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Abstract: We describe an approach that utilizes nonlinear peptides to direct the assembly of previously
reported Self-Assembling Fibers (SAFs). The SAF system comprises two complementary linear peptides,
SAF-pl and SAF-p2a, which combine to form exclusively linear, nonbranched fibers. The Matrix-
Programming (MaP) peptides described herein are based on these peptides: they comprise two or three
half-peptide blocks derived from the SAF peptides, which are conjugated via dendritic hubs. Different MaP
peptides coassembled with the standard SAF peptides to form specific structures, such as hyperbranched
networks, polygonal matrices, and regularly segmented and terminated fibers. The role of each half-peptide
block in dictating the different features has been elucidated. This provides a strong basis for designing
new peptide-based nanostructured materials from the bottom up.

Introduction increasing interest in fabricating materials such as nanowire
networks>® affinity matrices! and artificial mimics of extra-
cellular matrices to support cell gronthOne advantage of
defined self-assembled matrices, as compared to aggregates of
polymeric molecules, is their ability to sustain the morphology
and topology initially programmed through their interconnec-
ions. In this context, natural and synthetic matrices described

An array of nanometer-to-micron scale structures covering a
broad range of chemical types, structural morphologies, and
functions are being developédThe drive for this is (1)
understanding molecular self-assembly and organization and (2)
developing a potentially diverse set of technological applications
that require supramolecular structures and mate;rlals defined anc{o date can be divided into two major classes: polymolecular
controlled at the molecular levélThe realization of these

. X . and supramolecular. Polymolecular matrices are predominately
depends on finding precise ways to synthesize or assemble such
structures. Molecular self-assembly is widely recognized as acovalent and employ various types of polymer to form intricate
potential ;oute to advancing thisyapproéd%Using omall networks?including peptide-driven self-assembly of polymer-
S ! eptide hybrid$:12The supramolecular types use noncovalent
molecules as building blocks, self-assembly allows well-defined pep y P yP

; ..___interactions to drive matrix formation. As introduced above,
polymolecular suprastructures to be fabricated and stabilized

. X molecular self-assembly provides a potential solution for this.
by large networks of noncovalent interactions. In other words, . .
Self-assembling collagen and fibrin networks represent naturally

?nscii?utjlz It?ul:lrgrr? tgfosgtogolljop’If;";%g;%ﬁi@mfg\/"géontge occurring examples of matrices, and peptide-based self-as-
9 o 9 > provid sembling fiber&® are among the synthetic examples.
merous examples of this type of assembly and inspiration for Lik therd3.14 forts h ¢ d theti
the design and engineering of synthetic self-assembling systems. Ikeé some other our eforts have focused on synthetic
peptides that self-assemble to form fibrous sys#€ms mimics
Among the most eagerly awaited mesoscopic structures are
matrices, i.e., complex polymolecular systems that can support,

