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ABSTRACT: A family of self-replicating macrocycles was
developed using dynamic combinatorial chemistry. Replication
is driven by self-assembly of the replicators into fibrils and
relies critically on mechanically induced fibril fragmentation.
Analysis of separate dynamic combinatorial libraries made
from one of six peptide-functionalized building blocks of
different hydrophobicity revealed two selection criteria that
govern the emergence of replicators from these systems. First,
the replicators need to have a critical macrocycle size that
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material

endows them with sufficient multivalency to enable their self-assembly into fibrils. Second, efficient replication occurs only for
library members that are of low abundance in the absence of a replication pathway. This work has led to spontaneous emergence
of replicators with unrivalled structural complexity, being built from up to eight identical subunits and reaching a MW of up to
5.6 kDa. The insights obtained in this work provide valuable guidance that should facilitate future discovery of new complex self-
replicating molecules. They may also assist in the development of new self-synthesizing materials, where self-assembly drives the
synthesis of the very molecules that self-assemble. To illustrate the potential of this concept, the present system enables access to
self-assembling materials made from self-synthesizing macrocycles with tunable ring size ranging from trimers to octamers.

B INTRODUCTION

Self-replicating molecules' ® play a central role in studies of the
origin of life”~ "> and are key components in attempts to create
de novo life. Until recently, the strategy toward the develop-
ment of self-replicating molecules has been based on design of
replicators following the general scheme shown in Figure 1a, in
which a replicator contains two recognition sites through which
it binds two precursor molecules and accelerates their ligation.
This approach has been implemented successfully for
replicators based on nucleic acids,"*™*" peptides,”*~* hybrids
thereof,** ¢ and fully synthetic structures.*’ %> Recently, an
alternative to the design approach was introduced in which self-
selection from dynamic combinatorial libraries (DCLs; Figure
1b)% leads to the emergence of a self-duplicator,®* self-
replicators,”~®® and autopoietic self-assembled systems.®””°
DCLs are equilibrium mixtures that are made by linking
building blocks together through reversible covalent (or
noncovalent) bonds.”’~”® The resulting molecular network is,
in most cases, under thermodynamic control; that is, the
concentration of each of the molecular constituents is
determined by its stability relative to the other network
members. This characteristic makes these networks responsive
to external and internal influences that alter the relative
stabilities of the molecules in the network. Any library member
that is capable of recognizing and binding to copies of itself will
shift the library composition toward its own formation. This

-4 ACS Publications  © 2013 American Chemical Society

18406

can be considered as a form of self-replication, provided that
the formation of the self-recognizing molecule is autocatalytic.
Self-recognition may lead to replicator dimerization®*~% or to
assembly into larger self-assembled structures,”” =" which we
have termed “self-synthesizing materials”®’ since the self-
assembly process drives the synthesis (i.e., replication) of the
very molecule that self-assembles.

Nearly all replicators (dynamic combinatorial or otherwise)
reported to date have featured limited structural diversity;
replicators are formed through the ligation of two precursor
molecules each having a single reactive group. However, we
recently developed a system where replicators construct
themselves from six or seven components.®” Starting from a
single peptide-functionalized building block with two reactive
groups, a small DCL was obtained of differently sized
macrocycles from which six- or seven-membered replicators
emerged spontaneously, provided the mixtures were agitated.
We could not have predicted these outcomes, which raises two
more general questions: what are the selection criteria that
determine (i) whether replication occurs in a dynamic
combinatorial library and (ii) which potential replicator will
arise? Answers to these questions are important to facilitate
future discoveries of replicators.
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Figure 1. Schematic representation showing how (a) a replicator
accelerates ligation of its two precursor molecules; (b) a molecule that
is able to bind to copies of itself is able to promote its own formation
by shifting the equilibrium in a dynamic molecular network.

In this paper, these questions are addressed by investigating a
series of small DCLs made from building blocks featuring
peptide sequences that differ in their ability to engage in
hydrophobic interactions. Decreasing the hydrophobicity of the
building blocks resulted in the preferred self-assembly driven
formation of macrocycles of increasing ring size. Thus, trimers
and tetramers dominated for the most hydrophobic peptides
and macrocycles up to octamers were obtained for the least
hydrophobic building blocks. The latter includes a replicator of
MW 5.6 kDa, constructing itself from as many as eight identical
building blocks, which is probably the most complex replication
process yet described for a fully synthetic replicator. These
results suggest an important role for multivalency:’””® the
emergence of a replicator requires a critical macrocycle size that
is able to form sufficiently strong interactions with fellow
replicators to allow the assembly into fibrils. However, we also
observed that the self-assembly of the macrocycles is not
sufficient for replication, as the formation of trimers, tetramers,
and even pentamers was not autocatalytic, while the formation
of hexameric or larger rings was autocatalytic. Thus,
autocatalysis appears to be associated with structures that are
unlikely to be produced spontaneously, that is, that do not
already have an efficient uncatalyzed pathway leading to their
formation.

B RESULTS AND DISCUSSION

We previously reported the emergence of two self-re 7pllcators
from a small DCL made from building block 1.°7%® This
building block features two thiol groups for reversible disulfide
chemistry”” and a peptide chain that has alternating hydro-
phobic and hydrophilic amino acid residues. Such sequences
are predisposed to form f-sheets,*® although they are too short
to do so in isolation (vide infra). Stirring a solution of dithiol 1
in borate buffer (50 mM; pH 8.2) led to the oxidation of the
thiols, resulting in the formation of a DCL of macrocyclic
disulfides of different ring sizes (Scheme 1). Disulfide exchange
takes place through reaction of residual thiolate anion with the
disulfides.”” Without agitation, the DCL was dominated by the
cyclic trimer and tetramer that did not appear to self-assemble

Scheme 1. Oxidation of Peptide-Functionalized Dithiol
Building Blocks 1—7 or Control Compound 8 Results in a
Dynamic Combinatorial Library of Different Macrocyclic
Disulfides
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or self-replicate. Trimer and tetramer are the smallest
unstrained macrocycles that can be formed, and these are
expected to dominate the equilibrium mixture in the absence of
any molecular recognition since the formation of many small
macrocycles is entropically favored over forming a smaller
number of larger macrocycles. Thus, under relatively dilute
conditions (<10 mM), large macrocycles containing more than
four building blocks do not form in significant concentrations
in the absence of special influences that would enhance their
relative stability. This behavior is exemplified by the DCL of
control compound 8 that lacks the peptide chain, whlch forms
predominantly trimer and tetramer macrocycles.” However,
upon agitating the peptide DCLs made from 1, large
macrocyclic replicators emerged: stirring resulted in the
emergence of cyclic heptamer, while shaking gave cyclic
hexamer. The hexamer and heptamer (but not the trimer or
tetramer) were found to self-associate to form long fibrils held
together by f-sheets. We proposed a model for self-assembly
and self-replication that features two processes: (i) elongation
of the fibrils by sequestration of more of the corresponding
macrocycle from the DCL*"** and (ii) mechanically induced
breakage of the growing fibrils, increasing the number of
growing fibril ends (Figure 2). Growth from fibril ends gives
rise to a linear increase in fibril-forming macrocycles with time
(at constant building block concentration), while fibril breakage
may potentially give rise to exponential growth. Note that the
fibrils are sufficiently small that they do not precipitate from
solution, which remains transparent but shows a small increase
in viscosity.

