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Abstract: Selective replacement of the amorphous peptide domain of a spider silk with poly(ethylene glycol)
gaveN. clavipessilk-inspired polymers having similar solid-state structures and very good mechanical properties.
The tendency of poly(alanine) having appropriate chain length to fsheets and the facility with which

the 8-sheets self-assemble have been retained in the polymers. Solid*&taN®IR, solid-state FTIR, X-ray
diffraction, and AFM studies showed that the polymers formed predominantly antipgialedets that self-
assembled into discrete nanostructures. The longer the peptide segment was, the greater was the tendency to
self-assemble into antiparallgtsheet aggregates. AFM revealed that the morphology of the polymers was a
microphase-separated architecture that contained irregularly shape@d®@@m poly(alanine) nanodomains
interspersed within the PEG phase. The results suggest that the poly(alanine) domain influences the solid-state
properties of spider silk throughtsheet self-assembly into temporary cross-links. The results further demonstrate
that by selectively replacing certain segments of a naturally occurring biopolymer with a judiciously selected
nonnative segment while, at the same time, retaining other segments known to be critical for the essential
properties of the native biopolymer, a synthetic polymer with similar properties and function can be obtained.

Introduction application of lessons learned from nature to polymer architec-
ture control will, undoubtedly, have a significant impact on the
design and production of novel biomaterials with applications
in protein/cell immobilization, controlled drug delivery, bio-
sensors, self-assembling electronic devices, and medical recon-
struction device$.

In the search for clues from nature one finds that there are
many fibrous proteins with repetitive peptide sequences that fold
into regular structural elements and define the properties of the
biopolymer35 Examples include keratitd,collagen®fibronectin32
silks3¢ elastin®® and amelogenin®¢ Examination of the

The ultimate goal in synthetic polymer chemistry is the
precise control of molecular architecture, which has been the
focus of intensive research for some tifigotwithstanding the
great strides made in structure control using living polymeri-
zationga " and step-by-step construction of dendritic structifrés,
precise polymer structure control has, for the most part, eluded
polymer chemists. In contrast, the precise control of the
architecture of biopolymers is routinely done by nature. Hence,
biological systems represent a quintessential paradigm in
biomimetic research directed to structure control, especially
since their various components self-assemble into useful nano- f )
structures with strong correlation between structure and function. ’\kl));kg\é?r’olﬁ;, i’f"dEff“zj*uZ'(eEra grfnﬁ‘%”.ol\‘& ﬁ‘f’%1;':.'5&31%%).08%1%%;1;
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Figure 1. (a) N. clavipes major ampullate sequence showing the alanine-fiedheets (highlighted) and glycine-rich amorphous regi8igb)

Generic structure of designed silk-inspired segmented multiblock copoly®ierB3 in which the amorphous segments are replaced by flexible
nonpeptide blocks.

structures of some of these biopolymers reveals that they multiblock copolymers could help unlock the molecular secrets
resemble the structures of segmented multiblock copolymers.of structural biopolymers and provide the much-needed funda-
For example, naturally occurring silks consist gfsheet mental principles for the design and synthesis of polymers of
crystalline segments (e.g., (GlyAlaGlyAlaGlySegigr Bombyx controlled structures.

mori silk or (Ala), for Nephila clavipessilk) that alternate with The structure and the excellent mechanical properties of
amorphous segments composed of amino acids some of whichnatural silks have inspired several research laboratories to utilize
have bulky side group%:® This is illustrated in Figure 1a for  lessons learned from nature in exploring the relationship
one type of spider silk. Hence, properly designed segmentedbetween molecular structure and functféhik-m.3c¢6.7 Thys,
genes coding for silk proteins in bacteria and yeast have yielded

(4) (a) West, J. L.; Halas, N. Curr. Opin. Biotechnol200Q 11, 215-

217. (b) Wooley, K. L.J. Polym. Sci., Part A: Polym. Cher200Q 38, various silk analogues that have provided valuable clues.
1397-1407. (c) Niemeyer, C. M.; Adler, M.; Pignataro, B.; Lenhert, S.;; Fahnestock et al. have successfully expressed spider silk ana-
Gao, S.; Chi, L.; Fuchs, H.; Blohm, Mucleic Acids Resl.999 27, 4553 logue proteins inP. pastoris’@ Kaplan et al. prepared high

4561. (d) Niemeyer, C. M.; Burger, W.; PepliesAhgew. Chem., Int. Ed. . . . .
Engl. 1998 37, 2265-2268. () Petka, W. K; Hardin, J. L.: McGrath, K. performance fibers based o clavipes dragline protein se-

P.; Wirtz, D.; Tirrell, D. A. Sciencel998 281, 389-392. (f) McGrath, K. quence’? Similar approaches have resulted in a silk-like polymer

P.; Butler, M. M. InProtein-Based MaterialsMcGrath, K. P., Kaplan, D. containing a 17-residue fibronectin sequence as a cell adhesive
L., Eds.; Birkhaeuser: Cambridge, MA, 1997; pp 22179. (g) Pompe,

W.; Mertig, M.; Kirsch, R.Wiss. Z. Technol. Unersity Dresder1997, 46, (6) (a) Kaplan, D. L.; Mello, C. M.; Arcidiacono, S.; Fossey, S.; Senecal,
40—-45. (h) National Research Council ReporRiomolecular Self-As- K.; Muller, W. In Protein-Based MaterialsMcGrath, K. P., Kaplan, D.
sembling Materials: Scientific and Technological Frontiefdational L., Eds.; Birkhaeuser: Cambridge, MA, 1997; pp #d31. (b) Hayashi,
Academy Press: Washington, DC, 1996. (i) Safinya, C. R.; SheNATO C.Y.; Shipley, N. H.; Lewis, R. VInt. J. Biol. Macromol.1999 24, 271—
ASI Ser. (E)1996 322 103-134. (j) Bayley, H.J. Cell. Biochem1994 275. (c) Thiel, B. L.; Guess, K. B.; Viney, ®iopolymersl997, 41, 703—
56, 168-70. 719.

