 10 mL of distilled water, and once with 10 mL
of saturated NaCl solution. The EtOAc layer was then dried
with Na,SO, and filtered, and after removal of EtOAc pure
Boc-Ala-Gly-OEt was obtained in 98% yieltH NMR (400
MHz) (SO(CDy),): 6 1.1 (NHCH(QH3)C=0 and OCHCHj,
6H, m), 1.4 (OC(O)C(Bl3)3, 9H, s), 3.7 (NHCHH,C=0,
1H, dd), 3.85 (NHE1,H,C=0, 1H, dd), 3.9-4.1 (NH(CH)-
CHC=0 and O®,CHs, 3H, m), 6.9 (MCH(CHs)C=O0,
1H, d), 8.1 (\HCH,C=0, 1H, t).

(b) Synthesis of Boc-Ala-Gly-OH.Boc-Ala-Gly-OEt, 6.5
g (23.6 mmol), was placed in 91 mL of a 14:5:1 solution of

OEt, 6.5 g (23.6 mmol), was dissolved in 90 mL of 2 M
HCI/EtOAc and the resulting solution stirred for 60 min. The
EtOAc solution was concentrated to 20 mL, and then 10 mL
of tBuOH was added. After removal of the solvent the crude
product was redissolved in 50 mL of GEl,. This solution
was extracted twice with 20 mL of water. The water layer
was freeze-dried, and 4.96 g of the desired product was
obtained quantitatively*H NMR (400 MHz) (SO(CR),):

0 1.1 (NHCH(M3)C=0 and OCHCHs, 6H, m), 3.7
(NHCHH,C=O0, 1H, dd), 3.85 (NHEI,H,C=0, 1H, dd),
3.9-4.1 (NHCH(CH3)C=0 and OC,CHs, 3 H, m), 8.3
(NH3™(CH3)CHC=0, 3H, d), 8.9 (MCH,C=0, 1H, t).

(d) Synthesis of Boc-Ala-Gly-Ala-Gly-OEt. Boc-Ala-
Gly-OH, 5.01 g (20.3 mmol), was dissolved in 200 mL of
EtOAc. To this were added 4.28 g of HELN-Ala-Gly-
OEt (20.3 mmol), 3.12 g of HOBt (20.3 mmol), 7.06 mL of
DIPEA (40.6 mmol), and 4.20 g of DCC (20.3 mmol). The
mixture was stirred overnight. The DCU precipitate was
filtered off, after which the EtOAc solution was washed,
twice with 20 mL d a 1 M solution of KHSQ, twice with
distilled water, once with a saturated NaCl solution, twice
with 20 mL o a 1 M solution of NaHCQ, twice with
distilled water, and once with saturated NaCl solution. The
EtOAc layer was then dried with N&O, and filtered,
followed by removal of the solvent. The crude product Boc-
Ala-Gly-Ala-Gly-OEt was purified by column chromatog-
raphy in 10% MeOH/CECI,, resulting in 4.6 g of pure
compound, 56% yielddH NMR (400 MHz) (SO(CB)): o
1.1-1.2 (NHCH(H3)C=0, 6H, and OCHCHgz, 3H, m), 1.4
(OC(O)C(Ma)s3, 9H, s), 3.65 (NHEI,C=O0, 2H, d), 3.75
(NHCH,C=0, 2H, d), 3.95 (NHEI(CH3)C=O0, 1H, t), 4.1
(OCH.CHjs, 2H, q), 4.4 (NHGH(CH3)C=0O, 1H, m), 7.0
(NHCH(CHz)C=0, 1H, d), 7.9 (MCH(CHs;)C=0, 1H, d),

8.0 (N\HCH,C=0, 1H, d), 8.3 (MCH,C=0, 1H, s).