While these results demonstrated that replicators may self-
select and emerge spontaneously from DCLs, it remained
unclear why specific macrocycle sizes emerged as replicators
while others did not. In order to uncover the selection criteria
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Figure 2. f-Sheet formation between the peptide chains of 14 drives its assembly into fibrils that grow from their ends. Mechanically induced
fragmentation accelerates fibril growth by increasing the number of growing ends.

that govern the emergence of replicators from such mixtures,
we have studied the behavior of DCLs made from a family of
building blocks of which the structure was varied systematically.
Our expectation was that multivalency”””® plays an important
role in the assembly process. We did not obtain any evidence
for self-assembly by the individual dithiol building blocks,
suggesting that the interactions that these building blocks could
potentially form between themselves are too weak to overcome
the entropic penalty of bringing the molecules together.
However, our results with peptide 1 show that, when six or
seven building blocks are brought together in a large
macrocycle, the interactions between the macrocycles are
now sufficiently strong to enable assembly into fibrils. The large
macrocycle can now form interactions with other same-sized
macrocycles using six or seven appended peptide chains. If our
hypothesis regarding the role of multivalency as a selection
criterion for the emergence of replicators is correct, then
building blocks with more hydrophobic peptide sequences
should give rise to more stable f-sheets, so that fibril formation
(and concomitant self-replication) becomes feasible for a
reduced macrocycle size.

Conversely, a less hydrophobic peptide should only give
fibrils assembled from larger macrocycles. Thus, building blocks
carrying new peptide sequences 2—7 (Scheme 1) were
designed to be either less or more hydrophobic than peptide
1, by substituting the C-terminal leucine (Leu) of peptide 1
with more hydrophobic amino acids such as 1-naphthylalanine
(1-Nal in 2), cyclohexylalanine (Cha in 3), para-chlorophenyl-
alanine (p-Cl-Phe in 4), and phenylalanine (Phe in S) or less
hydrophobic amino acids, including alanine (Ala in 6) and
serine (Ser in 7).

Since peptide hydrophobicity does not always follow the
same order as amino acid hydrophobicity,®* we first estimated
the relative hydrophobicity of the seven building blocks based
on their retention times on a reversed-phase HPLC column
(Table 1). In this case, the peptide hydrophobicity turned out
to correlate well with the hydrophobicity of the amino acid
residue that was varied.

We will now first discuss how the product distributions of the
DCLs change with time under different agitation conditions.
We will then present the results of seeding experiments to
establish which of the emerging macrocycles are self-replicators.
Finally, we will show the characterization of the self-assembled
structures by electron microscopy, circular dichroism, and
fluorescence microscopy, confirming that replication is
accompanied by amyloid-like peptide self-assembly.

Emergence of Replicators from Dynamic Combinato-
rial Libraries. DCLs were set up starting from the new

Table 1. Peptide Sequences and Their Retention Time in
Reversed-Phase HPLC“

peptide sequenceb retention time (min)
2 X-Gly-Leu-Lys-1-Nal-Lys- COOH 12.4
3 X-Gly-Leu-Lys-Cha-Lys-COOH 12.3
4 X-Gly-Leu-Lys-p-Cl-Phe-Lys-COOH 12.2
S X-Gly-Leu-Lys-Phe-Lys-COOH 11.1
1 X-Gly-Leu-Lys-Leu-Lys-COOH 10.7
6 X-Gly-Leu-Lys-Ala-Lys-COOH 9.5
7 X-Gly-Leu-Lys-Ser-Lys-COOH 9.4

“Gradient from S to 95% CH;CN in water in 30 min using a
Phenomenex phenylhexyl C18 column 4.6 X 75 mm, 3 ym. bX is 3,5-
dimercaptobenzoic acid.

building blocks 2—7. Three solutions (0.50 mL; 3.8 mM in
peptide building block, contained in a 2 mL HPLC vial) were
prepared for each peptide in borate buffer (S0 mM, pH 8.2):
one was stirred using a magnetic stir bar, one was shaken using
an orbital shaker, and one was not agitated. Under the
conditions used for stirring and shaking, the stirred samples
experienced a higher maximum shear stress than the shaken
samples.** The product distributions of the DCLs were
analyzed using LC-MS, which allows the separation and
identification of the individual macrocycles. Note that any
self-assembled structures that are formed from the library
members fall apart into their constituent macrocycles under the
conditions of the HPLC analysis. A representative analysis of
the DCL prepared from building block 4 is shown in Figure 3.

The evolution of the product distributions of the small DCLs
was monitored over the course of 14—30 days. The results
obtained for DCLs prepared from peptides 2—7 are shown in
Figure 4a—f and will be discussed in order of decreasing peptide
hydrophobicity.

The stirred, shaken, and nonagitated DCLs prepared from
the most hydrophobic peptide (2, containing a naphthylalanine
residue) all gave comparable results (Figure 4a). In all three
samples, cyclic trimer 2, and tetramer 2, were the main cyclic
species after 23 days. The same behavior was observed
previously for control compound 8 without the peptide
sequence. The oxidation of building block 2 was slow, most
likely due to the fact that the experiments for this peptide had
to be performed at a relatively low pH (4—S) because of
solubility problems at higher pH. No significant quantities of
macrocycles larger than the tetramer were observed for this
peptide. However, unlike for control compound 8, fibrous
aggregates were observed in the small DCL (vide infra).

DCLs made from the less hydrophobic cyclohexylalanine
peptide 3 also gave trimer and tetramer as the main species
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Figure 3. HPLC analysis (monitored at 254 nm) of a nonagitated DCL prepared from building block 4 after 9 days. The insets show the positive-ion
mass spectra of the peaks due to (in order of elution) cyclic tetramer, hexamer, pentamer, and trimer.

after 7 days (Figure 4b). While this composition remained
unchanged for the nonagitated sample, a relatively sudden
growth of hexamer took place in the agitated samples. The
onset of this event occurred after 7 days in the stirred sample
and after 12 days in the shaken sample. The longer lag phase in
the shaken sample is consistent with the fact that stirring
subjects the samples to higher shear stress than shaking so that
fibril fragmentation is more efficient upon stirring, leading to
more efficient replication.