(5) (@) Urry, D. W.J. Protein Chem1988 7, 1-34. (b) Aoba, T.; (7) (a) Fahnestock, S. R.; Bedzyk, L. Appl. Microbiol. Biotechnol.
Moreno, E. C. InSurface Actie Peptides and PolymerSikes, C. S., 1997, 47, 33—39. (b) Prince, J. T.; McGrath, K. P.; DiGirolamo, C. M.;

Wheeler, A. P., Eds.; American Chemical Society: Washington, DC, 1991, Kaplan, D. L.Biochemistryl995 34, 10879-10885. (c) Anderson, J. P.;

Chapter 7, pp 85106. (c) Renugopalakrishnan, V.; Pattabiraman, N.; Cappello, J.; Martin, D. CBiopolymers 1994 34, 1049. (d) Cappello, J.;

Prabhakaran, M.; Strawich, E. S.; Glimche, MBiopolymers1989 28, Crissman, J.; Dorman, M.; Mikolajczak, M.; Textor, G.; Marquet, M.;
297. Ferrari, F.Biotechnol. Prog199Q 6, 198.
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domain that alternated with nine GlyAlaGlyAlaGlySer repeating as possible, that of silk involves replacing the segments pre-
units’c In addition, Capello and co-workers genetically ex- sumed to be in the amorphous domain of silk (non-highlighted
pressed sequences franmorisilk with those from elastinto ~ sequences in Figure 1a) with a synthetic nonpeptide segment
produce block copolymers of well-defined sequerféa¥e have while retaining the poly(alanine) segments (highlighted se-
recently reported silk-inspired polymers made by a novel quences). The resulting hybrid silk-mimic structures suitable
chemical Lego method that involves catenation of preformed for investigating nanostructure formation vjasheet self-
building blocks of defined structure and functi®mhis method assembly are shown in Figure 1b. In the spider silk-inspired
is not limited to naturally occurring amino acid sequences and materialsP2 and P3, the poly(alanine) blocks have variable
can handle a variety of synthetic polymer segments. It, therefore,chain lengths and, therefore, can be synthesized via standard
offers the opportunity for generation of a library of protein- polymerization techniques, such as anionic ring-opening po-
inspired polymers in which some but not all of the amino acid lymerization of theN-carboxyanhydride (NCA) derivative of
segments are replaced with synthetic nonnative segments. Thesthe amino acid. Th8. morisilk-inspired polymeP1 has been
can be used to provide the structu@operty correlation data  reported previousl§ PEG is selected as the nonnative equiva-
needed for a rational control of the properties of targeted lence of the amorphous polypeptide domain because of its ready
bioinspired materials. availability, ease of synthesis, well-established properties, water-
A key element in silk structure is self-assembled antiparallel solubility, biocompatibility, and controllable amorphous and
B-sheets that form temporary cross-links and are an importantcrystalline character. In the above design, the lengths of the
factor affecting the useful properties of s In our view, PEG segments are deliberately kept short to prevent unwanted
[S-sheet-forming polypeptides, because of their natural tendencycrystallization of the PEG block and maintain the amorphous
to readily aggregat®? constitute excellent building blocks for ~ domain. Similar toP1, P2 and P3 can be readily synthesized
self-assembled nanostructures. This has recently been realizedising the reported modular synthetic appro&ch.
in our laboratories where we found that a bioinspired synthetic ~ This paper describes the synthesis and solid-state properties
material, containing poly(ethylene glycol) (PEG) soft segments of P2 and P3 based upon the above biomimetic design prin-
that alternated with the (AlaGly)hard segment, formed ciples, discusses the relative propensityP@andP3 to self-
nanostructures through self-assembly of the (Alagfssheet assemble into nanostructures, and examines how the properties
peptide and exhibited the solid-state propertie® ofmori silk of natural silks are affected by the substitution of PEG for their
and (AlaGly), in their silk 1l form.2¢ This has inspired us to ~ amorphous peptide segments. Evidence for self-assembly of
take advantage of the natural tendencyfeheets to self-  these materials intB-sheet nanostructures was obtained from
assemble into nanostructures in delineating the factors importantsolid-state3C NMR, solid-state FTIR, X-ray diffraction, atomic
in nanostructure formation, which ultimately could lead to the force microscopy (AFM), and differential scanning calorimetry
design and synthesis of polymers of controlled architecture. (DSC). The paper provides evidence that rationally designed
Pursuant to this objective, we selected spider silk as the biomimetic polymers can emulate properties of the correspond-
biopolymer to mimic. ing native biopolymers. It further establishes the validity of the

As indicated above and revealed by the partial amino acid chemical modular approach to synthesis of novel biomolecular
sequence of the spider silk structure depicted in Figure 1a, silk materials of controlled architecture whose study could lead to
protein is an examp|e of a natura"y occurring Segmented Identlfylng useful Structureproperty correlation in biomaterials.
multiblock copolymer containing alternating poly(alanine) seg- ) )
ments and blocks of other randomly linked amino acids. The Results and Discussion
average number of Ala residues in spider silk structures varies

6b,10 is ig i i . . . . . .. . .
from 4 to 9> This is in the range where the poly(alanine) gy "4 o 9) is readily accessible via anionic ring-opening
forms S-sheets rather than helicEs.Our strategy in obtaining polymerization of the NCA derivative of the amino acid. The
a material whose segmented structure approximates, as closel)degree of polymerization (DP) can be readily controlled by the

(8) () Winningham. M. J.: Sogah. D. ¥acromoleculed997, 30, 862 mola_r ratio of the NC_)A to fthe initiator, which is typlcally a
876. (b) Rathore, O.; Winningham, M. J.; Sogah, D.JY.Polym. Sci., Lewis base. Thus, anionic ring-opening polymerization of Ala-
Part A: Polym. Chem200Q 38, 352-366. (c) Rathore, O.; Sogah, D. Y.  NCA (2) using o,w-diamino-PEG {) as initiator gave the