(e) Synthesis of Boc-Ala-Gly-Ala-Gly-OH.Boc-Ala-Gly-
Ala-Gly-OEt, 4.6 g (11.4 mmol), was placed in 62.7 mL of
a 14:5:1 solution of dioxane/MeOH/(4 M) NaOH. The
reaction mixture was stirred for 40 min and then quenched
with 1 M KHSO,. The solution was concentrated until all
MeOH was removed. The pure product was obtained by
freeze-drying, in quantitative yield (4.2 g4 NMR (400
MHz) (SO(CDy),): ¢ 1.1-1.2 (NHCH(H3)C=0, 6H), 1.4
(OC(O)C(M3)s3, 9H, s), 3.65 (NHEI,C=O0, 2H, d), 3.75
(NHCH,C=0, 2H, d), 3.95 (NHEI(CH3)C=0, 1H, t), 4.4
(NHCH(CH3)C=0, 1H, m), 7.0 (\CH(CHz)C=0, 1H, d),

7.9 (NHCH(CH;)C=0, 1H, d), 8.0 (MCH,C=0, 1H, d),
8.3 (NHCH,C=O0, 1H, s).

(f) Synthesis of Boc-Ala-Gly-Ala-Gly-Ethyl Methacry-

late (1). Boc-Ala-Gly-Ala-Gly-OH (11.4 mmol) was placed
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in 120 mL of DMF. To this were added 1.43 mL (11.4 mmol)
of HEMA, 139 mg (1.14 mmol) of DMAP, 1.754 g (11.4
mmol) of HOBt, and 2.37 g (11.4 mmol) of DCC. The
reaction mixture was stirred overnight, after which the DCU
precipitate was filtered off, and DMF was removed under
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samples taken every 30 min. Conversion was measured by
comparing the NMR resonances of the amide signal at
8.3 ppm with the methacrylate vinylic proton signabeh.6
ppm. After 75 min the polymerization had reached 81%
conversion. After polymerization the polymer was precipi-

reduced pressure. The product was then dissolved in EtOActated in an aqueous solution of EDTA (25 g/L). The solid

and washed twice with 20 mLf@a 1 M KHSO, solution,
twice with 10 mL of distilled water, once with 10 mL of a
saturated NacCl solution, twice with 20 mE &1 M NaHCG
solution, twice with 10 mL of distilled water, and once with
10 mL of saturated NaCl solution. The EtOAc layer was
then dried with Ng&SQ, and filtered, followed by evaporation
of EtOAc. The crude product was purified by column
chromatography in 10% MeOH/GRBI,, resulting in 2.22 g
of purel, in 40% yield.*H NMR (400 MHz) (SO(CR)y):

0 1.1 (NHCH(3)C=0, 6H,), 1.4 (OC(O)C(Bl3)3, 9H, s),
1.85 (C(O)C(®3)=CH,, 3H, s), 3.65 (NHE,C=0, 2H,
d), 3.75 (NHGH,C=0, 2H, d), 3.95 (NHEI(CH3)C=O0, 1H,

t), 4.15-4.3 (NHCH(CH3)C=0 and OC4,CH,0O, 5H, m),
5.6 and 6.05 (C(O)C(CH—=CHHp, 1H, s, and 1H, s), 7.0
(NHCHC=0, 1H, d), 7.9 (MCHC=O, 1H, d), 8.0
(NHCH,C=0, 1H, d), 8.3 (MCH,C=0, 1H, s).13C NMR
(300 MHz) (SO(CR)y): 6 172.5,172.1,171.8, 169.1, 167.8,

165.9, 135.1 125.8, 77.9, 62.3, 62.2, 49.7, 47.8, 41.9, 28.2,

18.2, 18.08, 18.01. IRy 3313 (N-H str); 2979 (C-H str);
1752 (G=0 str, ester) 1658 (€0 str, amide 1); 1529 (NH
vib, amide 11); 1452 (G-H vib) cm™*. MALDI-TOF-MS:
m/e 429 (M* ~ 'Bu + Na); 476 (M" — '‘Bu + 2Na); 508
(M* + 2Na).

Synthesis of 1,4-(2Bromo-2'-methylpropionato)ben-
zene (2).An excess of 2-bromoisobutyryl bromide (10.129

was washed twice with 10 mL of CG&l, dried, and
redissolved in THF. The polymer was reprecipitated from
THF in aqueous EDTA solution, filtered, and taken up in
THF, which was subsequently removed under reduced
pressure. Yields could not be determined due to the fact that
samples were removed during polymerization; however, 260
mg of polymer3 was obtained. GPCM, = 6.5 kg/mol,
PDI = 1.12.'H NMR (400 MHz) (SO(CR),): ¢ 0.5-1
(—CH.C(R)(CHs)—, m), 1.1-1.3 (NHCH(CH3)C=0, m),

1.4 (OC(O)C(®3)s, s), 1.75 CHy(C(R)(CHz)—, m),
3.55-4.35 (NHMH,C=0, NHCH(CH)C=0O, and
OCH,CH,0, m), 7.0 (HCHC=0, s), 7.9 (MCHC=0, s),

8.0 (NHCH,C=0, s), 8.3 (MCH,C=0, s).