DCLs made from p-chlorophenylalanine containing peptide
4 demonstrated unusual behavior (Figure 4c). Oxidation is
rapid, and after 1 day, the trimer and tetramer dominate the
mixture, irrespective of the mode of agitation. During the
following S days, the cyclic pentamer grows rapidly in all
samples. In the nonagitated sample, it continues growing to
become the dominant species. However, in the stirred and
shaken samples, the hexamer emerges after about 7 days and
grows at the expense of the pentamer and the other
macrocycles in the system. Hexamer and pentamer compete
for a common resource, and the experimental conditions
apparently determine which of the two macrocycles wins the
competition.

The nonagitated and shaken DCLs made from phenylalanine
containing peptide $ were initially dominated by cyclic trimer
5, and cyclic tetramer S, (Figure 4d). However, after
approximately 11 days, the hexamer emerged in the shaken
sample. The same species also emerged in the stirred sample,
but more rapidly. In sharp contrast, the library that was not
agitated showed only a slow increase in the amount of 54 while
S; and S, continued to dominate the mixture over the time
course of the experiment.

Similar to the observations made for peptide 5, DCLs made
from alanine containing peptide 6 showed the emergence of a
replicator only in the agitated samples (Figure 4e). However,
for this peptide, the cyclic octamer emerged. Note that upon
milder agitation by shaking the samples prepared from 6 gave

18409

results that were similar to those obtained by stronger agitation
through stirring.

Finally, agitated DCLs made from the least hydrophobic
peptide in the series (serine containing 7) also resulted in the
emergence of cyclic octamer (Figure 4f). In the stirred sample,
octamer growth could be detected already after 4 days, whereas
in the shaken sample, the octamer starts emerging only after 8
days. The subsequent rate of octamer growth is significantly
smaller when the sample is shaken compared to when it is
stirred, in line with less efficient fibril breakage (and, hence,
lower replication rate) when agitation is milder.

The octamer of 7 is the largest macrocycle yet that is
amplified in a DCL. It has a molecular weight of 5.6 kDa,
similar to that of a small protein, and is formed in more than
90% vyield in a single step, simply by stirring an aqueous
solution of the corresponding building block.

Taken together, these findings support our hypothesis for
multivalency as a selection criterion for the emergence of
replicators. The size of the self-assembling macrocycles that
emerge from the DCL increases with decreasing hydro-
phobicity of the building block and, hence, with decreasing
strength of the peptide—peptide interactions. This leads us to
propose the first selection criterion: a critical macrocycle size is
needed in order to afford sufficiently strong interactions between the
macrocycles to drive self-assembly.

Seeding Experiments. In order to establish whether the
larger macrocycles that emerge in the DCLs are self-replicating
and, hence, capable of enhancing the rate of their own
formation, we have performed a series of seeding experiments.
In these experiments, a small amount of assembled macrocycle
was added to a DCL at a stage where little or none of this
macrocycle was present. A seeding-induced increase in the rate
of formation of the specific macrocycle is a clear indication of
autocatalysis. We have carried out such seeding experiments for
all peptide DCLs except for those made from 2, as this system
did not show the emergence of macrocycles larger than trimer
and tetramer (which are also the products formed in a DCL of
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Figure 4. Evolution of the product distribution of small DCLs (3.8 mM dithiol building block in 50 mM borate buffer pH 8.2) made from (a) 1-
naphthylalanine containing peptide 2; (b) cyclohexylalanine containing peptide 3; (c) p-chlorophenylalanine containing peptide 4; (d) phenylalanine
containing peptide 5; (e) alanine containing peptide 6; and (f) serine containing peptide 7 while stirred at 1200 rpm; shaken at 1200 rpm or not
agitated. To maintain disulfide exchange in the samples made from 3, 5—30 mol % of monomer 3 was added to the stirred sample at t =2, 5, and 9
days and 15 mol % of monomer 3 was added to the shaken sample at t = 6 days. Similarly, to the DCLs made from 4 was added 10—20 mol % of
monomer 4 to the stirred and shaken samples at t = 7, 9, and 14 days. Key: (blue square) Imer; (purple circle) linear 2mer; (yellow triangle) cyclic
3mer; (red diamond) cyclic 4mer; (purple triangle) cyclic Smer; (light green triangle) cyclic 6mer; (dark green triangle) cyclic 8mer.
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Figure S. Seeding-induced growth of suspected self-replicating macrocycles when stirred at 1200 rpm (red diamond); in the absence of agitation
(blue square) compared to the nonseeded nonagitated sample (green triangle). In all cases, a nonagitated DCL dominated by cyclic trimer and
tetramer was seeded with S mol % of suspected replicator (a) 34 (b) S¢ (c) 65; (d) 7g; (e) 4¢; (f) 45. The time of addition of the seed is indicated

with an arrow.

a control compound 8 lacking the peptide chain). For all other
peptides, except 4, the nonagitated DCLs are dominated by
cyclic trimer and tetramer and largely devoid of any replicator.
Addition of a small amount (S mol %) of a sample that is rich in
the suspected replicator (hexamer for 3 and § and octamer for
6 and 7) should induce a substantial increase in the rate of
replicator formation in these samples. The data in Figure 5
show that the rate of formation of the larger macrocycles
increases dramatically upon seeding, confirming that 3, S, 65,
and 7g are indeed self-replicators. For every replicator, we
performed two seeding experiments: one where the sample was
stirred after being seeded and one where it was left nonagitated.
Self-replication is somewhat more efficient in the stirred
samples, although the difference is relatively small. The growth
of hexamer and octamer in the nonagitated samples indicates
the ability of these macrocycles to grow in the absence of
agitation, once they have reached a certain concentration, even
though under these conditions these compounds do not reach
significant concentrations in the absence of seed on the time
scale on which we monitored our experiments. This result
highlights the importance of mechanically induced fibril
breakage in the early stages of the emergence of the replicators.
Apparently, the formation of nuclei from which the replicator
fibrils can grow is an unlikely event, which is not surprising,
given the low concentrations of larger macrocycles in the DCLs
in the absence of any self-recognition (as evident from the
behavior of control compound 8).

Seeding experiments for peptide 4 were complicated by the
fact that the unstirred sample already contained a large amount
of cyclic pentamer. In order to obtain a sample that contained
only a small amount of this potential replicator, a solution of
peptide 4 was oxidized rapidly using sodium perborate,
producing a kinetically controlled mixture dominated by trimer
and tetramer. Seeding of this sample with 5 mol % of 6émer and
stirring dramatically increased the rate of hexamer formation,
compared to the unseeded nonagitated sample (Figure Se).
Thus, also the hexamer of 4 is a replicator. However,
performing a similar experiment, but now using a sample rich
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in the pentamer of 4 as a seed, failed to accelerate the formation
of this pentamer, even if we seeded with as much as 15 mol %
of pentamer (Figure Sf). Thus, the pentamer of 4 is not a self-
replicator under the conditions of these experiments.