Macromolecule®001 34, 1477-1486. (d) Sogah, D. Y.; Claussen, R. C.; ; i ; _ i ;
Winningham, M. J.; Rathore, @nn. Technol. Conf:-Soc. Plast. Engl999 triblock material, poly(alaniné-oxyethyleneb-alanine), in

2180-2184. (e) Claussen, R. C.; Sogah, D.Palym. Prepr. (Am. Chem. excellent yield 8, Scheme 1). The product was fractionated into
Soc., Dv. Polym. Chem.)1996 37, 394-395. (f) Claussen, R. C. Ph.D.  water-soluble 4) and water-insoluble5) components. End-

(T:f(‘]?siesli Sr?i:/';er!itlj”il"ggty’ 1998. (g) Winningham, M. J. Ph.D. Thesis, group titration of4 and 5 gave number average molecular
(9) (a) Lashuel, H. A.: LaBrenz, S. R.; Woo, L.; Serpell, L. C.: Kelly, J. weights My's) as 823 and 1097, respectively. These correspond,

W. J. Am. Chem. So@00Q 122, 5262-5277. (b) Qu, Y.; Payne, S. C.;  respectively, to approximately 8 and 12 Ala residues, which
églfgrl?n), g. Fk’.; hCoTntuéell% V. Pl AmT. (iheén- 808200(1/ 12L2 501§ G are equivalent to an average DP of 4 and 6 for each poly(alanine)
. (C urkoth, T. S.; enzinger, . L. 5.7 Urban, V.; Lynn, . o 5 H
Meredith, S. C.. Thiyagarajan, B. Am. Chem. Sod999 121 7429 block. The results were conﬂrmed by ESIMS analyses, which
7430. (d) Clark, T. D.; Buriak, J. M.; Kobayashi, K.; Isler, M. P.; McRee, 9ave bell-shaped _m0|eC_U|ar weight profiles for each. Thus, the
D. E.; Ghadiri, M. R.J. Am. Chem. S04998 120, 8949-8962. (e) Moser, number of Ala residues id was found by ESIMS to be411,
R.;Klauser, S, Leist, T.; Langen, H.; Epprecht, T.; GuttehBgew. Chem.,  yjth peaks of highest intensity being DP 7 (100%) and 8
Int. Ed. Engl.1985 24, 719. (f) Yang, Y.; Erickson, B. WProtein Sci 93%). Similarly. th b f alani iduesi f d

1994 3, 1069. (g) Kobayashi, K.; Yonezawa, N.; Katakai, Racromol- (93%). Similarly, the number of alanine residue$was foun

ecules1995 28, 8242. (h) Minor, D. L., Jr.; Kim, P. SNature1994 371, to be 714, with peaks of highest intensity being BP9 (95%)
264. (i) Gardner, R. R,; Liang, G.-B.; Gellman, S. H.Am. Chem. Soc. and 10 (100%).
1995 117, 3280. (j) Schneider, J. P.; Kelly, J. W. Am. Chem. S0d995

Synthesis The average number of Ala residuesNinclavipes

117, 2533. (k) Brandmeier, V.: Sauer, W. H. B.; Feigel, Melv. Chim. PolymersP2 and P3 were prepared by step-growth polym-

Acta1994 77, 70. (I) Kemp, D. S.; Stites, N. Eletrahedron Lett1988 erization of 4 and 5, respectively, with the commercially

29, 5057. (m) Winningham, M. J.; Sogah, D. ¥. Am. Chem. Sod.994

116 11173. (11) (a) Fujie, A.; Komoto, T.; Oya, M.; Kawai, TMakromol. Chem.
(10) Simmons, A. H.; Michal, C. A.; Jelinski, L. W5ciencel 996 271, 1973 169 301-321. (b) Arnott, S.; Dover: S. D.; Elliott, Al. Mol. Biol.

84—87. 1967, 30, 201—208.
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Table 1. Synthesis and Properties of Polyamid&andP3

[MOﬂ] yleld Tg (OC) Tm (OC) Td,onset(oc)
polymer (M) (%) #mm® (DSCP (DSCP (TGA)®
P2 0.061 75 0.417 —58,—28 d 307
P3 0.023 68 0.305 —54,-18 d 337
pP1° c c cC —-57,0 116 300

aInherent viscosity was measured in dichloroacetic acid at 25.0
0.1°C.°DSC and TGA were performed at 2C per min and 20C
per min, respectively, under nitrogen atmosphéReference 8c.
9None observed.

available poly(ethylene glycol) bis(carboxymethyl) ett@rgs

the chain extender in LiCI/DMSO and in the presence of DPPA/

EtsN (Scheme 2, Table #f. The isolatedP2 and P3 were

relatively insoluble even in a LiCI/DMSO mixture; therefore

inherent viscosity #inn) measurements in dichloroacetic acid

were used to obtain information about their molecular weights.

The 7inn values of 0.42 dig=! for P2 and 0.31 dkg* for P3

correspond to weight average molecular weighMg'§) of ca.