Typical Macroinitiation of MMA from Poly(Boc-Ala-
Gly-Ala-Gly-ethyl methacrylate). Poly(Boc-Ala-Gly-Ala-
Gly-ethyl methacrylate)3) (35 mg, 5umol) was placed in
a Schlenck vessel. CuCl (3.96 mg, 0.040 mmol) and bipy
(13 mg, 0.08 mmol) were added, and the vessel was
evacuated and filled with N This procedure was repeated
three times. Then MMA (0.47 mL 0.5 mmol) and 1 mL of
DMSO-ds were added. This mixture was purged with N
and then placed in an oil bath which had been preheated to
70 °C. The polymerization was followed usirigd NMR
spectroscopy, by comparing the signals of the amide protons
from the macro initiator ab 8.3 ppm with the vinylic protons

g, 44.06 mmol) was added dropwise to a round-bottomed of the methacrylate ai 5.6 ppm. Afte 2 h aconversion of

flask containing a solution of hydroquinone (2.174 g, 19.75
mmol) and E{N (4.390 g, 43.38 mmol) in THF (80 mL),
which was purged with iy and cooled in an ice bath. After
complete addition of the acid bromide the reaction mixture
was stirred fo4 h atroom temperature. With TLC (heptane/
EtOAc, 5:1) completion of the reaction was determined. The
excess of acid bromide was quenched with MeOH. Triethyl-
ammonium bromide was removed by filtration over Hiflo
and the solvent removed in vacude product was recovered
as a yellow oil that was recrystallized three times from
MeOH, to give 5.36 g of a white crystalline product which
was dried under vacuum, 67% yiellH NMR (300 MHz,
CDCly): 6 7.18 (aromH, s, 4H), 2.07 (QCC(CH3).Br, s,
12H). 3C NMR (75 MHz, CDC}): ¢ 170.08 (GC(=0)C-
(CHs)2Br), 148.39 (aromC—0), 122.06 (aromC), 55.19
(O,CC(CHs),Br), 30.60 (QCC(CH3),Br). IR: 1747 (C=0,
ester) cm.

ATRP of 1 Using Bifunctional Initiator 2. The ATRP
of monomerl was carried out using bifunctional initiat@r
in a solution of DMSOds. 1 (486 mg, 1 mmol) was placed
in a Schlenck vessel along with 19.8 mg2{0.05 mmol),
20 mg of CuCl (0.2 mmol), and 63.3 mg of bipy (0.4 mmol).
The vessel was evacuated and filled with Whis procedure
was repeated three times. Then 2 mL of DM80was
added, and the solution was purged with Nhe reaction
mixture was placed into an oil bath preheated t6@0The
polymerization was followed byH NMR spectroscopy with

64% was reached. The polymer was worked up by pre-
cipitation in an aqueous EDTA solution (25 g/L), followed
by filtration and extraction of the desired product with
CH.Cl,. The solvent was then removed under reduced
pressure. No yield could be determined, as samples were
removed during the polymerization; however, 46 mg of
polymer was obtained. GPQ,, = 11.5 kg/mol, PDE 1.29.

'H NMR (400 MHz) (SO(CR)2): ¢ 0.5-1 (—CH:C(R)-
(CHg)—, m), 1.1-2.0 (NHCH(H3)C=0, OC(O)C(THs3)s,

and —CHy(C(R)(CHz)—, m), 3.55-4.35 (NHH.C=O,
(NHCH(CH3)C=0, OCHs; and OQH,CH,O, m), 7.0
(NHCH(CHs)C=0, s), 7.9 (MHCH(CH;)C=O0, s), 8.0
(NHCHC=0, s), 8.3 (MCH,C=0, s).