It appears to form readily, already in the absence of any
autocatalytic pathway. We speculate that this is due to the fact
that the pentamer is still a relatively accessible species in the
dynamic library that (in the absence of any recognition between
macrocycles) would be dominated by trimer and tetramer.
Note that, under thermodynamic control and in the absence of
ring strain and specific recognition events, DCLs are dominated
by the smallest macrocycles since it is entropically favorable to
form many small molecules as opposed to fewer larger
molecules. Thus, the concentration at equilibrium of larger
macrocycles falls off rapidly with increasing macrocycle size.
These considerations suggest a second selection criterion for self-
replication: apart from requiring a critical macrocycle size, self-
replication also requires the replicator to be a poorly populated
species in the absence of an autocatalytic pathway; ie. its
spontaneous formation should not be too fast.

Fibril Characterization. The extent to which fibrils were
present in the various samples was evaluated by (cryo-)TEM
and thioflavin T fluorescence. The organization of the peptides
within the fibrils was analyzed by circular dichroism (CD) and
fluorescence spectroscopy.

(Cryo-)TEM images show that in all DCLs that were
agitated fibrils were present. Furthermore, DCLs made from
the most hydrophobic naphthylalanine peptide 2, which
contained mainly trimer and tetramer macrocycles, showed
long twisted fibrils even in the nonagitated sample (Figure 6a—
c). Apparently, the hydrophobic interactions between the
peptide chains are strong enough to form fibrils even with the
small trimer and tetramer macrocycles. DCLs made from
cyclohexylalanine containing peptide 3 formed nontwisted
fibrils when agitated. Fibrils were also observed in the
nonagitated sample of peptide 3 but in much lower abundance
than in the agitated samples (Figure 6d—f). DCLs made from
p-chlorophenylalanine containing peptide 4 formed twisted
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Images a, ¢, f, g, i, j, and k were obtained using cryo-TEM. Images b, d, e, h, 1, and m were obtained using negative staining.

fibrils in the nonagitated (pentamer-rich) and agitated
(hexamer-rich) samples (Figure 6g—i). In DCLs made from
the more hydrophilic peptides 5, 6, and 7 fibrils could only be
detected by TEM in the agitated samples (Figure 6j—m). In the
case of peptide 6, the fibrils showed a tendency to associate
laterally into twisted sheets (inset in Figure 6k). The
nonagitated samples of peptides 5—7 contained mostly trimer
and tetramer (vide supra), and no aggregates were detectable in
the TEM analysis of these samples.

Of all the peptides studied, DCLs made from the serine
containing peptide 7 showed the largest difference in
replication kinetics between shaken and stirred samples (Figure
4f). Comparison of the TEM images of both samples reveals
that fibrils formed in the stirred sample are substantially shorter
than those from the shaken sample (155 + 77 nm versus 1.49
+ 0.59 pm respectively, Figure 6l,m), indicating that these
fibrils are more readily fragmented when stirred compared to
shaken.

To obtain more insight into the structure of the fibrils at the
molecular level, we studied the samples using circular dichroism
making use of the distinct spectral features in the far-UV
(below 250 nm) of random-coil, S-sheet, and a-helix motifs.*®

With the exception of the stirred sample of peptide 2, the CD
spectra of peptides in the agitated DCLs made from building
blocks 2—4 (Figure 7a—c) show the typical CD signature for f3-
sheets (maximum at 195—200 nm, minimum at 216—218 nm).
Most of the agitated samples made from dithiols 2 and 4 show
an additional minimum at around 238 nm. This unusual feature
may be attributed to interactions between the aromatic amino
acid side groups.sé’87 All of these samples contained fibrils (as
evident from cryo-TEM). The same applies to the agitated
DCLs made from peptides 5—7, which showed CD spectra
similar to those observed for the agitated samples made from
2—4, but shifted to shorter wavelengths (Figure 7d—f). As such,
these CD spectra are not readily assigned to any particular
secondary structure, while they certainly do not correspond to
random-coil peptide. In order to shed more light on the
structure of the assemblies in the DCLs made from these
peptides, we have performed fluorescence experiments (vide
infra).

The nonagitated samples of DCLs made from peptides 5—7
(from which no replicators emerged) all show CD signatures
characteristic of random-coil peptides (Figure 7d—f). This is in
agreement with the fact that these samples showed no evidence
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for fibrils in the TEM micrographs. Also, the DCL made from
peptide 3 in the absence of agitation, for which TEM analysis
revealed a small number of fibrils, gave a CD spectrum typical
for a random-coil conformation. Unexpectedly, the CD
spectrum of the nonagitated DCL made from peptide 4
(Figure 7c; the only DCL to produce cyclic pentamers)
resembles that of random-coil peptide, even though an
abundance of fibrils was observed in TEM micrographs.

We also studied the structure of the assemblies with
fluorescence experiments using thioflavin T (ThT). ThT is a
dye that is widely used for staining amyloid-type fibrils that are
based on cross-f-sheet interactions.*® ThT shows enhanced
fluorescence following binding to amyloid material. All peptide
samples which displayed fibrils in the TEM images showed
enhanced ThT fluorescence intensity compared to a blank
sample containing only buffer (Figure 8). The fluorescence
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intensity of the nonagitated DCL made from peptide 3, which
showed some fibrils by TEM, yet no significant replicator
formation, is considerably lower compared to the fluorescence
intensities of the agitated samples, which contained large
concentrations of replicator (Figure 7b). This observation is in
line with the lower abundance of fibrils in the nonagitated
sample as observed by cryo-TEM (Figure 6f). Taken together
with the TEM and CD studies, the ThT fluorescence data
suggest that the organization of the peptides in the self-
assembled replicators is, for most samples, reminiscent of that
in amyloid fibrils.

B CONCLUSIONS

Using a dynamic combinatorial strategy, we have discovered an
entire family of new self-replicating molecules that are formed
through a complex and unique mechanism. Exposing aqueous
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solutions of simple peptide-functionalized dithiol building
blocks to oxygen from the atmosphere leads to DCLs
consisting of a mixture of macrocycles of different ring size.
With increasing ring size, the library members display an
increasing number of peptide chains, which may potentially
drive the self-assembly of the library members into fibrilar
aggregates by forming f-sheets. This assembly process drives
the formation of the very macrocycle that assembles by shifting
the macrocycle equilibrium in its direction,®" so that the
assembling macrocycle may become self-replicating.