20000-25000 and ca. 1506€20000, respectively, based upon 1 3

similar measurements reported earfier S S
Nanostructure Formation. 1. Solid-Statel3C NMR Spec- 65 55 45 35 25 15 5

troscopic Evidence for the Presence g8-SheetsPrior studies ppm

.hav.e rgvegled that the extent of self-gssembly Into nanostructure%igure 2. The Ala-C* and Ala-C region in the solid-stat€C NMR

in S|Ik-|nsp|r_e(_j r_natenals correlate_d with théir_sheet con_tenl%’:C spectra of (aP2 and (b)P3

Therefore, it is important to provide unambiguous evidence that

the incorporated poly(alanine) segments formed the expected24 ppm) of each polymer and the resonance at 49.5 ppm (Ala-

B-sheets. Solid-staféC NMR8P.c12.133nd solid-state FTIR415 C%) were attributed tg3-sheet aggregates. Furthermore, there

have been shown to be effective analytical tools for demonstrat-was no noticeable shoulder either downfield &R ppm) to

ing formation of-sheets in polypeptides and proteins. Figure the Ala-C* peak or upfield (1519 ppm) to Ala-@ peak in the

2 depicts the solid-statC NMR spectra ofP2 andP3. The spectra of both polymers, suggesting tR& and P3 did not

broad resonance at 22 ppm in the Aléd<pectral region (14 form significant amounts of other major n@sheet conforma-
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tions. The totap3-sheet content in each polymer was estimated I
to be 95+ 5%, which is comparable to that found for the
structurally similarP1 (90%Y¥¢ but higher than that reported |
for native N. clavipessilk (77%)132 The results are evidence |
that the predominant conformation of the poly(alanine) segments
in both P2 andP3 is, indeed, g5-sheet. The absence of other 1
non{3 conformations, such as a helix, is in agreement with the ]
solid-state!3C NMR results of Saito et al., which revealed that X
a poly(alanine) with less than 16 Ala residues was more likely
to form ap-sheet than a heli¥&d Moreover, Saito et al. also
did not observe significant formation of ngheonformations

in poly(alanine) having greater than 4 Ala residifs.

2. Evidence from Solid-State FTIR and X-ray Diffraction. P2 .
The manner in which the peptides are linked to the PEG ]
segments in the generic structures shown in Figure 1b is head-
to-head and tail-to-tail. This raises the question as to whether 1.
the chain could bend onto itself to form paralfeisheets. It -+
was previously shown that the manner of linking say (Alagly) ]
to PEG did not affect the tendency of the peptide to self-
assemble into antiparalleB-sheet aggregaté®¢ and that
formation of parallef3-sheets through intramolecular hydrogen
bonding in peptides linked by flexible linear chains was
entropically prohibited2 Nevertheless, due to the strong
tendency exhibited by2 and P3 to form almost exclusively

P3 ! "\_‘(c)

\
1
i
i
i
i
|

N
i

|

ap-f

\\\\\\\\\

1750 1700

Wavenumber (cm'!)

Figure 3. Solid-State FTIR spectra d?2 and P3 (KBr, 2.0 cn?

B-sheets as revealed by tH€ NMR studies, and the fact that
(Ala); was found to crystallize in both parallel and antiparallel
S-sheet conformation¥,it is necessary to show independently

resolution, room temperature): (a) resolution-enhanced spectr&a® of
(b) second derivative spectrum@g; (c) resolution-enhanced spectrum
of P3, and (d) second derivative spectrum BB. (Key: ap#,
antiparalle|s-sheety, random coil; nons, nong-sheet conformations.)

that the observed-sheet aggregates are not a mixture of both
types of3-sheets. Using solid-statéC NMR spectroscopy to
unambiguously distinguish between the two types of aggregated
f-sheets does not seem straightforward and, to our knowledge, ,
has not been previously demonstrated. Therefore we resorted ;
to solid-state FTIR spectroscopy that, in contrast, provides a

441 A
528 A ‘

means for demonstrating the formation/®theets as well as
distinguishing between parallel and antipargledheet$a-d The

resolution-enhanced (Figure 3a, dotted line) and the second

derivative (Figure 3b, solid line) solid-state FTIR spectrum of

P2 (polymer with shorter poly(alanine) segments) showed bands

at 1630 and 1692 (shoulder) cfn These bands have been
shown to be diagnostic for antiparalf¢isheet$:1415The FTIR
spectrum also revealed bands due to randoni§55 cnt?)
and some noif-sheet (nor3, 1663 and 1675 cni) conforma-

tions; but these bands were considerably weaker than the bands

attributed to the corresponding antiparalebheets. Further-

more, there was no evidence for the presence of parallel

p-sheets, which would have given rise to a band at ap-
proximately 1645 cm! in addition to the 1630 cm band®®

(12) (a) Wishart, D. S.; Sykes, B. D. Biomol. NMR1994 4, 171-80.
(b) Saito, H.Magn. Reson. Cher986 24, 835-852. (c) Saito, H.; Tabeta,
R.; Asakura, T.; lwanaga, Y.; Shoji, A.; Ozaki, T.; AndoMacromolecules
1984 17, 1405-1412. (d) Saito, H.; Tabeta, R.; Shoji, A.; Ozaki, T.; Ando,
|. Macromoleculesl983 16, 1050-1057.

(13) (a) Seidel, A.; Liivak, O.; Calve, S.; Adaska, J.; Ji, G.; Yang, Z;
Grubb, D.; Zax, D. B.; Jelinski, L. WMacromolecule200Q 33, 775—
780. (b) Seidel, A.; Liivak, O.; Jelinski, L. WMacromolecules998 31,
6733-6736. (c) Liivak, O.; Blye, A.; Shah, N.; Jelinski, L. Wilacromol-
ecules1998 31, 2947-2951.

(14) (a) Holloway, P. W.; Mantsch, H. Heiochemistryl989 28, 931—
935. (b) Casal, H. L.; Koehler, U.; Mantsch, H. Biochim. Biophys. Acta
198§ 957, 11—20.

(15) (a) Haris, P. I.; Chapman, Biopolymersl1995 37, 251-263. (b)
Torii, H.; Tasumi, M.J. Chem. Physl992 96, 3379-3387. (c) Surewicz,
W. K.; Mantsch, H. H.Biochim. Biophys. Actd988 952 115-130. (d)
Bandekar, J.; Krimm, SBiopolymers1988 27, 885-908. (e) Bandekar,
J.; Krimm, S.Biopolymers1988 27, 909-21. (f) Susi, H.; Byler, D. M.
Arch. Biochem. Biophy4.987, 258 465-9.