(9) Nowak, A. P.; Breedveld, V.; Pakstis, L.; Ozbas, B.; Pine, D. J.; Pochan,

template, or deliver other entiti€s® For instance, there is D.; Deming, T. JNature2002 417, 424-428.
(10) Wang, Y.; Ameer, G. A.; Sheppard, B. J.; LangerNat. Biotechnal2002
20, 602-606.
T Current address: School of Chemistry, University of Bristol, Bristol, (11) Petka, W. A.; Harden, J. L.; McGrath, K. P.; Wirtz, D.; Tirrell, D.$cience
BS8 1TS, UK. 1998 281, 389-392.
(1) (a) Whitesides, G. MNat. Biotechnol2003 10, 1161-1165. (b) MacPhee, (12) Wang, C.; Stewart, R. J.; Kopecek,Nature 1999 397, 417-420.
C. E.; Woolfson, D. NCurr. Opin. Solid State Mater. S&2004 8, 141— (13) Hartgerink, J. D.; Beniash, E.; Stupp, SStience2001, 294 1684-1688.
149. (14) (a) Potekhin, S. A.; Melnik, T. N.; Popov, V.; Lanina, N. F.; Vazina, A.
(2) Lowe, C. R.Curr. Opin. Struct. Bial200Q 10, 428-434. A.; Rigler, P.; Verdini, A. S.; Corradin, G.; Kajava, A. \Chem. Biol.
(3) Whitesides, G. M.; Mathias, J. P.; Seto, C.Skiencel991, 254, 1312~ 2001 8, 1025-1032. (b) Marini, D. M.; Hwang, W.; Lauffenburger, D.
13009. A.; Zhang, S.; Kamm, R. DNano Lett 2002 2, 295-299. (c) Aggeli, A.;
(4) Elemans, J. A.; Rowan, A. E.; Nolte, R.JJMater. Chem2003 13, 2661 Nyrkova, I. A.; Bell, M.; Harding, R.; Carrick, L.; McLeish, T. C.; Semenov,
2670. A. N.; Boden, N.Proc. Natl. Acad. Sci. U.S.£001, 98, 1185711862.
(5) Huang, Y.; Duan, X.; Wei, Q.; Lieber, C. Mscience2001, 291, 630— (d) Zhou, M.; Bentley, D.; Ghosh, I. Am. Chem. So2004 126, 734~
633. 735. (e) Zimenkov, Y.; Conticello, V. P.; Guo, L.; Thiyagarajan, P.
(6) Adelung, R.; Aktas, O. C.; Franc, J.; Biswas, A.; Kunz, R.; Elbahri, M.; Tetrahedron2004 60, 7237-7246.
Kanzow, J.; Schurmann, U.; Faupel,l‘ﬁat. Mater 2004 6, 37&379. (15) (a) Ryadnov, M. G.; Woolfson, D. NNat. Mater 2003 2, 329-332. (b)
(7) Moll, D.; Huber, C.; Schlegel, B.; Pum, D.; Sleytr, U. B.; Sara, Roc. Ryadnov, M. G.; Woolfson, D. NAngew. Chem., Int. EQ003 42, 3021~
Natl. Acad. Sci. U.S.A2002 99, 14646-14651. 3023. (c) Ryadnov, M. G.; Woolfson, D. N. Am. Chem. So2004 126
(8) Hubbell, 3. A.Curr. Opin. Biotechnol2003 14, 551-558. 7454-7455.
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of protein-based fibers. However, as with many synthetic cases,fibers: according to our working model for assembly, Figure
fibrillogenesis does not lead to the formation of meshes and 1A,'6-18the critical point in fibrillogenesis is the rapid formation
networks directly and requires additional means to provide fiber of coiled-coil protofilaments, which present the least energetic
interconnections. In some other systems this has been achieve@nd steric restraints for accommodating nonstandard SAF-based
by the covalent cross-linking of individual fibe¥sAlternatively, peptides. Thus, our premise has been to desigrial peptides
network assembly could be programmed during fibrillogenesis. that complement thetandard linear SAF peptides. These could
To our knowledge and surprisingly, examples of the latter have be added to SAF mixtures during the initial preparation so that
not been described. However, an ability to induce and control they are incorporated directly during SAF fibrillogenesis. The
the formation of supramolecular networks purely by noncovalent aim being to influence protofibril structure and, consequently,
means would be of considerable interest and would impact onthe organization of matured fibers.
nanoscience and technology. With this in mind, we set outto  To this end, we first designed T-shaped peptides in which
produce a novel synthetic supramolecular matrix formed by half-peptide units are attached to standard SAF peptides via the
noncovalently linked peptide-based fibers. This was based onside chain of a central, exposed Lys. The aim was to promote
our own self-assembling fiber (SAF) systéfn. orthogonal protofilament assembly and facilitate branching,
An Introduction to the SAF System. The SAF system Figure 1B. Although branching is observed, the T-shaped
comprises two linear peptides of de novo design, SAF-p1 and constructs are not entirely compatible with the SAF system and
SAF-p2. The design rationale is as follows: the peptides only gave low branching densitié® To overcome this problem
complement each other to form a parallel heterodimeric coiled we constructed other special peptides (1) to better complement
coil with overhanging “sticky ends”. These ends nucleate the standard SAFs; (2) to incorporate and redirect the assembly
longitudinal assembly of the dimer to form protofibrils, which ~ of protofilaments; and (3) to influence fiber morphology and
would be expected to have a width of2 nm. In practice, function. This led to a new concept in protein fibrillogenesis,
however, the protofibrils associate laterally (i.e., they bundle) which we call Fiber Shaping (FiSB)? Specifically, we have
to form mesoscopic fibers; 40 nm thick and tens of microns ~ recently reported two FiSh peptidesN@nd D, that introduce
long. The details of the design are as folloW#shoth SAF kinks/waves and splits/branches into the fibers, respectively.
peptides are 28-residue, linear peptides comprising proteinogenid=ach peptide is designed to ensure the incorporation of just one
amino acids only; they are based on the archetypal coiled-coil FiSh molecule per protofilament to act as a nucleator or director
dimer, namely the leucine-zipper motif, and comprise four of alternative assembly. This is achieved by duplicating two
contiguous heptad repeathcdefg along their sequences; to  identical half-peptide fragments derived from the standard SAF
foster the formation of a coiled-coil dimer, the hydrophobic core sequences in a head-to-head or a tail-to-tail fashion. The
aandd positions are mostly lle and all Leu, respectively; each fragments are dubbed™Aand B- for SAF-pl and € and ¥
peptide has a basic N-terminal half (wigh= g = Lys) and an ~ for SAF-p2a (Figure 1). In the original design for the sticky
acidic C-terminal half ¢ = g = Glu) to promote staggered ended dimer, A is the N-terminal half of SAF-pl and
assembly; finally, to cement the stagger further, each peptide complements B, the C-terminal half of SAF-p2a. Similarly,
has a single Asn at a differeatsite. The significance of these C" is the N-terminal half of SAF-p2a and complements B
Asn inclusions is that their amide side chains must be satisfied the C-terminal half of SAF-p1. In designing FiSh constructs
by hydrogen-bonding interactions when located within a coiled- two main principles are followed: first, any half-sized SAF
coil core; placing another complementary Asn in the partnering fragment used has to retain the same terminus that is free in
coiled-coil strand achieves this and also imparts dimer the corresponding parent SAF peptide. In the case of the
specificity15-1° We refer to the originally described peptides aforementioned £ and D, the N-terminus of C (hence the
as SAF-p1 and SAF-p2but now largely work with a modified N superscript) and the C-terminus of D (C superscript) were
version of SAF-p2, named SAF-p2a, which combines with SAF- free, while the other termini were used to link the blocks to the
pl to assembled yield fibers of improved stabifigy’ spacer (Figure 1C). Peptides made against this rule terminate
Recent Redesigns Based on the SAF Systefhrough fibrillogenesis leading to unrectifiable disruptions in the fibéfs.