This study establishes that peptide hydrophobicity, in
combination with multivalency, determines which of several
potential self-replicators actually emerges from the individual
DCLs. By comparing the behavior of DCLs made from a family
of structurally related building blocks, a clear trend emerges: as
the hydrophobicity of the building block decreases, the size of
the emerging macrocycle increases. Assembly into fibrils
appears to require a critical interaction energy between the
peptide-functionalized macrocycles. When the peptide is
modified to make it more polar, the hydrophobic interactions
between the peptides become weaker, so that larger macro-
cycles carrying more peptides need to be formed before self-
assembly becomes feasible. This behavior allows us to define a
first selection criterion for replicator emergence: a critical
macrocycle size is needed in order to afford sufficiently strong
interactions between the macrocycles to drive self-assembly.
However, this condition is not sufficient to achieve self-
replication. It is also necessary that the replicator is
predominantly formed through an autocatalytic pathway.
Hence, the spontaneous pathway should be less efficient than
the autocatalytic pathway. We have found that the cyclic
trimers, tetramers, and pentamers from the more hydrophobic
peptides already assemble into fibrils unaided. No evidence for
autocatalysis could be obtained for these systems. These
observations suggest a second selection criterion for self-
replication: self-replication requires the replicator to be a poorly
populated species in the DCL in the absence of an autocatalytic
pathway; that is, its spontaneous formation should be inefficient
relative to its autocatalytic formation.

These selection criteria should be useful to guide future work
aimed at the discovery of new replicators using dynamic
combinatorial libraries. They may also assist in further
developing the recently emerged concept of self-synthesizing
materials. Between this study and our previous report,”” we
now have access to self-assembled materials made from
macrocycles covering a continuous range of ring sizes from
trimers and tetramers for the most hydrophobic peptide to
octamers for the most hydrophilic ones. In most cases, self-
assembly drives the synthesis of the macrocycles that assemble.

Our results show that the process by which the fibrils emerge
becomes increasingly dependent on agitation as the ring size
increases. When the ring size matches the inherent preference
of the dithiol building block core (i.e, when trimers and
tetramers are formed, just like when using control compound
8), no agitation is required in order to achieve fibril formation.
However, for larger ring sizes (hexamer and beyond), which are
unstable relative to the trimer and tetramer in the absence of
any self-assembly process, the kinetics of formation of these
species becomes prohibitively slow in the absence of agitation-
mediated self-replication. This kinetic barrier may be overcome
when the process of fibril growth is aided by mechanically
induced fibril fragmentation. Fibrils grow from their ends, and
the creation of more fibril ends promotes the growth of the

replicator. Thus, replication is driven by mechanical energy, and
we have observed for several peptide sequences that replication
is faster when greater shear stress is exerted by stirring instead
of shaking the sample.

Parallels exist between this mechanism of mechanically
induced assembly and replication and various observations on
amyloid fibers (implicated in diseases such as Alzheimer’s and
Creutzfeldt-Jacob).* Tt is becoming increasingly apparent that
amyloid formation may be accelerated by mechanically induced
fragmentation of fibrils”** and seeding%’97 by preformed
fibrils. Also, outside the field of peptides and proteins, the
interplay between macroscopic fluid dynamics and molecular
scale assembly processes, while absent in most traditional
analyses of self-assembling systems,”® may give rise to
interesting phenomena, such as chiral organization.””™'*" The
new mechanism of mechanically induced self-assembly driven
self-replication constitutes an important advance in the field of
replicator chemistry. The replicators that emerge are
substantially more complex than previous generations of
replicators, which invariably contained only two building
blocks. In contrast, in the process of replication described
herein, up to eight building blocks combine to give rise to a
replicator with a molecular weight of up to 5.6 kDa.

The number of building blocks that are incorporated into the
replicators is no longer predetermined, but the chemical
network is at liberty to select the replicator size that is most
efficient under a given set of experimental conditions. Thus, the
replicators contain more information than was present in the
building blocks. As pointed out recently, in different contexts,
by Joyce'® and by Pross,'® such spontaneous increase in
information content of self-replicators is an important step in
closing the gap between inanimate and animate matter.

The newly developed family of replicators opens up exciting
opportunities for achieving Darwinian evolution in a fully
synthetic system of self-replicators. For example, given the large
number of building blocks that are incorporated in a replicator,
it is easy to envisage that the system may choose to incorporate
other building blocks from the solution during replication if
such are provided. Studies are currently underway in our
laboratory that focus on the emergence and subsequent
evolution of mixed building block replicators in more complex
dynamic molecular networks.

B EXPERIMENTAL SECTION

Materials. Water was doubly distilled prior to use. Boric acid and
potassium hydroxide utilized for the preparation of buffers and pH
adjustment were obtained from Acros Organics and Merck Chemicals,
respectively. Acetonitrile (HPLC-S/LC-MS grade) and trifluoroacetic
acid were purchased from Biosolve BV.

Peptide Synthesis. Peptides 2—7 were synthesized by Cambridge
Peptides Ltd. (Birmingham, UK) from 3,5-bis(tritylthio)benzoic acid,
which was prepared via a previously reported procedure.” Peptide 4
was also synthesized by Biomatik (Delaware, USA). All peptides
showed purity higher than 85%. Impurities were mostly due to
oxidation of thiols to disulfides (i.e., dimer, trimer).

Library Preparation and Sampling. Building blocks 2—7 were
dissolved to a concentration of 3.8 mM in borate buffer (50 mM, pH
8.2). Where necessary, the pH of the solution was adjusted by the
addition of 1.0 M KOH solution such that the final pH was 8.0. The
volume of each library was 500 uL. Each solution was allowed to
equilibrate in an HPLC vial (12 X 32 mm) with a Teflon-lined snap
cap. Samples containing a cylindrical microstirrer bar (2 X S mm,
Teflon-coated, manufactured by Cowie obtained from Fisher) were
stirred at 1200 rpm using an IKA RCT basic hot plate stirrer. Shaken
samples were placed in an Eppendorf Thermomixer Comfort (orbital

dx.doi.org/10.1021/ja4067805 | J. Am. Chem. Soc. 2013, 135, 18406—18417



Journal of the American Chemical Society

shaker) and shaken at 1200 rpm with an orbital radius of 1.5 mm. All
library experiments were performed at ambient temperature. A small
aliquot of each sample was removed to another vial prior to each
HPLC or LC-MS analysis. Peptides 2 and 4 synthesized by Cambridge
Peptides Ltd. were not totally soluble under the experimental
conditions. To avoid precipitation, experiments for peptide 2 were
performed at pH 5—6.