(16) (a) Hempel, A.; Camerman, N.; Camerman Bfopolymers1991],
31, 187-192. (b) Qian, W.; Bandekar, J.; Krimm, Biopolymers1991],
31, 193-210.
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Figure 4. Powder X-ray diffraction pattern of (&2 and (b)P3.

30

The relatively large band at 1700 chwas from the amide
carbonyl group of comonomes fragments. The FTIR data
clearly substantiate the deductions from €& NMR studies
and establish that thé-sheets are indeed antiparallel.

The formation of antiparallels-sheets inP2 was also
confirmed by powder X-ray diffraction studies (Figure 4a). The
diffraction pattern showed peaks wittspacings of 5.28, 4.41,
and 3.77 A. These are similar to the antiparafiesheetd
spacings reported fd¥. clavipessilk by Thiel et alc and those
observed for a poly(alaningp-sheet at 5.36 and 4.45 A
corresponding, respectively, to 020 and 100 reflections in an
orthorhombic crystal witta = 4.73 A, b = 10.54 A, andc =
6.89 Al To determine if the chains were aligned in any manner,
X-ray diffraction studies were carried out on fibers made from
P2. The fiber X-ray diffraction (Figure 5a) of the fibers gave
arcs perpendicular the fiber axis rather than concentric circles,
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Building Block § /| ()

Figure 5. WAXD patterns of (a) the as-spup2 fiber bundle (fiber
axis is vertical) and (b) the as-sp@3 fiber bundle (the fiber axis is
~35° clockwise from vertical).

445 A

Wavenumber (cm™')

Figure 7. Solid-State FTIR spectra of building blocksand5 (KBr,

2.0 cn1?! resolution, room temperature): (a) resolution-enhanced
spectrum of4; (b) second-derivative spectrum df (c) resolution-
enhanced spectrum & and (d) second-derivative spectrum &f
(Key: ap#, antiparallels-sheet;r, random coil; norn3, nong-sheet
conformations.)

(b)

©

| (d) Figure 5b depicts X-ray diffraction analysis B8 fibers. As
R e e e was the case wittP2, P3 polymer chains were fairly well
10 15 20 25 30 aligned parallel to the fiber axis, which resulted in enhanced
20 intensity of the peak at 5.36 A integrated along the equatorial
Figure 6. Radial intensity integration along (a) tRe fiber axis+45°, axis (Figure 6d). These observations suggest that (1j-8tecets
(b) theP2 equatorial axist45°, (c) theP3fiber axis+45°, and (d) the in both polymer chains could be aligned and oriented through
P3 equatorial axisk45°. fiber spinning, (2) the polymer with the highgssheet and lower

random conformation contents exhibits higher structural order,
and (3), as-made, the polymer containing the longer poly-
(alanine) segment has the higher propensity to self-assemble
into ordereds-sheet domains. Th&2 contained more nofi-
conformations thaP3 might be due to the fact th&2 contained
some poly(alanine) blocks with DR 4 (a consequence of the
polymerization method used) that might not be long enough to
form ordered stabl@-sheetd!2 This finding is in agreement
with the results of Saito et &i2dand suggests that for materials
having relatively small amounts of ngheonformations, solid-
state FTIR and powder X-ray diffraction are more sensitive to

suggesting that the polymer chains were aligned relatively well
parallel to the fiber axis. This was confirmed by integrating the
relative intensities along the fiber (Figures 6a) and equatorial
(Figure 6b) axes. Thel spacings of 4.45 and 5.36 A were
assigned respectively to the interchain spacing within a hydrogen-
bonded sheet and the intersheet spacing in a poly(alanine)
B-sheet! The diffraction pattern is quite similar to the one
observed for doubly drawn fibers of regenerated spider silk
reported by Jelinski and co-workéi®.Hence, the solid-state
FTIR and X-ray diffraction results provide conclusive evidence
that the poly(alanine) segments P2 predominantly self- . .
assemble into antiparallgtsheet-containing nanostructures and the nuances of nanostructure formation than solid-stége
that the crystalline structure is the same as that independentIyNMR'
determined for an isolated poly(alanirié). To determine the extent to which the structuresP@fand
Figure 3C,d shows the FTIR spectrum of the po|ymer P3 are influenced by their respective bUlldlng blOCkS, we
containing the longer poly(alanine) segme®8)( The second ~ €xamined the FITR spectra dfand5 (Figure 7). Clearly, the
derivative plot (Figure 3d) revealed that this polymer also Ssolid-state structures of both building blocks are also dominated
formed predominantly antiparallg-sheet stacks as evidenced by antiparallel3-sheets as evidenced by the diagnostic bands
by peaks at 1628 and 1690 (shoulder) énThe spectrum was  at 1630 and 1695 cnt and the fact that the antiparalf@loands
almost completely devoid of any evidence for other ggon- are more intense than nghbands. In addition, the antiparallel
conformations, which is in complete agreement with @ p-bands of5 are resolved better and are relatively more intense
NMR results (Figure 2b). Further confirmation was obtained than those fo#. These suggest thaicontains higher antiparallel
from powder X-ray diffraction analysis (Figure 4b), which gave f-sheet fraction thad. Hence, the observed relative propensity
enhanced peak intensities at 5.28, 4.41, and 3.77 A. As canof P2 and P3 to form j-sheets tracks that of their respective
clearly be discerned from the spectrum, the peak at 5.28 A, building blocks. The results reinforce a fundamental notion in
which denotes intersheet spacing in poly(alanifteheets, is the modular method that secondary structures incorporated in
resolved better foP3 than forP2, which is consistent with its  building blocks can be retained in the resulting polymers, and
enhanced conformational purity. consequently, controlling the structure of the appropriate build-
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Table 2. Effect of Substitution on Mechanical Properties of
Silk-Inspired Polymer$1—-P3*°

1.00
9.0 mm peptide  modulus tensile strength elongation at
) polymer segment (MPa) (MPa) break (%)
P1 (film)®> (AlaGly), 210+9 14.0+ 0.4 21.2+ 6.0

0.7 P2 (flm) (Ala),  308+25  16.7+11  26.2+36

P2 (fiber) (Ala)s 410+ 35 13.0+£1.4  22.9+136
P3(film)  (Ala)s 488+ 31 18.6+£0.9  12.1+0.9

0.50 P3(fiber) (Ala)y  750+156  14.2£27  54+17

aEach entry is an average of-3 measurements performed at a
loading rate of 0.330.50% per s; all flms were sheared at-380
cm-s~L. P Data forP1 are from ref 8c.

