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Abstract: Self-assembly of proteinaceous biomolecules into functional materials with ordered structures that span length
scales is common in nature yet remains a challenge with designer peptides under ambient conditions. This report
demonstrates how charged side-chain chemistry affects the hierarchical co-assembly of a family of charge-complementary
β-sheet-forming peptide pairs known as CATCH(X+ /Y� ) at physiologic pH and ionic strength in water. In a
concentration-dependent manner, the CATCH(6K+) (Ac-KQKFKFKFKQK-Am) and CATCH(6D� ) (Ac-
DQDFDFDFDQD-Am) pair formed either β-sheet-rich microspheres or β-sheet-rich gels with a micron-scale plate-like
morphology, which were not observed with other CATCH(X+ /Y� ) pairs. This hierarchical order was disrupted by
replacing D with E, which increased fibril twisting. Replacing K with R, or mutating the N- and C-terminal amino acids
in CATCH(6K+) and CATCH(6D� ) to Qs, increased observed co-assembly kinetics, which also disrupted hierarchical
order. Due to the ambient assembly conditions, active CATCH(6K+)-green fluorescent protein fusions could be
incorporated into the β-sheet plates and microspheres formed by the CATCH(6K+ /6D� ) pair, demonstrating the
potential to endow functionality.

Introduction

Since the identification of zuotin-derived EAK16-I peptide
fibrils in 1993,[1] synthetic peptides that self-assemble into
amyloid-like β-sheets have seen increasingly broad use as
biomaterials for medical and biotechnology applications.[2]

The usefulness of β-sheet-fibrillizing peptides stems from
their ability to form biomaterials that span the nano- (e.g.,
fibrils[3]) to macro-scale (e.g., hydrogels[4]), coupled with
their capacity to be imbued with functionality via coupling
to other biomolecules (e.g., peptides,[5] proteins,[6] and
carbohydrates[7]). Understanding how amino acid sequence

characteristics govern β-sheet structure has enabled the
design of peptides that spontaneously form biomaterials
with predictable architectures at the nanoscale, such as
tubes,[8] laminates,[9] and vesicles.[10]

A long-standing challenge is the design of synthetic
peptides that spontaneously assemble into β-sheet fibril
structures that span longer length scales under ambient
conditions (i.e., neutral pH and physiologic ionic strength).
Ideally, these synthetic peptides would retain the ability to
form multi-scale supramolecular architectures even when
coupled to an active biomolecule subunit, such as a folded
protein, to endow functionality to the resulting biomaterial.
Although multi-scale order can be achieved in assemblies of
synthetic peptide-based molecules by manipulating system
conditions, for example with heat,[11] pH change,[12] shear,[13]

soft lithography,[14] humidity,[15] or applied electric/magnetic
fields,[16] the use of these physical and chemical triggers to
manipulate the system is likely to damage or degrade
sensitive functional biomolecules during the assembly proc-
ess.

Hierarchical order in natural β-sheet amyloids can occur
through different types of inter-fibril contacts, such as “steric
zippers”[17] and “electrostatic zippers”.[18] The steric zipper is
a common motif in synthetic β-sheet peptide design because
it depends on short-range van der Waals interactions and
hydrophobic collapse that are well behaved in water. In
contrast, realizing hierarchical assembly of synthetic β-sheet-
forming peptides via electrostatic zippers is rare. For one-
peptide systems, the environment generally needs to be
manipulated (e.g., highly alkaline or basic pH, organic co-
solvent, etc.) to avoid off-pathway kinetic and thermody-
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namic traps that result from long-range Coulombic
interactions.[19] For two-peptide systems, referred to as “co-
assemblies”, although electrostatic zippers have been re-
ported for an ornithine- and glutamate-rich peptide pair that
form β-sheets,[20] as well as a lysine- and glutamate-rich
pair,[19] more recent work suggests that hierarchical order via
Coulombic interactions favors unstructured peptides, in part
because weak intermolecular cohesion allows for rearrange-
ment of oppositely-charged partners within the system.[21]

Although charge-complementary co-assemblies involv-
ing peptides and peptide analogs receive significant
attention,[22] predicting hierarchical order in these systems is
limited by our lack of understanding of how peptide
sequence characteristics govern molecular organization. In
theory, two different peptides, A and B, could co-assemble
into alternating patterns (ABABAB), orthogonal patterns
(AAABBB), or in random patterns.[23] In practice, charge-
complementary peptide pairs have been shown to generally
arrange in an alternating pattern in β-sheets, as would be
expected due to electrostatic attraction and repulsion,
although deviation from precision is observed.[24] Further-
more, varying the number of charged residues within
charge-complementary peptide pairs has been shown to
affect the self- versus co-assembly propensity and co-
assembly kinetics,[25] while different cationic and anionic
peptide pairings yield biomaterials with distinct structural
and mechanical properties.[26] These outcomes are empirical.
The ability to pick β-sheet fibrillizing peptide pairs that co-
assemble into predictable structures a priori would establish
a new frontier in supramolecular biomaterials.