In Situ Formation of pMMA —p(Boc-Ala-Gly-Ala-Gly-
EMA) —pMMA (4). 1 (247 mg, 0.5 mmol) was placed in a
Schlenck vessel. To this were add2d(10.8 mg, 0.025
mmol), CuCl (9.9 mg, 0.1 mmol), and bipy (31.2 mg, 0.2
mmol). The vessel was evacuated and filled with argon. This
procedure was repeated three times. To this was added 1
mL of DMSO-ds, followed by purging with argon. The
reaction mixture was then placed in a preheated oil bath at
40 °C and polymerized. Samples were taken to follow the
conversion by'H NMR spectroscopy; conversion was
determined by comparing the signals of the amidé 8t3
ppm with the vinylic protons of the methacrylate @5.6
ppm. In a separate Schlenck vessel, 2200f MMA (0.2
mmol) was placed in 1 mL of DMS@s, and this solution
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Scheme 1. Schematic Representation of the Synthesis of an AGAG-Based Triblock Copolymer Using a Bifunctional Initiator
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was purged with argon. Two hours after the polymerlzatlon Scheme 2. Synthesis of Boc-Ala-Gly-Ala-Gly-Ethyl Methacrylate

of 1 was initiated, and a 71% conversion was reached, the Xox NJLOH e
MMA solution was added to the Schlenck vessel, using a

siphon. The polymerization was then continued3d until o o
an MMA conversion of 56% had been achieved. The > ”JLNW“’” v o "z”JN’Yw—’ X TN
polymerization was then stopped, and the polymer was
worked up by precipitation in 50 mL of a solution of EDTA .
in water (25 g/L), followed by filtration and redissolution
of the polymer in CHCI,. The yield could not be determined
due to the removal of samples during the polymerization,
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XOYN\E)(N/YOH
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™
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2 Reagents and conditions: (a) DCC, HOBt, DCM, 98%; (b) 4 M NaOH,
MeOH, dioxane, 86%; (c) EtOAc/2 M HCI, quantitative; (d) DCC, HOBt,

but 284 mg of polymer was obtained. GP®I, macroinitiator—
4.6 kg/mol, PDI= 1.17; Mn,aBA block copolymer= 6.1 kg/mol,
PDI = 1.19.'H NMR (400 MHz) (SO(CR)2): ¢ 0.5-1
(—CHC(R)(CHs)—, m), 1.1-2.0 (NHCH(3)C=0
OC(0O)C(M3);, and —CHy(C(R)(CHz)—, m), 3.55-4.35
(NHCH,C=0, NHCH(CH3)C=0, OCH3, and OCH,CH-0,
m), 7.0 (\HCHC=O, s), 7.9 (MHCHC=O, s), 8.0
(NHCHC=0, s), 8.3 (MCH,C=0, s). IR: v 3284 (N\-H
str); 2933 (C-H str); 1725 (G=0O str, ester); 1669 (€0
str, amide 1); 1524 (N-H vib, amide II); 1451 (C-H vib)
cm L.

Synthesis of pPMMA—p(NH2-Ala-Gly-Ala-Gly-EMA) —
pMMA (5). The removal of the Boc group from pMMA
p(Boc-Ala-Gly-Ala-Gly-EMA)-pMMA was performed by

stirring 200 mg of the polymer in 10 mL of a 50:50 mixture
of TFA and CHCI, for 1 h. The solvent was removed under

DCM, 56%; (e) 4 M NaOH, MeOH, dioxane, quantitative; (f) DCC, DMAP,
HOBt, DMF, HEMA, 40%.

and finally the polymerization of MMA from the ends of
this peptide-based macroinitiator was performed to give the
desired ABA-type block copolymer (see Scheme 1). On the
basis of earlier experiments in our laboratories, for the
polymerization of peptide-based monomers methacrylate
handles are the most appropriate, as they can be polymerized
under dilute conditions. To keep the backbone of the block
copolymer consistent and to facilitate macroinitiation, we
chose to use pMMA as the end block of our polymer. Al-
though pMMA has a highef, than can be expected from
the silk matrix material, it was still preferred over other
polymers with loweiT values, such as poly(methyl acrylate)
(pPMA), or polymers with a higher degree of biocompatibility

reduced pressure. The yield was quantitative. To removefor this reason. Via this approach we want to demonstrate
residual trifluoro acetic acid salts the polymer was dissolved the possibility of introducings-sheet functionality into a

in butanol and washed twice with a 1M NaHgS&bplution.
The solvent was removed under reduced pressHralMR