subtle changes to the peptide design it has been possible to>econd, for the original FiSh constructs the building blocks are

rationally improve the physical properties of the SAFs, namely, the same, e.g., both"r both I¥, with the number of blocks
with respect to the thermal, salt, and pH stabilfty’ Though being indicated by subscripts. Such peptides are accommodated

it also is possible to relax the supramolecular rigidity of the by the standard linear SAFs and set up convergent and divergent

assemblies to some extent, the redesigned fibers remain straight0des of fiber assembly resulting in kinking and splitting the
nonbranched, rod-like structur&s17 Thus, the exclusive use fibers1s2

of linear SAF peptides does not provide the necessary versatility Based on these descriptions of SAF assembly, we aimed to
to alter fiber shape rationally. We reasoned that this would best design further specialist peptides capable of driving the fibers
be done by intervening early in the assembly process and, into interconnecting networks, i.e., supramolecular matrices. We

particularly, prior to the formation of the matured, thickened describe these peptides here and refer to them as Matrix-
Programming (MaP) peptides, Figure 1D.

(16) Pandya, M. J.; Spooner, G. M.; Sunde, M.; Thorpe, J. R.; Rodger, A,;

Woolfson, D. N.Biochemistry200Q 39, 8728-8734. Results and Discussion

(17) Smith, A. M. Ph.D. Thesis, University of Sussex, 2003.

(18) Smith, A. M.; Acquah, S. F.; Bone, N.; Kroto, H. W.; Ryadnov, M. G.; i inei i i
Stevens, M. 5.: Waiton. D. R.. Woolfson, D. Kngew. Chem. . Int. Ed Design Prlln(?lples.Oner' par.tlcular fegture of natural matrices
2005 44, 325-328. formed by fibrillar proteins is branching. Though one of our

(19) (a) Gonzalez, L., Jr.; Woolfson, D. N.; Alber, Nat. Struct. Bial 1996 3, i ; i i i
1011-1018. (b) Woolfson, D. NCurr. Opin. Struct. Bial2001, 11, 464 previously described FiSh peptides does cause the SAFs to split
471, at a high rate, it does not produce cross-links (i.e., branches
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Figure 1. Scheme illustrating the Self-Assembling Fiber (SAF) system, T-shaped, Fiber-Shaping (FiSh), and Matrix-Programming (MaP) peptide designs.
(A) Standard assembl{lwo SAF peptides complement to form sticky ended dimers, which assemble into coiled-coil protdfitBilsin practice, these
protofibrils bundlefurther to form matured thickened fibers. (Byanched assembli.-shaped peptides can be mixed with standard SAF peptides to set up
orthogonal assembly of protofibrils resulting in branched fid&t$C and D) Each SAF peptide has two chemically distinct halves designateshd\ B°

and &' and [F. The superscripts indicate the terminus that is free in the full-length parent SAF peptidénk&)l assemblyThe FiSh peptide, £, seeds
convergent assembly of protofibrils which results in kinked fidétgD) Hyperbranched and networked assemfje tridirectional peptides, such as

ANBC, described herein were built around dendritic spacers (1) to allow better accommodation into SAFs and (2) to produce more complex morphologies.

X

shared by two or more separate fibers) and is, therefore, ofeffect of the GNDC design was assessed by comparing
limited use in making matrice$? Moreover, the branches Transmission Electron Microscopy (TEM) images of fibers
formed are short. Branch length can be improved by using assembled from standard SAF mixtures containinDE or
T-shaped peptides; however, the incorporation of these peptidesD,C, Figure 2A and B, respectively. In both cases, branches
into SAFs is not tolerated very well resulting in a low density were apparent. The selected images show unfinished or em-
of branched® We took these observations into consideration bryonic branches, which, if fibrillogenesis had been left for
in designing the first MaP peptides. longer, would have matured. The point of these images is to
The first MaP designs combined positive aspects of both demonstrate the different spur angles resulting from the
previous designs: i.e., (1) that the FiSh peptides are toleratedincorporation of differentspecial peptides: for the B-
in SAF assembly and give high branching densities and (2) that containing (an original FiSh construct) fibers, the growth of
the T-shaped constructs give extended branches of comparabldranches was spatially restricted, Figure 2B; in contrast, the
length to normal fibers. In some respects, the first MaP peptidesuse of a kink-producer, £, in C,NDC (an MaP construct)
followed a similar structural template used for the FiSh peptides; eliminated this restriction, presumably by opening up an angle
namely, half-sized SAF peptides were linked through flexible at the kink as desired (Figure 2A).
joints 152 However, to introduce and improve branching the  In the proof-of-principle design of ££D€, we expected some
capacity for a third limb was added to make orthogonal trimeric competition between kinking and branching, which was ob-
MaP peptides (Figure 1D). In addition, a dendrimeric spacer served: branched fibers were found of normal siz&F nm
was designed to give additional flexibility to the MaP peptides wide and tens of microns long) resembling those formed by
(Figure 1D). previously reported T-shaped peptitsand with branching
Promoting Hyperbranching. To test the above principles, frequencies close to that previously reported fgf-Dontaining
we synthesized £DC. Following the main design principles  fibers (Figure 2C}52However, kinked fibers were also present
for the FiSh peptide¥2 C,NDC used GN to open an angle in ~ and even dominated some preparations; indeed, it was not
the otherwise straight SAFs (i.e., it aimed to kink the protofibrils possible to assess with any certainty the branch-to-kink ratio,
and fibers) and Bto introduce potential branching sites. The which varied with preparation.