Here we show that the type of charged amino acid
governs hierarchical organization in charge-complementary
β-sheet peptide co-assemblies. We studied a set of
“CATCH(6X+ /6Y� )” peptide pairs (CATCH6X+ =Ac-
XQXFXFXFXQX-Am, where X=K or R and CATCH6Y-
=Ac-YQYFYFYFYQY-Am, where Y=D or E) (Figure 1a)
and “CATCH(4K+ /4Y� )” peptide pairs (CATCH4K+ =

Ac-QQKFKFKFKQQ-Am and CATCH4Y-=Ac-QQYFY-
FYFYQQ-Am, where Y=D or E) (Figure 4a). We limited
this study to only include the amino acids that are employed
in ribosome-mediated protein synthesis to allow for creation
of functional biomaterials from recombinant CATCH fusion
proteins, as well as to the amino acids that can be modeled
using the PRIME20 force field.[27] One peptide pair,
CATCH(6K+ /6D� ) formed unique networks of β-sheet-
rich plate-like structures in the gel state and β-sheet-rich
microspheres in the colloidal solution “sol” state, which
were not observed with the other (CATCHX+ /Y� ) pairs.
Simulations suggested that fibrils formed from CATCH(XK
+ /YD� ) pairs had more favorable inter-β-strand interac-
tions and less twist than fibrils formed from CATCH(XK+

/YE� ) pairs. Experiments also showed glutamic acid
increased β-sheet fibril twisting relative to aspartic acid,
while arginine increased the observed co-assembly kinetics
relative to lysine. Finally, tripartite mixtures of CATCH(6K
+), CATCH(6D� ), and a CATCH(6K+)-GFP fusion
protein yielded fluorescent supramolecular biomaterials,
showing that the hierarchical co-assembly behavior of the
CATCH(6K+ /6D� ) pair was robust even in the presence

of a much larger folded protein domain. Collectively, this
work establishes a basis for understanding how sequence
design governs hierarchical order in charge-complementary
β-sheet peptide co-assemblies.

Results and Discussion

CATCH(6K+ /6D� ) co-assemblies have a distinct plate-like
morphology in the gel state

CATCH(6R+) and CATCH(6D� ) were synthesized using
methods previously established for CATCH(6K+) and
CATCH(6E� ).[28] Like the CATCH(6K+) and CATCH-
(6E� ) peptides,[25,28] the CATCH(6R+) and CATCH(6D� )
peptides were soluble in water up to 12 mM and adopted
random coil configurations based on both FTIR measure-
ments and discontinuous molecular dynamics simulations
(Figures S1–2). FTIR spectroscopy (Figure S3 and Table S1)
and solid-state NMR measurements (Figure S5–6) demon-
strated that the peptides in all charge-complementary
CATCH(6X+ /6Y� ) mixtures adopted primarily β-sheet
conformations, indicated by peaks centered at �1620 cm� 1

in FTIR spectra and right-shifted Cα peaks associated with
F, E, K, and D in solid-state NMR spectra. Narrow
linewidths in NMR peaks associated with E, K, and D
indicated a highly ordered β-sheet structure for the co-
assemblies formed by all CATCH(6X+ /6Y� ) pairs (Fig-
ure S5), while integration of the FTIR spectra suggested that
pairs including CATCH(6D� ) had greater β-sheet content
than those including CATCH(6E� ) (Table S1).