Seeding Experiments. For peptides 3, S, 6, and 7, a solution
containing mostly trimer and tetramer was split into two parts, and
then to each sample was added a small amount (5.0 mol %) of pre-
existing fibrils formed from the corresponding macrocycle. One
sample was stirred and another left without any agitation. The samples
were monitored by HPLC for the first 8—9 days following the addition
of the fibrils. For the seeding experiments with peptide 4, a solution of
this peptide was oxidized by sodium perborate to give a sample
containing mostly trimer and tetramer, and then the solution was split
in four parts. To the first part 5.0 mol % of pre-existing fibrils formed
from the hexamer was added, and the sample was stirred; the second
solution was not seeded and stirred. To the third sample was added
15.0 mol % of pre-existing fibrils formed from pentamer, and the last
sample was not seeded; both samples were left without agitation. All
four samples were monitored by HPLC over a period of 2 weeks
following the addition of the fibrils.

HPLC and LC-MS Analyses. HPLC analyses were performed on
an Agilent/HP 1050 series equipped with a diode array UV/vis
detector. LC-MS analyses were performed on an Accela high-speed LC
system (ThermoFisher Scientifics) coupled to a LTQ-Fleet ion trap
mass spectrometer, fitted with a Thermo Fisher Ion Max source setup.
All analyses were performed at 45 °C using a reversed-phase HPLC
column (Prodigy C18, 2 X 150 mm; S ym or phenylhexyl C18, 4.6 X
75 mm, 3 ym both obtained from Phenomenex). UV absorbance was
monitored at 254 nm. Positive-ion mass spectra were acquired using
electrospray ionization. Scan rate = normal; flow to source (after
splitter) = 80—100 uL/min; capillary temperature = 275 °C; capillary
voltage = 47 V; spray voltage = 4.2 kV; sheath, auxiliary, and sweep gas
flow rates were 8, 2, and 2 mL/min, respectively. Injection volume =
2.0 uL of freshly aliquoted sample; column temperature = 45 °C; flow
rate = 0.8 mL/min.

Solutions containing peptides 2, 3, 4, and 7 and their oxidation
products were analyzed using the phenylhexyl column. Solvent A:
double distilled water (0.1 vol % trifluoroacetic acid). Solvent B:
acetonitrile (0.1 vol % trifluoroacetic acid). Solutions containing
peptides S and 6 and their oxidation products were analyzed using the
Prodigy column. Solvent A: double distilled water (0.2 vol %
heptafluorobutyric acid). Solvent B: acetonitrile (0.2 vol % hepta-
fluorobutyric acid) (see Supporting Information).

Cryo-TEM. A small drop of sample was placed on a Quantifoil 3.5/
1 holey carbon-coated grid. Blotting and vitrification in ethane was
done in a Vitrobot (FEI, Eindhoven, The Netherlands). The grids
were observed in a Philips CM120 cryo-electron microscope operating
at 120 kV with a Gatan model 626 cryo-stage. Images were recorded
under low-dose conditions with a slow scan CCD camera.

Negative Staining TEM. A small drop of sample was deposited on
2400 mesh copper grid covered with a thin carbon film. After 30 s, the
droplet was blotted on filter paper. The sample was then stained with a
solution of uranyl acetate deposited on the grid and blotted on filter
paper after 30 s. The grids were observed in a Philips CM120 cryo-
electron microscope operating at 120 kV. Images were recorded on a
slow scan CCD camera.

Thioflavine T (ThT) Fluorescence. Sample aliquots were diluted
to a concentration of 100 uM (with respect to peptides 2—7) with
additional borate buffer (50 mM, pH 8.2). The diluted sample (80 xL)
was added to a ThT solution (22 uM, 450 L) in sodium phosphate
buffer (50 mM, pH 8.2) and incubated for 2 min. The fluorescence
was measured on a JASCO FP6200 spectrophotometer by excitation at
440 nm (S nm slit width) and recoding the emission from 460 to 700
nm (S nm slit width, S repeats averaged).

Circular Dichroism (CD). Spectra were obtained at 20 °C using a
JASCO J71S spectrophotometer (range = 190—400 nm, pitch = 2 nm,
bandwidth = S nm, response = 2 s, speed = 20 nm/min, continuous

scanning) and HELLMA 10 X 2 mm quartz cuvettes. All reported
spectra are averages of 5 repeats. Solvent spectra were subtracted from
all spectra. All spectra were obtained using samples diluted to 8—18
UM (with respect to building block concentration).

B ASSOCIATED CONTENT
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LC-MS methods and data and extended CD spectra for the
DCLs made from peptides 2—7. This material is available free
of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
s.otto@rug.nl

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work has been supported the European Union (ITN
Revcat and Marie Curie IEF for M.M.), the EPSRC, the
University of Groningen, COST CMO0703 and CM100S, the
ERC and the Ministry of Education, Culture and Science
(Gravity program 024.001.035).

B REFERENCES

(1) Orgel, L. E. Nature 1992, 358, 203—209.

(2) Wintner, E. A; Rebek, J. Acta Chem. Scand. 1996, S0, 469—485.

(3) Lee, D. H,; Severin, K; Ghadiri, M. R. Curr. Opin. Chem. Biol.
1997, 1, 491—496.

(4) Ghosh, L; Chmielewski, J. Curr. Opin. Chem. Biol. 2004, 8, 640—
644.

(5) Paul, N.; Joyce, G. F. Curr. Opin. Chem. Biol. 2004, 8, 634—639.

(6) Dadon, Z.; Wagner, N.; Ashkenasy, G. Angew. Chem., Int. Ed.
2008, 47, 6128—6136.

(7) Vidonne, A; Philp, D. Eur. ]. Org. Chem. 2009, 593—610.

(8) Kassianidis, E.; Pearson, R. J; Wood, E. A,; Philp, D. Faraday
Discuss. 2010, 145, 235—254.

(9) Oparin, A. I. The Origin of Life, 2nd ed.; Dover Publications:
Mineola, NY, 1953.

(10) Eigen, M.; Winkler-Oswatitsch, R. Steps towards Life; Oxford
University Press: Oxford, 1992.

(11) Kauffman, S. A. At Home in the Universe; Oxford University
Press: New York, 1993.

(12) Pross, A. What Is Life? How Chemistry Becomes Biology; Oxford
University Press: Oxford, 2012.

(13) Luisi, P. L. The Emergence of Life: From Chemical Origins to
Synthetic Biology; Cambridge University Press: Cambridge, UK, 2006.

(14) von Kiedrowski, G. Angew. Chem., Int. Ed. Engl. 1986, 25, 932—
93S.

(15) von Kiedrowski, G.; Wlotzka, B.; Helbing, J; Matzen, M,;
Jordan, S. Angew. Chem., Int. Ed. Engl. 1991, 30, 423—426.

(16) Li, T.; Nicolaou, K. C. Nature 1994, 369, 218—221.

(17) Sievers, D.; von Kiedrowski, G. Nature 1994, 369, 221—224.

(18) Sievers, D.; von Kiedrowski, G. Chem.—Eur. J. 1998, 4, 629—
641.