J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005 12409
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Figure 2. Electron micrographs of SAFs with MaP inclusions. Unfinished
branches spurred at different angles from the fibers, which resulted from
the coassembly of the standard SAF peptides with the MaP peptiti®cC
(A), and the FiSh peptide, & (B). Full branches formed in the presence
of the MaP peptides, ££D€ (C) and ANBC (D). Kinks introduced by the
MaP homotrimers, € (E) and AN (F).

This competition between kinking and branching may be
attributed to an aforementioned feature of sticky-ended design

namely the inclusion of asparagine residues at the coiled-coil

interface. Such asparagines give coiled coils high selectivity,
discriminating against alternative assemblitlh C,NDC, two
of the three blocks (the "Cblocks) have these asparagine

residues. In light of this, the behavior of the peptide is consistent

with that of the FiSh peptides. To test further if asparagine
residues affected the branch-to-kink ratio, we made another Ma
peptide, ANBC, using the subunits of the other standard SAF
peptide. This peptide has just one blocl)®ith an interfacial
asparagine. Consistent with this;¥8C considerably shifted the
branch-to-kink ratio to the branch side (Figure 2D). Further
support for this model came from two other MaP peptide$, C
and AN. With interfacial asparagine residues in all three blocks,
the homotrimeric @Y was expected to be extremely selective
in its interactions (see below for an argument for this). Indeed,
C3N showed marginal kinking as compared tg'QFigure 2E),
while AN showed both branching (not shown) and kinking
(Figure 2F), but without preference for either. The similar
behavior of the homotrimers must result from their chemical

block, which gives large positive net charges to botf, G-24)

and AN (+15), compared with those for the heterotrimers,
CNDC (+9) and ANBC (+3). Recently, we showed that charge
does play a defining role in the SAF systé#As the standard
sticky-ended dimer has an overall chargetdf, any incorpo-
rated MaP homotrimers may affect further assembly consider-
ably. We hypothesize that the homotrimers are less suited in
the SAF system than their dimeric counterparts. In other words,
the homotrimers are not effective in incorporating all three
blocks into the hierarchy of the SAF assembly, with one block
being structurally redundant. Consistent with this, the less-
charged dimeric A" peptide was found to produce both kinking
and splitting like B¢ (data not shown). This supports the
empirical observation that, among all peptides described so far,
only A,NBC supports hyperbranching of extended fibers resem-
bling network formation (Figure 2D). This behavior appears to
be mainly attributable to the A component causing splits and
kinks concomitantly. At these sites, thé Block may be acting
similarly to D° in CNDC in forming extended branches.
Nonetheless, the precise role of thelidock remained unclear,
which prompted the following experiments.

Intermitted Assembly and Segmented FibersThe B block
complements € Both blocks contain interfacial asparagine
residues, which, along with their opposite overall charges, makes
the B®:CN interaction highly specific. As a result, two copies
of CN linked in GN produce exclusively one morphological
feature, namely kinked fibers. On the other hangf; [acks the
interfacial asparagines and produces two features (kinks and
splits)1%2We propose that this may lead to more promiscuity
in binding of this block, and, likewise, with block™in inter-

SAF peptide interactions. Bis negatively charged and es-
sentially the same as D but with an interfacial asparagine.
Thus, interactions made by“Rre expected to be weaker than
those made by B but more specific like those made by'.C
This could possibly result in another unique morphological
feature introduced by B

To test the behavior of the®ubunit, we made a comparative
version of ANBC, namely A'B,C. According to our developing
model, this peptide should have produced significantly less

'branching and kinking compared with®8C, as the efficiency

of these processes had been ascribed3°ABranching and
kinking were indeed impaired with SAF preparations that
included A'B,C. Moreover, a novel and intriguing feature of
the ANB,C-containing fibers emerged: the fibers were mostly
segmented (Figure 3A). We suspected that tHe HBock

psomehow restricted fiber assembly. To test this, we mafe B

Doping B¢ into SAF mixtures resulted in regularly segmented
fibers without branches or kinks (Figure 3B and C).

Analysis of the TEM images of $3-containing SAF samples
revealed that the segments were uniformly sized and sepa-
rated: the distances between the segments and their lengths
varied for different samples but did not exceed 100 nm and 2
um, respectively (Figure 3B and C). We suspect that the
blockage of & units in most protofibrils by B° weakens the
fibers, which results in partial breakage (segmentation) during
preparation for TEM (Figure 3C and Experimental Section). In
this respect, the almost uniform size of the segments is
interesting. Though this needs further detailed study, our

nature. Both constructs are conjugates of one positively chargedworking hypothesis is that the,B units incorporate at some

12410 J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005
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Figure 3. Electron micrographs of segmented SAF fibers assembled in the presentB£5f(A) and B (B, C) in stoichiometric ratios with the standard
SAF peptides.