-0.25
ings are consistent with self-assembly of the poly(alanine) blocks
into separate domains composed of antipargilsheets. Se-
o menov has previously suggested the existence of superstructures
in polydisperse multiblock copolymet&P He proposed that
randomness in block lengths of polydisperse materials could
result in two levels of organization: a microphase separation
between regions with different block molecular weights super-
imposed on an ordinary microdomain separation. The overall
morphology in Figure 8 is in qualitative agreement with the
Semenov model, and is very similar to that observed by
Anderson et al. for genetically engineered protein polymers
based on th8. morisilk crystalline segment and the cell binding
domains of extracellular matrix proteins coated on silicon
wafers!® We have also previously observed such superstructures
in the morphology oB. mori silk-inspired multiblock copoly-
mers containing (AlaGly)8¢ In addition, a nylon-6-based block
0.25 copoly(ether amide) has been shown to exhibit the same
morphology!ée
ThatP2 andP3 microphase-separate is consistent with both
polymers exhibiting two glass transition temperaturgss] in
DSC measurementB2 showedTy's at —58 and—28 °C (Table
bm 1) while P3 had Ty's at =54 and—18 °C. The lowerTy's
Figure 8. (a) Tapping mode AFM topological plots of (&2 (top correspond to the polyether-rich phase and the setgtmithe
image) and (b}P3 (bottom image) spin-coated on a silicon wafer. peptide-rich domain. The high& of the polypeptide-rich phase
observed foP3is consistent with its longer polypeptide blocks
ing block can lead to control of the corresponding polymer while the lowerT, of P2 reflects its higher segmental motion.
structure. The thermal data confirmed that PEG crystallization was
3. Evidence from AFM and DSC. The above!3C NMR, completely suppressed as fig was observed.
FTIR, and X-ray studies provide conclusive evidence for the  Effect of Substituting PEG for Amorphous Polypeptide
presence of self-assembled antipargitedheets in these novel  Segments in Spider Silklt is clear from the results discussed
bioinspired polymers. Aggregation of tifesheets into nano-  so far that, to the extent that we could determine, the solid-
domains would lead to hard (semi)crystalline polypeptide state structures of the polymers are similar to those observed
domains that are phase-separated from the soft PEG domainsfor the native as well as genetically engineered spider silks,
AFM, especially in the tapping mode, can distinguish between their analogues, and poly(alanine) of various lengths. A critical
hard crystalline domains from soft amorphous ones. Hence, theijssue is how other physical properties are affected by the
morphology ofP2 andP3was studied using AFM in the tapping  substitution performed on the structure. To address this issue,
mode. Figure 8 shows the AFM topographical plots of HFIP the modulus and tensile strengthR andP3were determined
solution-cast films oP2 (top) andP3 (bottom) on silicon wafers.  from stress-strain curves of their respective films and fibers.
Under the conditions used, low regions are dark-colored while Table 2 summarizes the mechanical properties of the polymers.
the higher regions are lighter colored; the lighter the color is, The following conclusions can be drawn from the results in
the harder and, hence, the higher is the domain. ExaminationTable 2: (1) Spider silk-inspired analog&® that contained
of the AFM images suggests that the hard semicrystalline poly- an average of 4 Ala residues per segment showed higher
(alanine) domains are topographically higher (lightest in color) modulus, tensile strength, and elongation at break thamthe
because they are stiffer than the soft PEG segmiétigure 8 mori silk-inspiredP1, which also contained 4 peptide residues
reveals a microphase-separated morphology containing polypep{AlaGlyAlaGly). This is consistent with the fact that native
tide-rich and polyether-rich phases. In addition, larger domains spider silk has been shown to be stronger than native silkworm
(ca. 106-200 nm) are seen superimposed on the normal
(18) (&) Semenov, A. N.; Likhtman, A. BMacromoleculesl998 31,

g?":mph%si separatehd mo\;\?hmo% W'thh the polyether phase, 707, ") Semenov, A NL Phys. 111997 7, 14891497, (c) Chung,

Ispersed between them. We attribute these "Superstructures’| 'z . kou, D. L.; Hu, A. T.; Tsai, H. B.J. Polym. Sci., Part A: Polym.

to agglomerated poly(alanine) nanostruct#eé$2"These find- Chem.1992 30, 951-953.

(19) Anderson, J. P.; Nilsson, S. C.; Rajachar, R. M.; Logan, R.;
(17) McLean, R. S.; Sauer, B. B. Polym. Sci., Part B: Polym. Phys.  Weissman, N. A.; Martin, D. CMater. Res. Soc. Symp. Prd®94 330,

1999 37, 859-866. 171-7.
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silk.2%(2) Increasing the average poly(alanine) block length (as use. THF and toluene were distilled from purple Na/benzophenone
in P3) resulted in increased modulus and tensile strength. (3) solutions. DMSO was distilled from Caténto 4 A molecular sieves.