(400 MHz) (SO(CR),): 6 0.5-1 (—CHC(R)(CHs)—, m),

1.1-2.0 (NHCH(3)C=0 and —CHy(C(R)(CH3), m),

3.45-4.35 (NHMH,C=0, NHCH(CH;)C=0, OCH,CH.0,

and OCHs, m), 7.0 (HCHC=0, s), 7.9 (MCHC=0, s),
8.0 (NHCHC=O0, s), 8.3 (MCH,C=0, s). IR (before
TFA removal): 3284 (N-H str); 2953 (C-H str); 1724
(C=0 str, ester); 1669 (€0 str, amide 1); 1542 (NH

vib, amide 11); 1436 (G-H vib) cm™™. IR (after TFA
removal): 3321 (N-H str); 2917 (C-H str); 1683 w and
1625 s (G=0 str, amide 1); 1537 (NH vib, amide I1); 1468
(C—H vib) cm™.

Results and Discussion

The approach that was used for the constructigftsifieet-

containing ABA triblock copolymers using ATRP can be

block copolymer by incorporation of functional peptide se-
guences via a versatile and controlled polymerization ap-
proach.

Synthesis of af-Sheet-Based MonomerTo introduce
SB-sheet functionality into a synthetic polymer, it is necessary
to synthesize a monomer based on kngwsheet-forming
sequences, such as polyalanine repeats, as found in dragline
spider silk, and alanylglycirfé repeats, more commonly
observed in silkworm silk. It was known from previous work
carried out in our laboratory that polyalanine repeats are
difficult to synthesize due to insolubility at higher molecular
weights; therefore, it was decided to prepare monomers based
on alanine and glycine repeats. As a first model compound
the Ala-Gly-Ala-Gly tetrapeptide was chosen, which was
easily synthesized via solution-phase peptide chemistry as
depicted in Scheme 2. After the peptide synthesis the free
carboxylic acid end group was functionalized with HEMA
to give monomerl. HEMA was chosen as a functional

divided into three stages. First, a monomer containing a handle as the addition of the ethyl spacer allows the peptide
B-sheet-forming peptide sequence in the side chain had tomore flexibility in the side chain.

be synthesized. This was followed by polymerization of this

Polymerization of Boc-Ala-Gly-Ala-Gly-ethyl meth-

peptide-based monomer into a bifunctional macroinitiator, acrylate. The polymerization of monomdrwas carried out
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Scheme 3. Synthesis of Bifunctional Initiator were performed, in which the ligand, catalyst:initiator ratio,

1,4-(2'-Bromo-2'-methylpropionato)benzene= and temperature were varied (see Table 1).
o

o 0 Although in some cases livingness was observed, on the
H°4®*°H r2a L 8%04@70)5(& basis of the kinetics of polymerization and GPC results, it
, is clear that the reproducibility of the reinitiating experi-

ments was rather poor. The increase in polydispersity

a2 Reagents and conditions: (a) THF, Et3N, 0 °C. ) ) ;
observed in many experiments, and in one case even the

181 occurrence of a bimodal distribution, indicates that the
181 polymerization does not initiate properly, probably due to
1.4+ the loss of functional halide end groups. As the ATRP of
1.2 the peptide-based block was performed in a well-controlled
g 1.04 manner, it was thought that the loss of control during the
E-"o.s- . second polymerization was due to partial removal of the
£ o6 halide end groups during the agueous workup procedure. To
0.4 test this hypothesis, the macroinitiation was therefore
0.2] performed in situ.
0.0 ————————————T—— In Situ Macroinitiation of MMA from Boc-Ala-Gly-
0 10 20 30 4 % 6 70 & Ala-Gly-Ethyl Methacrylate. Boc-Ala-Gly-Ala-Gly-ethyl
Time/min . .
methacrylate was polymerized as before at°@) using
Figure 1. Polymerization of Boc-Ala-Gly-Ala-Gly-ethyl methacry- initiator 2 in DMSO-ds with CuCl/bipy as a catalyst. This