- ==}

N > C
+++_ A TFEH A IPCEE
S Wl O Wl DO I

Tl A FEl A FEl
[C HPl"C NPl

Figure 4. Unidirectional assembly of SAF fibers with the growing positively charged ends (tep)addifies the end (left), and £ introduces a second
potential growing end (right).

regular rate into fibers that is much slower than that for the C,N introduces the divergent mode of assembly and produces
incorporation of the standard peptides, SAF-p1 and SAF-p2a. kinked fibers. Finally, because bottf&nd C' blocks are very
Expanding a Working Model for SAF Fibrillogenesis. The selective in binding, B and GN each introduce one dominating
segmented fibers are consistent with our latest observations ormorphological feature into fibers, namely, intermissions and
the polar nature of SAF fibrillogenesi&.In the original SAF kinks, respectively.
design the order of addition of SAF-p1 and SAF-p2a is set, N.B. the alternative model with overhangingNAand ¥
which results in polar protofibrils. As a result,;Bcan only blocks is less likely as these blocks do not have asparagines
add to the ends of protofibrils that have overhangifgoocks and should form more stable coiled-coil interactions comparably
from the standard linear peptides; wherea#! @ill add to ends quicker to nucleate fibrillogenesis and leavé Bnd C
with overhanging B blocks. One possible model for SAF  overhangs; i.e., the "Wand F blocks effectively become
assembly is depicted in Figure 4, where there are two oppositelysequestered within the coiled-coil protofibrils and fibers and
charged potential growing ends of the protofibrils. The question are rarely (if at all) available at the ends of the structures to
is what sets the difference of morphological features in fibers propagate fibrillogenesis. On the basis of this kinetic argument,
introduced by B¢ and GN? We posit that the preferred growing any free AN- and D,°-containing peptides may also be less
end of the protofibrils is that presentind!®locks, which is selective in binding. They may even interact with oppositely
the end to which B* must add. This sets up unidirectional charged B and ' blocks, respectively, at the ends of fibrous
assembly, which is consistent with our observations that maturedstructures to produce more than one feature (e.g., kinks and
fibers are tapered at one end and thick and blunt at the othersplits), though we recognize that such interactions would be
(unpublished data) and that labeled SAF-p2a preferentially addscompromised to some extent by the burial of a single asparagine
to one end of such fibef§.Furthermore, according to the model per interaction. In the case ofNB,C, the B° blocks cause
in Figure 4, the addition of & converts the € end to B fibrillogenesis to intermit, while the "M block facilitates
partially stopping the growth of protofibrils; while & does branching (Figure 3A).
the opposite creating a new growing end which is not necessarily ~ Arranging Polygonal Fibrous Networks. Thus far, we have
contiguous with the fiber axis (Figure 4). Consistent with this, considered only MaP peptides composed of units from the same

J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005 12411
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Figure 6. Electron micrographs of SAF fibers assembled at standard conditions (A) and inhibitef!®y B) and C'C°DN (C) at 0.1:1 ratios to SAF
peptides.

SAF peptide, either SAF-pl or SAF-p2a. These gave encourag-and stoichiometric ratios completely terminated fibrillogenesis.
ing results toward the goal of making networks, the best being These results provide additional support for the MaP concept
achieved using A'B€, which gives hyperbranched fibers (Figure and the use of specialist peptides in engineering and controlling
2D). However, the resulting fibers lacked regularity, and not the SAF system. Specifically, these results suggest routes to
all were branched or involved in cross-linking. To overcome achieving better control over the fiber assembly without
this and to foster the binding of MaP peptides to both SAFs, changing the physical conditions for fibrillogenesis (e.g.,
we made the hybrid peptide M&N. Though ACN is structurally temperature, pH, and salinity).
more similar to FiSh dimers than MaP trimers, its desired role  Structural and Stability Costs Associated with the Incor-
was to provide or increase interprotofibril links and, hence, porating MaP Peptides.So far we have shown that all four
interfiber connections: unlike the other FiSh and MaP peptides, blocks from the SAF peptides can be specifically designed into
ANCN combines blocks from both SAFs and, therefore, has the specialist constructs to produce different modes of fibrillogen-
potential to link complementary subunits from different protofibrils ~ esis. This confers a powerful and predictable system to rationally
during fibrillogenesis. Consistent with thisN8N predominantly program the architecture of fibrous scaffolds. Remarkably, at
produced fibers that were interconnected in microscopic net- the microscopic level at least, all of the SAMaP mixtures
works (Figure 5). displayed similar underlying fibrous structures. One question
Terminating Fibrillogenesis. All of the peptides described  that remains, however, is whether the underlyimdhelical
so far propagated fibrillogenesis of the SAFs, albeit in some organization of the SAFs is conserved upon MaP incorporation.
unusual way. It is also of interest to control and limit This was addressed using circular dichroism (CD) and Fourier
fibrillogenesis through termination. As we have shown pre- transform infrared (FT-IR) spectroscopies.
viouslyab dimeric FiSh and T-shaped terminators can be CD spectra of the assembled standard SAFs are somewhat
designed to stop fibrillogenesis. To continue this theme and to unusual but, nonetheless, are consistent wittelical structure:
make more-efficient terminators, we designed the following 16 the spectra have minima at 208 and 222 nm; and, although
MaP-based constructs: as an alternative $80C, we made the 222 nm band is slightly red shifted and the 208 nm band is
C,NCE. This peptide was designed to produce shortened and/orreduced in intensity, these features are characteristic for
defective fibers without necessarily terminating fibrillogenesis particulate systems exhibiting light scatteri®gCD spectra of
completely, as it incorporates theChblock to propagate and  ANCN-containing SAF samples showed a further red shift and
the C° to terminate. At up to stoichiometric ratios with standard complete disappearance of the minimum at 208 nm (Figure 7A)
SAFs, GNCC did give shortened fibers (Figure 6B). Some suggesting large assemblies, consistent with the TEM images
kinking, but no branching, was also apparent supporting our (Figure 5). However, the intensity of the CD signal at 222 nm
proposal on the role of £. To attempt complete inhibition,  for MaP-containing samples was comparable with those for the
we made GCCDN in which both ¢ and D' should act as  standard SAF fibers alone (Figure 7A).
terminating blocks. Indeed, ratios as low as 0.1:1:1 ¥E€DN As a result of the loss of the 208 nm signal, the overall shape
to SAF-pl and SAF-p2a inhibited fiber growth (Figure 6C), of the CD spectra resembled that expected f@rsheet. To be
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Figure 7. CD (A) and FT-IR (B) spectra of standard SAF and SAFNCN fibers. SAF (dotted line) and SAFNEN (dashed line) fibers assembled under
standard conditions; SAFANCN (solid line) cooled after thermal denaturation.