(19) Paul, N.; Joyce, G. F. Proc. Natl. Acad. Sci. US.A. 2002, 99,
12733—12740.

(20) Kim, D. E.; Joyce, G. F. Chem. Biol. 2004, 11, 1505—1512.

(21) Voytek, S. B.; Joyce, G. F. Proc. Natl. Acad. Sci. US.A. 2007, 104,
15288—15293.

(22) Lam, B. J; Joyce, G. F. Nat. Biotechnol. 2009, 27, 288—292.

(23) Lincoln, T. A.; Joyce, G. F. Science 2009, 323, 1229—1232.

(24) Voytek, S. B.; Joyce, G. F. Proc. Natl. Acad. Sci. U.S.A. 2009, 106,
7780—778S.

dx.doi.org/10.1021/ja4067805 | J. Am. Chem. Soc. 2013, 135, 18406—18417


http://pubs.acs.org
mailto:s.otto@rug.nl

Journal of the American Chemical Society

(25) Wang, T.; Sha, R. J; Dreyfus, R;; Leunissen, M. E.; Maass, C,;
Pine, D. J.; Chaikin, P. M,; Seeman, N. C. Nature 2011, 478, 225—
U107.

(26) Olea, C.; Horning, D. P.; Joyce, G. F. J. Am. Chem. Soc. 2012,
134, 8050—8053.

(27) Schulman, R.; Yurke, B.; Winfree, E. Proc. Natl. Acad. Sci. US.A.
2012, 109, 6405—6410.

(28) Lee, D. H.; Granja, J. R.; Martinez, J. A.; Severin, K.; Ghadiri, M.
R. Nature 1996, 382, 525—528.

(29) Lee, D. H.; Severin, K.; Yokobayashi, Y.; Ghadiri, M. R. Nature
1997, 390, 591—-594.

(30) Severin, K; Lee, D. H.; Martinez, J. A.; Ghadiri, M. R. Chem.—
Eur. J. 1997, 3, 1017—1024.

(31) Yao, S.; Ghosh, L; Zutshi, R.; Chmielewski, J. J. Am. Chem. Soc.
1997, 119, 10559—10560.

(32) Severin, K;; Lee, D. H.; Martinez, J. A.; Vieth, M.; Ghadiri, M. R.
Angew. Chem., Int. Ed. 1998, 37, 126—128.

(33) Yao, S.; Ghosh, L; Zutshi, R.; Chmielewski, J. Angew. Chem.,, Int.
Ed. 1998, 37, 478—481.

(34) Yao, S.; Ghosh, L; Zutshi, R.; Chmielewski, J. Nature 1998, 396,
447—450.

(35) Saghatelian, A.; Yokobayashi, Y.; Soltani, K; Ghadiri, M. R.
Nature 2001, 409, 797—801.

(36) Issac, R;; Chmielewski, J. J. Am. Chem. Soc. 2002, 124, 6808—
6809.

(37) Li, X. Q.; Chmielewski, J. J. Am. Chem. Soc. 2003, 125, 11820—
11821.

(38) Ashkenasy, G.; Jagasia, R.;; Yadav, M.; Ghadiri, M. R. Proc. Natl.
Acad. Sci. US.A. 2004, 101, 10872—10877.

(39) Ashkenasy, G.; Ghadiri, M. R. J. Am. Chem. Soc. 2004, 126,
11140—11141.

(40) Rubinov, B.; Wagner, N.; Rapaport, H.; Ashkenasy, G. Angew.
Chem., Int. Ed. 2009, 48, 6683—6686.

(41) Bourbo, V.; Matmor, M.; Shtelman, E.; Rubinov, B.; Ashkenasy,
N.; Ashkenasy, G. Origins Life Evol. Biospheres 2011, 41, 563—567.

(42) Samiappan, M.; Dadon, Z.; Ashkenasy, G. Chem. Commun.
2011, 47, 710—712.

(43) Rubinov, B.; Wagner, N.; Matmor, M.; Regev, O.; Ashkenasy,
N.; Ashkenasy, G. ACS Nano 2012, 6, 7893—7901.

(44) Matsumura, S.; Takahashi, T.; Ueno, A.; Mihara, H. Chem.—
Eur. ]. 2003, 9, 4829—4837.

(45) Ploger, T. A.; von Kiedrowski, G. ArXiv 2011, 112, 4952v1.

(46) Levy, M,; Ellington, A. D. J. Mol. Evol. 2003, 56, 607—615.

(47) Tjivikua, T.; Ballester, P.; Rebek, J. J. Am. Chem. Soc. 1990, 112,
1249—-1250.

(48) Nowick, J. S.; Feng, Q.; Tjivikua, T.; Ballester, P.; Rebek, J. J.
Am. Chem. Soc. 1991, 113, 8831—8839.

(49) Hong, J. L; Feng, Q.; Rotello, V.; Rebek, J. Science 1992, 255,
848—850.

(50) Terfort, A,; von Kiedrowski, G. Angew. Chem. Int. Ed. Engl.
1992, 31, 654—656.

(51) Wang, B.; Sutherland, I. O. Chem. Commun. 1997, 1495—1496.

(52) Bag, B. G.; von Kiedrowski, G. Angew. Chem., Int. Ed. 1999, 38,
3713—-3714.

(53) Allen, V. C,; Philp, D.; Spencer, N. Org. Lett. 2001, 3, 777—780.

(54) Kindermann, M.; Stahl, I; Reimold, M.; Pankau, W. M,; von
Kiedrowski, G. Angew. Chem., Int. Ed. 2005, 44, 6750—6755.

(55) Kassianidis, E.; Philp, D. Angew. Chem., Int. Ed. 2006, 45, 6344—
6348.

(56) Pearson, R. J; Kassianidis, E; Slawin, A. M. Z.; Philp, D.
Chem.—Eur. ]. 2006, 12, 6829—6840.

(57) Kamioka, S.; Ajami, D.; Rebek, J. Chem. Commun. 2009, 7324—
7326.

(58) Allen, V. C.; Robertson, C. C.; Turega, S. M.; Philp, D. Org. Lett.
2010, 12, 1920—1923.

(59) Dieckmann, A.; Beniken, S.; Lorenz, C.; Doltsinis, N. L.; von
Kiedrowski, G. J. Syst. Chem. 2010, 1, 10.

(60) Kamioka, S.; Ajami, D.; Rebek, J. Proc. Natl. Acad. Sci. U.S.A.
2010, 107, 541—544.

(61) Dieckmann, A.; Beniken, S.; Lorenz, C. D.; Doltsinis, N. L.; von
Kiedrowski, G. Chem.—Eur. J. 2011, 17, 468—480.

(62) Dieckmann, A,; Houk, K. N. J. Chem. Theory Comput. 2012, 8,
5064—5071.