The identity of the cationic amino acid affected the
macro-scale characteristics of equimolar mixtures of
CATCH(6X+ /6Y� ) peptides (Figure 1b). 12 mM mixtures
of CATCH(6K+ /6D� ) and CATCH(6K+ /6E� ) formed
semi-transparent self-supporting macroscopic materials,
while CATCH(6R+ /6E� ) and CATCH(6R+ /6D� )
formed opaque materials that flowed. These data suggested
that replacing K with R in the CATCH(6X+) peptide may
alter fibril entanglement or aggregation, while any effect of
E versus D in the CATCH(6Y� ) peptide was not readily
apparent. To further probe the effect of E versus D in the
CATCH(6Y� ) peptide, we used oscillating rheology to
compare the mechanical properties of the macro-scale
materials formed by the CATCH(6K+ /6D� ) pair to those
formed by the CATCH(6K+ /6E� ) pair. Pairs that included
CATCH(6R+) were excluded from these studies because
they did not form self-supporting materials per the vial
inversion test. Aqueous mixtures of CATCH(6K+ /6E� )
([total peptide] >2 mM) have previously been shown to
form viscoelastic solids (i.e., gels) that undergo shear-
thinning and recovery.[26a] The CATCH(6K+ /6D� ) pair
also formed a viscoelastic solid as indicated by a storage
modulus (G’) to loss modulus (G’’) ratio (i.e., G’/G’’) greater
than 1, or equivalently tan(δ) <1 (Figure 1c). However, the
CATCH(6K+ /6D� ) gels were significantly stiffer than
CATCH(6K+ /6E� ) gels at an equivalent total peptide
concentration, as indicated by the 10-fold greater G’ for the
CATCH (6K+ /6D+) gels. Like the CATCH(6K+ /6E� )
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Figure 1. Characterization of the different CATCH(6X+ /6Y� ) co-assemblies in the gel state. (a) Sequence and chemical structure of the various
CATCH(6X+) and CATCH(6Y� ) peptides. (b) Inversion test of the different CATCH(6X+ /6Y� ) pairs at [peptide]=12 mM in neutral aqueous
buffer. (c) G’ and G’’ of the materials formed by 12 mM CATCH(6K+ /6D� ) or CATCH(6K+ /6E� ) in neutral aqueous buffer at different angular
frequencies (mean � s.d., n=3). (d) Polarized light micrographs of the materials formed by 12 mM CATCH(6K+ /6D� ) or CATCH(6K+ /6E� ). (e)
Cryo-SEM images of the materials formed by the different CATCH(6X+ /6Y� ) pairs at [peptide]=12 mM in neutral aqueous buffer. Two-
dimensional SAXS diffraction pattern (f) and radial intensity profile (g) of the materials formed by 12 mM CATCH(6K+ /6D� ) or CATCH(6K
+ /6E� ) in neutral aqueous buffer.
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gels reported previously,[26a] the CATCH(6K+ /6D� ) gels
also showed viscoelastic recovery after high-strain (1000%)
disruption; however, CATCH(6K+ /6E� ) gels showed a
greater extent of recovery than CATCH(6K+ /6D� ) gels
over the measurement time frame (Figure S7). The greater
stiffness and greater strain sensitivity of CATCH(6K+

/6D� ) gels relative to the CATCH(6K+ /6E� ) gels sug-
gested that these two peptide pairs likely formed assemblies
with different structural characteristics.

Polarized light microscopy (PLM), scanning electron
microscopy (SEM), and small-angle x-ray scattering (SAXS)
indicated that the CATCH(6K+ /6D� ) pair and
CATCH(6K+ /6E� ) pair formed gels with different
supramolecular architectures from the nano- to micro-scale.
Nematic birefringence was observed when the CATCH(6K
+ /6D� ) gels were viewed between crossed polars, whereas
black fields, indicative of no birefringence, were observed
for the materials formed by CATCH(6K+ /6E� ),
CATCH(6R+ /6E� ), and CATCH(6R+ /6D� ) (Figures 1d
and S8). These data suggested that the CATCH(6K+ /6D� )
gels had an aligned microstructure that lacked positional
order at the macro-scale, whereas the materials formed by
CATCH(6K+ /6E� ), CATCH(6R+ /6E� ), and
CATCH(6R+ /6D� ) were isotropic at the micro-scale. The
cloudiness observed in the upright CATCH(6K+ /6D� )
vial, which was not observed in the CATCH(6K+ /6E� ) vial
(Figure 1b), likely resulted from visible light diffraction due
to the aligned microstructure indicated by the PLM images.
Consistent with the PLM images, micron-sized plate-like
structures and aligned pores were observed in SEM images
of gels formed from CATCH(6K+ /6D� ), whereas more
randomly oriented networks of thin fibrils were observed in
the gels formed by the CATCH(6K+ /6E� ) pair, as well as
the viscous fluids formed by the CATCH(6R+ /6E� ) and
CATCH(6R+ /6D� ) pairs (Figures 1e and S9). The thicker
fibrillar structures formed by the CATCH(6K+ /6D� ) pair,
coupled with the higher β-sheet content of this pair
(Table S1), were consistent with the greater stiffness of
CATCH(6K+ /6D� ) gels relative to CATCH(6K+ /6E� )
gels.