sure that we had not compromised the underlyirbelical i
architecture of the SAFs, we compared SAF and SAF-MaP ‘-A o5
preparations by FT-IR spectroscopy. The spectra for all the [~ S
preparations were dominated by peaks around 1650 evhich S
are characteristic ofi-helices (Figure 7B). However, a less

intense band at 16301625 cnt! normally associated with _
intermoleculays-aggregate8 was also apparent for the SAF N il
MaP mixtures (Figure 7B). Although some coiled-coil proteins

have been reported to give an unusual bangd 30 cnTtin B
addition to the major band at 1650 ch#% we sought additional .
data on the SAFMaP preparations, namely the binding of

Congo Red! Fibers rich inS-sheet, such as amyloid, bind

Congo Red to give a yellow-green color in cross-polarized light.

Although the standard SAF fibers did bind Congo Red, the

resulting color was not yellow-green but red-gold (Figure 8A).

We propose that this binding to the SAFs is due to the highly . =

basic and regular nature of the fibers, which provides extensive “{
possibility for multiple electrostatic interactions with the sul-

fonated Congo Re# Also, the dye has been reported to bind

native proteins regardless of their secondary structure suggesting

that there is no absolute structural prerequisite for binéfhg.

In this context, we suggest that Congo Red binds the SAFs and

is anisotropically aligned by the highly organized nature of the Figure 8. Light (left column) and polarized light (right column) microscopy

17 ) . .
f|ber3_ to give the observed (non-amyloid) color in Cross- mages of SAF (A) and SAFANCN (B, C) fibers stained with Congo Red.
polarized light. In images A and B, fibers were formed at standard conditions and stained

Thus, the standard SAF preparations cannot be consideredor 24 h. Inimage C, the staining of SARNC! fibers was prolonged to
p-structure-based or amyloid-like. Rather, and consistent with 6h.
foregoing CD spectroscopy and X-ray fiber-diffractté®’ and distributed across the fibers with negligible background con-
the FT-IR reported here, they are-helical as designed. tamination. This suggests that the yellow-green inclusions
Regarding the morphologically different SAMaP mixtures; correspond to the sites of at least pagtgtructured peptide%.
however, these had some tinctorial properties characteristic ofOur supposition is that MaP peptides are incorporated at these
amyloid-like assemblies. Furthermore, longer incubations of points and that these peptides either bind Congo Red in a similar
these samples with Congo Red resulted in a distinctive patternway to amyloid or that they introduce amyloid-like structures
in which the fibers showed an intense red color with localized locally.
yellow-green areas (Figure 8C). Such areas were evenly Thus, botha-helical ands-sheet conformations may coexist
in SAF—MaP mixtures. In some other fibrillar systems con-

(20) (a) Surewicz, W. K.; Mantsch, H. H.; Chapman, Biochemistry1993 i i _
32, 389-394. (b) Heimburg, T.; Schuenemann, J.; Weber, K.; Geisler, N. form%glonal SWItCheS_ have b_e(_a_n observed at elevated tempera
Biochemistry1996 35, 1375-1382. turesz® To probe this possibility, we followed the thermal

(21) (a) Glover, J. R.; Kowal, A. S.; Schirmer, E. C.; Patino, M. M.; Liu, J. J,; i ; _
Lindquist, S Cell 1997 89, 811-819. (b) Horwich, A. L. Weissman, . denaturation of SAFs and SAfMaP mixtures by CD spec

S. Cell 1997, 89, 499-510.

(22) (a) Inouye, H.; Nguyen, J. T.; Fraser, P. E.; Shinchuk, L. M.; Packard, A. (23) (a) Zhang, S.; Rich, AProc. Natl. Acad. Sci. U.S.A997, 94, 23-28. (b)
B.; Kirschner, D. A Amyloid200Q 7, 179-188. (b) Khurana, R.; Uversky, Ciani, B.; Hutchinson, E. G.; Sessions, R. B.; Woolfson, D.INBiol.
V. N.; Nielsen, L.; Fink, A. L.J Biol. Chem.2001, 276, 22715-22721. Chem 2002 277, 10150-10155.
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Figure 9. Thermal unfolding curves (A) and their first derivatives (B) of SAF-only (solid line) aN€¥containing (dashed and dotted lines) fibers. The
curves were recorded at 222 nm (solid and dashed lines) and at 225 nm (dotted lines).