late in DMSO-ds at 40 °C for 75 min. An 81% conversion was

observed. time after 2 h, when the polymerization had reached 71%

conversion, an MMA solution in DMS@g was added. This
second polymerization reached 56% conversion after 3 h.
From the plots of the natural logarithm of conversion vs time
(Figures 3 and 4) it was observed that both polymerizations
were living. The GPC data (Table 2 and Figure 5) showed
. that the PDI was low and a monomodal distribution was
75 obtained for the triblock copolymer, indicating that both parts
Time/mins of the polymerization were controlled and that the in situ
macroinitiation was successful. This confirms the idea that
the loss of control during the first macroinitiation procedure
is a result of the workup procedure.
in DMSO-ds at 40°C for 75 min, after which a conversion Using an in situ macroinitiation procedure to build up our
of 81% was reached. As bifunctional initiator the commonly block copolymer has advantages and disadvantages. The
used2 was used (see Scheme 3). DMSO is not a common main disadvantage is that it is not possible to reach 100%
solvent for ATRP28 however, we have recently shown that conversion while maintaining a living ATRP polymerization,
it is suitable for the polymerization of peptide-based mono- meaning that there will be some mononieteft after the
mers, and it allows monitoring of the kinetics of the addition of the second monomer MMA. This will result in
polymerization vitH NMR spectroscop¥® The plot of the some incorporation of monomérinto the A block of our
natural logarithm of conversion vs time (see Figure 1) desired block copolymer. This however was expected not
showed that the kinetics of polymerization are clearly first to have a pronounced influence on afysheet structure
order, indicating a living polymerization. This was further present in the final polymer. The main advantage is that there
confirmed by the GPC data (see Figure 2), which showed ais no workup procedure, and therefore, the loss of end groups
PDI of 1.12. Therefore, it can be concluded that ATRP of and formation of dead chains can be minimized.
monomerl proceeded without much difficulty. IR Characterization of pMMA- b-p(Boc-Ala-Gly-Ala-
Macroinitiation of MMA from Poly(Boc-Ala-Gly-Ala- Gly-EMA)- b-pMMA. To investigate whether the introduc-
Gly-ethyl methacrylate). To synthesize the desired ABA tion of AGAG peptides leads to the formation Bfsheet
block copolymer architecture, it was necessary to reinitiate elements in the triblock copolymer, secondary structure
the polymerization of the second monomer, MMA, from the analysis had to be performed. One technique which is simple,
halogen moieties that should be present at both chain endgeliable, and not influenced by the presence of the polymer
of the synthesized polymer poly(Boc-Ala-Gly-Ala-Gly-ethyl  backbone is IR spectroscopy, which was therefore used for
methacrylate). First, the peptide-based polymer was workedthe analysis of the prepared triblock copolymers. Other
up after polymerization by precipitating the polymer in a techniques such as CD spectroscopy, electron microscopy,
solution of EDTA in water, followed by washing with and AFM were also applied. Unfortunately, CD spectroscopy
dichloromethane. The purified polymer was then used as thewas hampered due to scattering of the polymer films, and
macroinitiator for ATRP of MMA. This process was again with electron microscopy no specific structures could be
carried out in DMSQOds to ensure solubility of the macro-  detected. Preliminary AFM results showed some structural
initiator and the resulting block copolymer. To obtain the formation which has to be further investigated in more detalil
optimal conditions for macroinitiation, several experiments to be conclusive.

Figure 2. GPC trace for the polymerization of monomer 1. M,, was
6.5 kg/mol, and the polydispersity was 1.2.
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Table 1. Different Polymerization Conditions Used for the Macroinitiation of MMA from Poly(Boc-Ala-Gly-Ala-Gly-ethyl methacrylate)?

ligand conv/% time/h temp/°C concn/M I:Cu My/kg/mol M m/kg/mol MWD first order
bipy 64 2 70 0.5 1:8 11.5 13 1.26 no
bipy 57 4 60 0.5 1:8 11.1 13 1.29 no
bipy 56 4 50 0.5 1:8 11.9 13 1.29 no
bipy 3 4 60 0.25 1:8 NA 10 NA no
bipy 64 6 60 0.5 1:4 13.0 13 1.07 no
bipy 16 24 60 0.5 1:8 NA 10 NA no
PMDETA 73 15 80 0.5 1:8 bimodal 13 bimodal yes
PMDETA 51 25 70 0.5 1:4 N/A 13 1.3 no
PMDETA 77 23 60 0.5 1:4 7.0 13 1.3 no
PMDETA 50 4 50 0.5 1:8 N/A 11 N/A no