Isotropic 2D SAXS scattering patterns were observed
for both the CATCH(6K+ /6D� ) and CATCH(6K+ /6E� )
gels (Figure 1f). Consistent with the PLM micrographs,
these scattering patterns indicated that the aligned micro-
structure observed in SEM images of the CATCH(6K+

/6D� ) gels did not span the mm-scale. Likewise, the
CATCH(6K+ /6E� ) gels lacked any aligned microstructure.
Note that SAXS was not performed on samples of
CATCH(6R+ /6E� ) or CATCH(6R+ /6D� ) because these
materials did not form gels and did not appear to have an
aligned microstructure per the PLM and SEM images. To
quantitatively search for evidence of micro-scale alignment
in the CATCH(6K+ /6D� ) gels, we integrated the 2D
SAXS patterns, I(qr,f), over finite ranges of qr, where qr is
the radial distance between any point in the scattering
pattern and the origin in q-space, and f is the corresponding
azimuthal angle. The resulting plots of I(f) exhibited no
significant variations in scattered intensity with direction,
consistent with a lack of alignment at the macro-scale (data

not shown). However, qualitative differences between
CATCH(6K+ /6E� ) and CATCH(6K+ /6D� ) samples
could be directly seen in the SAXS patterns; CATCH(6K+

/6D� ) samples generated much stronger scattering at
intermediate wave-vectors. To quantitatively analyze this
difference, we integrated I(qr, f) over f, producing plots of
I(qr). When plotted on a log-log scale (Figure 1g), data from
the CATCH(6K+ /6D+) sample exhibited two different
power-law regimes with a crossover at q�0.039 Å� 1, corre-
sponding to a length-scale of 16.1 nm. In the lower q-range,
corresponding to larger length-scales, I(qr) scaled like qr

� 1.76;
in the higher q-range, corresponding to smaller length-
scales, I(qr) scaled approximately like qr

� 3. These two
powers and their crossover suggested the presence of an
organized plate-like structure in CATCH(6K+ /6D� ) gels
at micrometer length scales, which is larger than a bilayer β-
sheet,[29] consistent with the morphology observed in SEM
images of CATCH(6K+ /6D� ) gels. The higher q-range
also suggested that CATCH(6K+ /6D� ) formed more
compact structures on scales smaller than the bilayer β-
sheet. By contrast, the scattering from CATCH(6K+ /6E)
samples exhibited no crossover and scaled like q� 1.14 over a
wide range of q-space. This scattering more closely re-
sembled that of randomly oriented rod-like objects, which
was generally consistent with the morphology observed in
SEM images of CATCH(6K+ /6E� ) gels. Collectively, the
PLM, SEM, and SAXS measurements indicated that the
CATCH(6K+ /6D� ) pair formed hierarchically ordered
micro-scale structures that were randomly oriented at the
macro-scale in the gel state, whereas the CATCH(6K+

/6E� ) pair formed fibrillar structures that were disordered
at lengths beyond the nano-scale.

The CATCH(6K+ /6D� ) pair forms β-sheet-rich microspheres in
the sol state

A previous report demonstrated that glycosylated β-sheet
peptides could form aligned fibrillar networks in both the
gel and the sol state, although bundling in the sol state only
occurred in the presence of a macromolecular crowder or
co-solvent.[30] Here we studied whether CATCH(6K+ /6D� )
also formed ordered structures in the sol state based on
observations that this pair formed unique plate-like struc-
tures in the gel state. At a 1 mM concentration, which is
below the gel point,[26a] the CATCH(6K+ /6D� ) peptide
pair formed discrete, spherical structures with diameters of
10–200 microns (i.e., “microspheres”) that stained positive
for the amyloid binding dyes, Thioflavin T (ThT) and Congo
Red, suggesting that they w ere rich in β-sheets (Figures 2a
and S10–11). Over time, these microspheres tended to
cluster, but there was no obvious coalescence as would be
expected for phase-separated liquid-like droplets,[31] suggest-
ing that they were instead a solid-like phase (Figure S12). In
contrast, at a 1 mM concentration CATCH(6K+ /6E� )
formed very large ThT-stained aggregates with no discerni-
ble structural features, while the CATCH(6R+ /6E� ) and
CATCH(6R+ /6D� ) pairs formed small ThT-stained floccu-
lates (Figure 2a).
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Conventional TEM identified thick (>100 nm), aligned
fibril structures in 1 mM CATCH(6K+ /6D� ) samples,
whereas randomly distributed fibrils with widths of �10–
20 nm were observed in samples of 1 mM CATCH(6K+