In conclusion to this section, freshly assembled SAF fibers
contain predominantlyi-helical secondary structure. The ad-
dition of MaP peptides compromises this slightly and introduces
regions off3-structure, which is possibly amyloid-like. Heating
the standard SAFs and MaP-containing SAF preparations results
in irreversible denaturation and the formation of very different
fiber morphologies consistent with entangled amyloid-like
structures.

Summary

We have introduced a novel approach to the bottom-up
assembly of nanometer-to-micron scale fibrous matrices. This
work builds on our earlier studies in which two complementary
peptides, SAF-p1 and SAF-p2a, co-assemble to form linear,
nonbranched protofibrils. In turn, these mature and thicken to
fibers tens of nanometers thick and tens of microns long, which
we call SAFs!® The new work adds the MaP (Matrix-
Programming) peptides to the SAF system. MaP peptides are

I :
Figure 10. Electron micrographs of the thermally denatured SA®NCN essentially half-sized fragments of SAF peptides conjugated

matrix. together to form two- or three-limbed constructs. Thus, MaP

troscopy. The denaturation of standard SAFs gave sigmoidal peptides have elements that are complementary to the original
unfolding curves with transition midpointdy;) of 44 + 2 °C SAF peptides for incorporation into the growing SAFs, plus
(Figure 9). This suggests cooperative folding by a single or small elements to spawn branches and interprotofibril links, which
number of closely related fiber types. To test how the incorpora- result in connections between the matured fibers; in other words,
tion of MaP peptides affected thermal unfolding, we performed MaP peptides are hubs for altering fiber morphology at a
similar experiments on ®CN-containing fibers. These unfolded supramolecular level. A number of MaP peptides have been
with partly sigmoidal transitions and sharp kinks just below 40 engineered, and in combination with the original SAF peptides,
°C (Figure 9A). This implies either some refolding analogous they form hyperbranched networks, polygonal matrices, and
to that observed in other systethsor that two or more regularly segmented fibers.

thermodynamically distinct types of fibers are present. Indeed, In more detail, the original SAF peptides each have two
the first derivatives of the SAFANCN denaturation curves  distinct halves: SAF-pl comprisesNAand B* and SAF-p2a
suggested two stability populations in the assembly (Figure 9B). comprises € and ¥, where A' complements B and B
After cooling, the CD and FT-IR spectra revealed irreversible complements & These half-peptide units are the building
denaturation of thex-helical structure and refolding to the blocks for the MaP peptides. Different combinations of these
p-structure (Figure 7). Therefore, the thermally denaturated building blocks render different MaP peptides. Interestingly, the
fibers had undergone conformational reorganization. This is different MaP peptides produce different fiber morphologies
supported by TEM of the melted and cooled samples, which when added to mixtures of the standard SAF peptides. For
showed matrices of very tightly connected or fused fibers (Figure example, the A'B€ combination produces hyperbranched fibers
10). Subsequent melting experiments of these samples failed(Figure 2D); A'CN produces interconnected networks (Figure
to give sigmoidal transitions or clear transition midpoints (results 5); and BC produces segmented fibers (Figure 3B and C).
not shown). Themes emerge from our observations that link the chemistry
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of the MaP peptides to the morphological feature(s) that they Biosystems, CA) using standard Fmi@ solid phase protocols on
produce. For instance, MaP peptides containing tNeblGck PEG-PS-resin with TBTU/DIPEA as coupling reagents. Orthogonally
tend to form kinked structures, and those with th@ lBock conjoined constructs were made through lysine or glutamate residues
tend to form segmented or intermitted fibers and fiber networks " résin and/or manually using combinations of Frt/Mtt or Fmoc/

. . . . . tBu/Aloc protection schemes. For some peptide blocks a glutamine
(Figure 3). It is more difficult to assign precise roles fol A

d IF blocks: th b . in thei residue was replaced by tyrosine to allow accurate concentration
an ocks: they appear to be more promiscuous In their yetermination by UV spectroscopy. Dendritic spacers were used as hubs

interactions and with the effects; for example, fiber kinking, for all the constructs as follows;8Ala)s-Lys(BAla)s-NH for AN and
splitting and/or branching are all seen concomitantly with MaP  C,N; Glu(8Ala)s-(5Ala)s for B.C and DS; (BAla)s-Lys(BAla)s-(BAla)s
peptides containing these blocks. These themes can be underfor A,NB, CNDE, CNCE, and C'CCDN; (BAla)s-Glu(BAla)s-(BAla)s
stood in terms of the following relatively straightforward for ANB.S (BAla)+-Lys(BAla)s-Lys(BAla)s-NH, for AN and GM.
model: the B and @' blocks were designed to form weak but Peptides were purified by semipreparative RP-HPLC on a JASCO

highly specific coiled-coil interactions. This is because each has HPLC system (model PU-980, Tokyo, Japan) using Vydas&ni-
reparative (5«M, 10 mm i.d.x 250 mm) columns and confirmed by

an interfacial asparaglne r§5|due, Whlch musft be_ COmple.rm:"mea‘lzllALDI-Tof mass spectrometry (Micromass Ltd, Manchester, UK) with
by another such residue in any peptigeptide interaction. a-cyano-4-hydroxycinnamic acid as the matrix.