a Bipy (bipyridine)and PMDETA (pentamethyldiethyltriamine) were both used as ligands (in 2:1 and 1:1 ratios with copper chloride, respectively) along
with different initiator:catalyst ratios and different temperatures.
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Figure 3. Natural logarithm of conversion vs time for the polymer-
ization of Boc-Ala-Gly-Ala-Gly-ethyl methacrylate. This is the first part
7.5

of the in situ macroinitiation of MMA from poly(Boc-Ala-Gly-Ala-Gly-
ethyl methacrylate).
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Figure 5. GPC trace for the in situ macroinitiation of MMA from poly-
(Boc-Ala-Gly-Ala-Gly-ethyl methacrylate): (a, top) part 1, polymeri-
0.6+ zation of poly(Boc-Ala-Gly-Ala-Gly-ethyl methacrylate), (b, bottom)

. part 2, polymerization of MMA.
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Figure 4. Natural logarithm of conversion vs time for the polymer-
ization of MMA. This is the second part of the in situ macroinitiation
of MMA from poly(Boc-Ala-Gly-Ala-Gly-ethyl methacrylate).

3
1624
1576
13117

Table 2. Experimental Data for the Polymerization of 1 and the in o0
Situ Macroinitiation of MMA from Poly(Boc-Ala-Gly-Ala-Gly-ethyl © l |
methacrylate)? - ’
monomer time/h  conv/%  Myw/kg/mol  My/kg/mol  PDI f
1 2 71 7.3 4.6 1.17 ;!
MMA 3 56 12.9 6.1 1.19 v
i

2 Polymerization was performed at 40 °C.

1492

The different Ala-Gly-Ala-Gly-containing structures
were characterized using FT-IR (ATR) (see Figure 6), and
the amide | and amide Il values were compared to values
reported in the literature fg#-sheet structure®:*°First, both
the monomer and Boc-protected polymer were analyzed.
Both of these showed no indication gfsheet formation;  arandom coil structure (see Table 3). A possible explanation
instead, the amide | and amide Il values were indicative of for the absence ¢f-sheet formation within the polymer could

Figure 6. IR spectra of the amide | and amide Il regions for pMMA-
b-p(Ala-Gly-Ala-Gly-EMA-b-pMMA.



[-Sheet Side Chain Polymers Synthesized by ATRP Biomacromolecules, Vol. 6, No. 2, 2005 831

Table 3. IR Values (cm~1) Obtained for Monomer 1 and the References and Notes
Respective Block Copolymers before and after Removal of the .
Boc Protecting Group and TFA Salts (1) Atkins, E.Nature2003 424 1010.
- - (2) Purves, W. KSci. Am.2002 287, 107.
compound amide | amide |l (3) McGrath, K., Kaplan, D., EdSrotein-based MaterialsBirkhaus-
random coil* 1656 1535 (4) Warﬁgrs tgnélgggk M.; Jacob, K. Macromol. Sci., Re Macromol
i _ a , 9. b , VL] , K. . l., .
antiparallel 5-sheet 1632 s/ 1530 Chem. Phys1999 C39, 643653,
1685w (5) Kaplan, D.; Wade Adams, W.; Farmer, B.; Viney,Silk polymers:
Boc-AGAG-EMA (monomer) 1655 1526 Materials Science and Biotechnolggymerican Chemical Society:
pPMMA-b-p(Boc-AGAG-EMA)-b-pMMA 1662 1534 Washing'ton,.DC, 1994; Vol. 544. _
PMMA-b-p(AGAG-MA-EMA-TFA)-b-pMMA 1670 1545 (6) ger(azz()?ggtzelroéngEllces, M.; Llorca, J.; Viney, X Appl. Polym.
. MAL ) Ci. 1, 82, 53-62.
PMMA-D-p(AGAG-MA-EMA)-b-pMMA 1624 s/ 1537 (7) Perez Riguero, J.; Elices, M.; Llorca, J.; Viney,X Appl. Polym.
1683 Sci. 2001, 82, 2245-2251.

(8) Perez Rigueiro, J.; Elices, M.; Llorca, J.; Viney, Il Appl. Polym.
Sci. 2001, 82, 1928-1935.