The elongation at break decreased significantly with increasing Glassware was dried in an oven and cooled under nitrogen where
peptide sequence suggesting lower toughnesB3pwhich is apgbropnate. Synthesis of3,6,9,12,15-pgntaoxahepztadecane-l,17-d|am|ne
a direct consequence of the increased stiffness of the hard(Y)’ and theN-carboxyanhydride derivative of AlZX* were performed
segment. in accordance with literature proceduréswas further purified using

. . . Kugelrohr distillation. Instead of washing with CGls reported in the
The above mechanical properties 82 and P3 films are literature, the crude Ala-NCA2) was recrystallized twice from THF/

considerably be.tter than those .recently reported.for films of toluene. Poly(ethylene glycol) bis(carboxymethyl) ettéeiM, ~ 600)
regenerated spider sift. Even in the case of fibers, the was purchased from Aldrich and used without purification.
elongation and, hence, the toughnes$afare comparable to Characterization. Solution'H and*3C NMR spectra were recorded
those of the natural silk fibe,while the modulus and tensile  on an AF-300 spectrophotometer. Solid-s&8&NMR CPMAS spectra
strength are within just an order of magnitude of those obtained were recorded at 75.22 MHz on a “home-built” instrument. FTIR
for regeneratedN. clayipessi|k13a and an artificial spider silk spectra were recorded on a Perkin-Elmer 16PC FTIR spectrometer.
analogue proteid? These findings are quite remarkable given Solid-state FTIR samples were prepared as-0.8 wt % in KBr pellets,

the simple nature of the building blocks used to constR®t and the spectra were obtained with 50 scans at a resolution of 210 cm
and P3, and clearly suggest that changing the nature of the for 1750-1600 cnt?, and at 4.0 cmt from 4000 to 1000 cit. Inherent

- - - viscosity measurements were done in DCA solutions with a Cannon-
E%:glsnp%rgg)ﬁztgﬁg{segUIate the mechanical properties of theseUbbelohde C1 C866 viscometer, which was placed in a water bath

thermostated at 2% 0.1 °C. Solubility tests of the polymers were
s dc Ui carried out at 1 mg/mL concentration. Thermogravimetric analysis
ummary an onclusions (TGA) and differential scanning calorimetry (DSC) were performed
We have demonstrated that the recently reported biomolecularon @ Seiko 5200 thermal analysis system with TGA/DTA 220 and DSC
Lego method, whereby prefabricated building blocks are 220C units under a positive flow of nitrogen at a heating rate of 20
catenated block by block, is a viable approach for polymer and 10°C/min, respectively. Glass transition temperaturgss) and
. ! . . melt transitions Tn's) were recorded from the second heating cycle.
ig?;ﬁcégr?n:gg cﬁrg%e;:yr;?néfg' r?z Ss(itllre(c::ttlvree:?lb'rc?pcl)?cmgr Melting points were measured on an Electrothermal IA90 melting point
=rtain _g_ urally occurri g stru ur lopoly apparatus and are uncorrected. Powder X-ray diffraction was performed
Wlth a jUd{Cl_oust selected nonnative segment y\{hlle, at the Same on 4 9—p Scintag diffractometer with a Cu sourck £ 1.5405 A).
time, retaining other segments known to be critical for essential x-ray diffraction data for fibers were obtained on a Bruker-Axs D8
properties of the native biopolymer, a synthetic polymer with system { = 1.5405 A) with a 2-D detector at 40 kV and 40 mA. All
similar properties and function can be obtained. Thus, replace- X-ray diffraction data were smoothed for presentation without generat-
ment of the amorphous peptide domain of a spider silk, for ing artifacts. Tensile measurements were p_erformed on films and fibers
example, with a synthetic nonpeptide segment, such as PEG Using an Instron tensile testing system (series 1122) 4€2nd 65%
gaveN. clavipes silk-inspired polymers having similar solid- relative humidity. The ends of the films and fibers were immobilized
state structures and very good mechanical properties Theonto pieces of cardboard that were then clamped during measurements.
tendency of poly(alanine) having an appropriate chain length AFM samples were prepared by spin-coating a 10% (w/v) HFIP solution
to form B-sheets and the facility with which thg-sheets of the polymer on silicon wafers at 4000 rpm and immediately drying
. Yy the wafer at 115C for 1 min in vacuo. The samples were visualized
aggregate have been retained in the polymers. The almosty, 5 Nanoscope Il (Digital Instruments), using a2-D scanner in
exclusive formation of-sheets and their self-assembly into air, in the tapping mode. The AFM was mounted on a homemade anti-
discrete nanostructures were established by a combined use ofibration table and on an isolation chamber. AFM tips from Digital
solid-state"*C NMR, solid-state FTIR, powder X-ray diffraction  Instruments with force constants of 50 N/m (manufacturer’s specifica-
measurements, and AFM. The resulting morphology was a tions) were employed. A resonant frequency of 300 kHz was used.
microphase-separated architecture that contained irregularly Film Casting and Fiber Spinning. P2 andP3 films were obtained
shaped 106200 nm nanodomains interspersed within the PEG by casting onto glass slides from 40% (w/v) HFIP solutions using a
phase. It can be inferred from the results that the poly(alanine) micron film applicator from GARDCO. The glass slides were sprayed
segments influence the mechanical properties of spider silk prior to use with Fluoroglide anti-stick agent to facilitate lift-off. The
: - films were dried at 7675 °C overnight in vacuo prior to testing.
throughp-sheet self-assembly into temporary cross-links. That ) ! i
Changing (AlaGly) in P1to (Xla)4 in P2p|ead); to significant Continuous fibers were spun froR2 (10—15% w/v HFIP solution)

. . . : . and fromP3 (5% w/v HFIP solution) by extruding the spinning dope
improvement in properties reinforces the well-known notion that . iained in a 10@L LuerLok syringe equipped with a needle having

properties of a particular polymer can be controlled by control- g internal diameter of 356m and a length of 8 mm. The coagulant
Ilng the structure and nature of its bulldlng blocks. The results used was methanebkcetone (1:1), and the extruded filaments were
reveal a particular strength of the chemical modular method in allowed to cure fo 1 h in thebath prior to removal by reeling. The
that it can handle nonpeptide blocks and, therefore, has thefibers were dried at 7680 °C overnight in vacuo prior to testing.
potential of making available a completely new class of  3,6,9,12,15-Pentaoxaheptadecane-1,17-diamidobis[poly(ala-

bioinspired polymers with useful properties. nine)] (3). To a 250-mL round-bottom flask equipped with a stirring
bar was added Ala-NCA2( 3.23 g, 28.06 mmol). The flask was sealed
Experimental Details with a rubber septum and 40 mL of DMF was introduced via