(63) del Amo, V.; Philp, D. Chem.—Eur. J. 2010, 16, 13304—13318.

(64) Xu, S.; Giuseppone, N. J. Am. Chem. Soc. 2008, 130, 1826—
1827.

(65) Sadownik, J. W.; Philp, D. Angew. Chem., Int. Ed. 2008, 47,
9965—-9970.

(66) Turega, S. M.; Lorenz, C.; Sadownik, J. W.; Philp, D. Chem.
Commun. 2008, 4076—4078.

(67) Carnall, J. M. A,; Waudby, C. A; Belenguer, A. M; Stuart, M. C.
A.; Peyralans, J. J. P,; Otto, S. Science 2010, 327, 1502—1506.

(68) Li, J. W,; Carnall, J. M. A; Stuart, M. C. A; Otto, S. Angew.
Chem,, Int. Ed. 2011, 50, 8384—8386.

(69) Nguyen, R; Allouche, L.; Buhler, E.; Giuseppone, N. Angew.
Chem., Int. Ed. 2009, 48, 1093—1096.

(70) Nguyen, R; Buhler, E,; Giuseppone, N. Macromolecules 2009,
42, 5913—5915.

(71) Reek, J. N. H,; Otto, S. Dynamic Combinatorial Chemistry;
Wiley-VCH: Weinheim, Germany, 2010.

(72) Miller, B. L. Dynamic Combinatorial Chemistry in Drug Discovery,
Bioorganic Chemistry, and Materials Science; Wiley: Hoboken, NJ, 2010.

(73) Cougnon, F. B. L,; Sanders, J. K. M. Acc. Chem. Res. 2012, 45,
2211-2221.

(74) Otto, S. Acc. Chem. Res. 2012, 45, 2200—2210.

(75) Lehn, J. M. Chem. Soc. Rev. 2007, 36, 151—160.

(76) Corbett, P. T.; Leclaire, J.; Vial, L.; West, K. R,; Wietor, J.-L.;
Sanders, J. K. M; Otto, S. Chem. Rev. 2006, 106, 3652—3711.

(77) Mulder, A.; Huskens, J.; Reinhoudt, D. N. Org. Biomol. Chem.
2004, 2, 3409—3424.

(78) Badjic, J. D.; Nelson, A; Cantrill, S. J.; Turnbull, W. B.;
Stoddart, J. F. Acc. Chem. Res. 2008, 38, 723—732.

(79) Otto, S.; Furlan, R. L. E.; Sanders, J. K. M. J. Am. Chem. Soc.
2000, 122, 12063—12064.

(80) Moffet, D. A.; Hecht, M. H. Chem. Rev. 2001, 101, 3191—3203.

(81) We cannot exclude that the fibril ends may also play an active
role in catalyzing the formation of more of the macrocycle from which
the fibril is constituted.

(82) This step is conceptually similar to the mechanism of
information propagation in stacks of layered minerals that grow
from their edges, proposed by Cairns-Smith as a genetic predecessor
to the RNA world. See Cairns-Smith, A. G. Chem.—Eur. J. 2008, 14,
3830—3839.

(83) Bowerman, C. J.; Liyanage, W.; Federation, A. J.; Nilsson, B. L.
Biomacromolecules 2011, 12, 2735—2748.

(84) We previously estimated that the maximum shear stress
produced by stirring is on the order of 3 X 10> Nm™2, while shaking
gives a maximum shear stress of approximately 2 Nm ™2 See ref 67 for
details.

(85) Greenfield, N. J. Nat. Protoc. 2006, 1, 2876—2890.

(86) Mahalakshmi, R.; Raghothama, S.; Balaram, P. J. Am. Chem. Soc.
2006, 128, 1125—1138.

(87) Roy, R. S.; Gopi, H. N.; Raghothama, S.; Gilardi, R. D.; Karle, L.
L.; Balaram, P. Biopolymers 2005, 80, 787—799.

(88) LeVine, H., IIL. Protein Sci. 1993, 2, 404—410.

(89) Hamley, I. W. Angew. Chem., Int. Ed. 2007, 46, 8128—8147.

(90) Hill, E. K; Krebs, B.; Goodall, D. G.; Howlett, G. J.; Dunstan, D.
E. Biomacromolecules 2006, 7, 10—13.

(91) Bolder, S. G; Sagis, L. M. C.; Venema, P.; van der Linden, E. J.
Agric. Food Chem. 2007, S5S, S661—5669.

(92) Dunstan, D. E.; Hamilton-Brown, P.; Asimakis, P.; Ducker, W.;
Bertolini, J. Protein Eng, Des. Sel. 2009, 22, 741—746.

(93) Knowles, T. P. J.; Waudby, C. A.; Devlin, G. L.; Cohen, S. L A;
Aguzzi, A; Vendruscolo, M.; Terentjev, E. M; Welland, M. E;
Dobson, C. M. Science 2009, 326, 1533—1537.

(94) Tiiman, A; Noormagi, A.; Friedemann, M, Krishtal, J;
Palumaa, P.; Tougu, V. J. Pept. Sci. 2013, 19, 386—391.

dx.doi.org/10.1021/ja4067805 | J. Am. Chem. Soc. 2013, 135, 18406—18417



Journal of the American Chemical Society

(95) Buttstedt, A.; Wostradowski, T.; Thling, C.; Hause, G; Sinz, A.;
Schwarz, E. Amyloid 2013, 20, 86—92.

(96) Harper, J. D,; Lansbury, P. T. Annu. Rev. Biochem. 1997, 66,
385—407.

(97) Serio, T. R; Cashikar, A. G.; Kowal, A. S,; Sawicki, G. J;
Moslehi, J. J.; Serpell, L.; Arnsdorf, M. F.; Lindquist, S. L. Science 2000,
289, 1317—1321.

(98) Markvoort, A. J; ten Eikelder, H. M. M.; Hilbers, P. A. J.; De
Greef, T. F. A;; Meijer, E. W. Nat. Commun. 2011, 2, 1-9.

(99) Ribo, J. M; Crusats, J.; Sagues, F.; Claret, J.; Rubires, R. Science
2001, 292, 2063—2066.

(100) Micali, N.; Engelkamp, H.; van Rhee, P. G; Christianen, P. C.
M,; Scolaro, L. M.; Maan, J. C. Nat. Chem. 2012, 4, 201-207.

(101) Ribo, J. M.; El-Hachemi, Z.; Crusats, J. Rend. Fis. Accad. Lincei
2013, 24, 197-211.

(102) Joyce, G. F. PLoS Biol. 2012, 10, e1001323.

(103) Pross, A. J. Syst. Chem. 2011, 2, 1.

18417 dx.doi.org/10.1021/ja4067805 | J. Am. Chem. Soc. 2013, 135, 1840618417