(9) Lewis, R. V.Biopolymers2003 8, 1—24.

be the presence of the bulky Boc protective group at the N (10) van Beek, J. D.; Hess, S.; Vollrath, F.; Meier, B.Moc. Natl. Acad.

a Standard IR values for the amide | and Il bands.2930

terminus of the tetrapeptide moieties. This was therefore Sci. U.S.A2002 99, 10266-10271. _

. . . - . (11) Simmons, A. H.; Michal, C. A.; Jelinski, L. W5ciencel996 271,
investigated by cleavage of this protective moiety. After 84-87.

removal of the Boc group by treatment with trifluoroacetic  (12) Altman, G. H.; Diaz, F.; Jakuba, C.; Calabro, T.; Horan, R. L.; Chen,
acid (TFA) a sharp shift in the amide | and amide I signals ibf';ﬁg H.; Richmond, J.; Kaplan, D. Biomaterials2003 24,
was observed, wh_lch were now |nd_|cat|ve of an antlpgrallel (13) Altman, G. H.: Horan, R. L.: Lu, H. H.: Moreau, J.: Martin, 1.
f-sheet conformation. The suggestion thatheet formation Richmond, J. C.; Kaplan, D. LBiomaterials 2002 23, 4131
was sterically hindered in the case of the protected triblock 4141.

copolymer was furthermore substantiated by the observation 4 g"seggeed' Z:; Cappello, J.; GhandehariParm. Res2002 19, 954~

that when TFA was still present in the block copolymer as  (15) Scheller, J.; Guhrs, K. H.; Grosse, F.; ConradNat. Biotechnol.

a counterion for the free amine groypsheet structures were 2001, 19, 573-577.

. . (16) Lazaris, A.; Arcidiacono, S.; Huang, Y.; Zhou, J.; Duguay, F.;
also dlsruptgd. Only after a thorough washing procedure was Chretien, N.: Welsh, E. A.: Soares, J. W.. Karatzas, CShience
p-sheet folding observed. 2002 472-477.

(17) Volirath, F.; Knight, D.Biopolymers2003 8, 25—46.
. (18) Vollrath, F.; Knight, D. PNature 2001 410, 541—-548.
Conclusions (19) Rathore, O.; Sogah, D. YWlacromolecule2001, 34, 1477-1486.
) (20) Rathore, O.; Sogah, D. Y. Am. Chem. So001, 123 5231-
We have successfully demonstrated the preparation of 5239. _ _ o .
ABA triblock copolvmers containing-sheet-forming peptide (21) Matyjaszewski, K., EdControlled radical polymerizatiglAmerican
= P %’ hg hesi fg P p|_a . Chemical Society: Washington, DC, 1998; Vol. 685.
sequences. For this purpose, the synthesis of an alanine  (57) matyjaszewski, KCurr. Org. Chem2002 6, 67—82.
glycine tetrapeptide-based monomer was performed and an (23) Marsh, A.; Khan, A.; Garcia, M.; Haddleton, D. Zhem. Commun.
in situ macroinitiation technique was developed to construct 200Q 2083-2084. _
. . . ... (24) Haddleton, D. M.; Ohno, KBiomacromolecule200Q 1, 152—
the desired architecture. We have established a strategy with 156.
which we can take simple peptide sequences which have been(2s) Ayres, L.; Vos, M. R. J.; Adams, P.; Shklyarevskiy, I. O.; van Hest,
isolated from structural proteins and place them into a (26)Jk <|3| MéMia\leovvf)'e?fU'anoﬁ 36, 55967&51%%2 s
. . . . eller, R. N.; Wycoff, H. D.Inorg. Synth. , 1—4.
synthetic polymer. By doing this, we have shown thatitis (57) kispi's. Santos, A.; Ishii, O.; Ishikawa, K. Kunieda, S.; Kimura,
possible to reproduce the secondary structure associated with H.; Shoji, A.J. Mol. Struct.2003 649, 155-167.
these structural proteins in the po|ymer_ Because of the (28) Godwin, A.; Hartenstein, M.; Muller, A. H. E.; Brochini, 8ngew.

.. . Chem., Int. Ed2001, 40, 594-597.
Versat”'ty and robustness of ATRP, this method can be (29) Krimm, S.; Bandekar, J. ladvances in Protein Chemistnacademic

extended to different peptide sequences in combination with Press: New York, 1986: Vol. 38, pp 28261.
a wide range of monomers. (30) Miyazawa, T.; Blout, E. RJ. Am. Chem. Socl961, 83, 712-
719.
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