. . . . cannulation. The mixture was stirred until the solids dissolved after
_ Materials. Abbrewa_tlons: Ala, alanine; Gly, glycine; DPPA, | ih o solution ofl (0.655 g, 2.34 mmol) in 5 mL of DMF was
diphenylphosphoryl azide; HFIP, hexafluoro-2-propanol; PEG, poly- 5qqed via a syringe under nitrogen. The mixture was allowed to stir at
(ethylene glycol); TFE, trifluoroethanol. Common reagents were o, temperature under nitrogen atmosphere for 1 day. The reaction
purchased from Aldrich, Sigma or Acros and solvents from Fisher i re was precipitated into 400 mL of diethyl ether and filtered. The
Scientific or Mallinckrodt. CHCI, was distilled from Cakland stored solids thus obtained were washed with absolute ethanel 8 mL)

over 3 A molecular sieves. PQWas refluxed and distilled prior to and acetone (3 30 mL). The resulting white powder was dried in

(20) Jelinski, L. W.Curr. Opin. Solid State Mater. ScL99§ 3, 237— vacuo to yield3 (2.57 g, 97%). The product was fractionated by
245,
(21) Hinman, M. B.; Jones, J. A,; Lewis, R. Vrends BiotechnoR00Q (22) Akssira, M.; Boumzebra, M.; Kasmi, H.; Dahdouh, A.; Roumestant,

18, 374-379. M. L.; Viallefont, P. Tetrahedron1994 50, 9051-9060.
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treatment with 75 mL of water. The water-insoluble material was filtered
and dried in vacuo to yiel® (1.3 g): mp 191.5195.1°C dec.H
NMR (300 MHz, ppm, TFA-d): 6 4.70 (m, AlaeH), 4.51 (m, Ala-
aH), 3.93 (m,—OCH,CH,— and OCHCH,NH-), 3.70 (m,—OCH,-
CH;NH-), 1.40-1.81 (overlapped d, Al&H). End-groups (by aqueous
titration): 1.823 mmol/gM, = 1097 (by end-group analysis). ESIMS
(m/z, relative intensity): 778.4, 30%; 849.4, 56%; 920.8, 95%; 991.8,
100%; 1062.6, 58%; 1133.2, 24%; 1205.2, 14%. Elemental analysis:
C, 49.32; H, 8.02; N, 16.72.

The filtrate was lyophilized to obtaid (1.1 g): mp 186.7189°C
dec.*H NMR (300 MHz, ppm, BO): 6 4.25 (m, AlaeH), 3.86 (m,
Ala-aH), 3.66 (m,—OCH,CH,—), 3.59 (collapsed dt, OC}H,NH—

), 3.37 (M,—OCH,CH,NH-), 1.12-1.49 (overlapped d, AlgH). End-
groups (by aqueous titration): 2.431 mmoli, = 823 (by end-group
analysis). ESIMS vz, relative intensity): 565.9, 5%; 636.5, 20%;
707.5, 47%; 778.6, 100%; 849.7, 93%; 920.9, 43%; 991.7, 11%.
Elemental analysis: C, 48.88; H, 7.75; N, 15.20.

Synthesis of P2 in SolutionTo a dried 25-mL round-bottom flask
equipped with a magnetic stirring bar and a gas-inlet adapter were adde
4(0.500 g, 1.22 mmotNH; groups),6 (0.424 g, 1.22 mmot-COOH
groups), and 10 mL of 2.5% LiCl in DMSO. The mixture was cooled
to ~12—15°C and NEj (0.68 mL, 4.88 mmol) and DPPA (0.34 mL,
1.58 mmol) were added. The reaction was stirred rapidly at1B2C
for 10 min and then allowed to warm to room temperature. After 2
days the mixture was again cooled+d2—15°C and NE$ (0.40 mL,
2.87 mmol) and DPPA (0.34 mL, 1.58 mmol) were added. The reaction

was stirred at room temperature for a further 2 days. The polymerization

mixture was pipetted into 400 mL of EtOAc. The crude product was
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washed successively with diethyl ether%350 mL), MeOH (3x 50

mL), and diethyl ether (X 50 mL). The resulting off-white solid was
dried in vacuo to yield®2 (672 mg, 75%). DSCTy1 —58°C, Tg, —28

°C. TGA: Tg,0nset307 °C. 7inn = 0.417. IR (KBr, 4.0 cm?): 3488 (sh),
3277, 3075, 2915, 1736, 1699, 1682 (sh), 1678, 1668, 1652, 1630, 1610,
1537, 1451, 1400, 1358, 1292, 1247, 1100. Elemental analysis: C,
50.89; H, 7.66; N, 9.55; P<0.05.

Synthesis of P3 in Solution The procedure foP2 was followed
using5 (0.500 g, 0.912 mmotNH; groups),6 (0.318 g, 0.912 mmol
—COOH groups), NEt(0.38 mL+ 0.30 mL, 2.73 mmo#- 2.15 mmol),
DPPA (0.26 mL+ 0.26 mL, 1.21 mmo#- 1.21 mmol), and 20 mL of
2.5% LiCl in DMSO to giveP3 (611 mg, 68%) as an off-white solid.
DSC: Tg1 —54°C, Tg2 —18°C. TGA: Tg,0nset337 °C. ninn = 0.305. IR
(KBr, 4.0 cm%): 3486 (sh), 3276, 3077, 2917, 1723, 1700, 1685 (sh),
1679, 1668, 1659, 1628, 1611, 1531, 1450, 1398, 1370, 1299, 1238,
1102. Elemental analysis: C, 50.71; H, 7.67; N, 12.08<B,05.
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