Essentially, this makes the"BEN interaction the obligate pairing MS [M+H]*: SAF-pl -miz 3174 (calc), 3175 (found): SAF-p2a -

for these two blocks, which restricts the type of morphological py; 3325 (calc), 3326 (found); A - m/z 3686 (calc), 3687 (found):
feature produced. On the other hand, tHeakd OF blocks do B.C - m/z 3841 (calc), 3842 (found); £2 - m/z4166 (calc), 4167 (found);

not have such asparagine inclusions and, as a result, maked;® - m/'z 3663 (calc), 3663 (found); AB€ - m/z 5463 (calc), 5465
potentially stronger but more promiscuous peptigeptide (found); AVB.© - mz 5541 (calc), 5543 (found); £D¢ - Mz 5855
interactions. This is a kinetic argument:NA&and CF have the (calc), 5857 (found); @'CC - m/z 6108 (calc), 6110 (found); A - m/z
strongest potential pairwise interaction and probably get se- 5784 (calc), 5787 (found); DM - m/z 5855 (calc), 5856 (found);
questered within the heterodimer interfaces and buried within ¢ - M2 5784 (calc), 5787 (found); £ - m/z 6505 (calc), 6507

o o (found). The doubly [M+ 2H]?* and triply [M + 3H]** charged ions
protofibils faster than Band C'; this would leave the ends of along with N&t and K salt species were also presented.

the growing protofi_brils and fibers with predominantl;?_ and _ Fiber Assembly. Fiber samples (200L) were prepared by mixing
CN overhangs, which would have a preference for incoming aqueous solutions of SAF peptides (to a final concentration ofA00
heterodimers also cemented bY:BC interactions and with 8 in each peptide), with MaP peptides added in the ratios given in the

and &' overhangs. However, because of their opposite charges,text. The solutions obtained were incubated overnight 4C2@ filtered
the AN and IF blocks of free peptides may also interact to some (0.224M) 10 mM MOPS, pH 77.4. SAF-only fibers were used as
extent with the overhanging®and Q" blocks, respectively, of ~ controls. _ _ _

the growing fibers. This leads toM and OF-containing FiSh Transmission Electron Microscopy.After incubation, 8L drops

: ) : : . . of peptide solutions were applied to a carbon-coated copper specimen
amn(iy;zr?i%tledrensorpp()r:ilr:)t;llcgrf:gtﬂgepmmISCUOUS and forming grids (Agar Scientific Ltd, Stansted, UK) and dried with filter paper.

] i ) . The grids were stained with filtered (0.22M) 0.5% aqueous urany!
Extending this argument, a final part of our developing model cetate for electron microscopy as described elsewWher£0°C and

for SAF fibrillogenesis is that the protofibrils extend more were examined in a Hitachi-7100 TEM at the accelerating voltage of
productively from one end than the other. Again, because the 100 kV. Exposure times were predominantly within 3 min, but could
AN:DC interaction is stronger than 9®CN, the majority of safely be varied up to 20 min, with beam spot sizes being 4 and 6
nucleating SAF-p1:SAF-p2a heterodimers will leaveadd Y (0.3-8 um in eight steps). Images were digitally acquired with an
overhangs, Figures 1 and 4. On the basis of our experience with@ially mounted (2Kx 2K pixel) Gatan Ultrascan 1000 CCD camera
the SAFs, we propose that'@verhangs propagate fibrillogen- (Gatan UK, Oxforq, .UK) and analyzed with the proprietary softvyare.
esis better than Bends. Therefore, Gcontaining MaP peptides, Congo Red Staining.Assembled SAF and SAF-MaP preparations

. . ) (50 uL) were incubated with Congo Red (2:81)2% at 20°C over 24
such as @Y, can add to fibers and continue assembly uninter- h (unless stated otherwise). The stained preparations were then

rupted; in contrast, those based ofy Bke B®, add to the € visualized by light microscopy using both plain and polarized light.
growing ends and may stall or even block fibrillogenesis causing  Circular Dichroism Spectroscopy was performed on a JASCO
intermissions in the matured structures. This would explain J-715 spectropolarimeter fitted with a Peltier temperature controller as
several of our findings, including the observation of segmented published elsewhete using 100uM peptide solutions at pH-77.4,
fibers formed with AB.C and BC; whereas @" simply kinks and at 20°C, unless stated otherwise. The concentration of peptide
otherwise normal full-length fibers. bonds was taken as M ((2 - (28—1)) - 100uM) for all spectra and

Thus, by making appropriate combinations of half-peptide neglected any contribution to CD from the specialist (MaP/FiSh)

- . ) peptides. The thermal denaturation curves were recorded ‘@ 1
building blocks in the SAF system, fiber morphology can be intervals using a 1-nm bandwidth, averaging the signal for 16 s and

tailor(.ad.to a con§iderable extent; that is, peptide self-assembly,jith at 1°C/min ramp rate.

and fibrillogenesis can be programmed from the bottom up to  Fourier Infrared Spectroscopy was carried out on a thermostated

generate novel systems of increased complexity. In our view, Bruker Tensor 27 (BioATR) spectrometer using a ZnSe ATR crystal

this represents an advance in controlling peptide-based self-with a Teflon coat. The spectra (200 interferograms) were recorded in

assembly and potentially a powerful route to novel designs for the range 4084000 cm* with a spectral resolution of 2 cti All

peptide-based materials. spectra were recorded at 2G. Acquired data were processed using
proprietary software (OPUS) according to the manufacture protocols.
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