/6E� ) (Figure 2b). Likewise, in samples of CATCH(6K+

/6D� ), cryogenic TEM identified regions of aligned fibrils
with long persistence lengths and with widths that were
comparable to the structures observed with conventional
TEM, whereas thinner fibrils with short persistence lengths

and a more isotropic distribution were observed in samples
of CATCH(6K+ /6E� ) (Figure S13). Some twisted multi-
layer structures were observed in conventional TEM images
of mixtures of CATCH(6R+ /6D� ) and CATCH(6R+

/6E� ) (Figure 2b), but these bundles were thinner than
those formed by CATCH(6K+ /6D� ) (Figure 2c). We note
that some protofibrils or other non-fibrillar aggregates (i.e.,
oblong and round white features) are sometimes found in
conventional TEM images for CATCH(6K+ /6D� ),

Figure 2. Characterization of the different CATCH(6X+ /6Y� ) pairs in the sol state. (a) Fluorescence micrographs of the different CATCH(6X
+ /6Y� ) pairs stained with ThT after 60 mins in neutral aqueous buffer at [peptide]=1 mM. Scale bar=100 μm. (b) Conventional TEM images of
the different CATCH(6X+ /6Y� ) pairs at [peptide]=1 mM; (c) Averaged fibril bundle thickness and (d) relative fibril orientation analysis calculated
from TEM images. Simulation snapshots of two stacked β-sheet bilayers of (e) CATCH(6K+ /6D� ) and (f) CATCH(6K+ /6E� ) at t=0 and 200 ns.
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CATCH(6R+ /6D� ), and CATCH(6R+ /6E� ); the high
density of thin fibrils on the CATCH(6K+ /6E� ) sample
grid may have occluded observation of these structures in
this sample or they may not exist.

Quantitative analysis of fibril orientation, Θ, showed that
mixtures including CATCH(6D� ) had greater alignment
than mixtures including CATCH(6E� ), with CATCH(6K+

/6D� ) having the highest degree of alignment (Figure 2d).
Atomistic simulations of idealized hypothetical β-sheet
bilayers with an alternating + /� β-strand configuration
predicted that stacked bilayers of CATCH(6K+ /6D� ) co-
assemblies would have greater van der Waals (VDW) and
electrostatic (ELE) interactions between the charged amino
acids that reside between the bilayers than stacked
CATCH(6K+ /6E� ) bilayers (Figures 2e–f, Table S2). Con-
sistent with these simulations, analysis of the FTIR spectra
identified a strong peak centered at �1550 cm� 1 in the
CATCH(6K+ /6D� ) spectrum that was red-shifted relative
to the ionized aspartic acid (COO� ) side-chain peak
centered �1570 cm� 1 observed in the spectrum of CATCH-
(6D� ) alone (Figure S4). In contrast, the glutamic acid
(COO� ) side chain peak was centered at the same wave-
number and had similar intensity in the spectra of
CATCH(6K+ /6E� ) and CATCH(6E� ) alone (Figure S4).
The emergence of the stronger, red-shifted peak in the
CATCH(6K+ /6D� ) FTIR spectrum is associated with salt-
bridge formation.[32]

Measuring the distance between the backbone atoms on
the 2nd and 3rd layers in the stacked bilayers suggested that
CATCH(6K+ /6D� ) β-sheets would stack 2 Å closer togeth-
er than CATCH(6K+ /6E� ) β-sheets (Table S3). Notably,
this was consistent with the higher q-range SAXS measure-
ments (Figure 1g), which suggested that mixtures of
CATCH(6K+ /6D� ) formed more compact structures than
CATCH(6K+ /6E� ) in the gel state.

We noted from the TEM images that the fibrils formed
from pairs that included CATCH(6E� ) appeared to have a
shorter twist pitch than fibrils formed from pairs that
included CATCH(6D� ), which tended to be less twisted.
Consistent with this, atomistic simulations predicted that a
CATCH(6K+ /6D� ) bilayer or multilayer would have a
flatter conformation than a CATCH(6K+ /6E� ) bilayer or
multilayer (Figures 2e–f, Figure S14); this is because the
angle between neighboring peptides in CATCH(6K+ /6D� )
β-sheets is predicted to be smaller than in CATCH(6K+

/6E� ) β-sheets (� 2.22° and � 3.55°, respectively) (Table S4).
Consistent with this, the β-sheet amide I peak in the FTIR
spectrum for CATCH(6K+ /6D� ) was red-shifted to
1617 cm� 1 relative to the β-sheet amide I peak in the FTIR
spectrum for CATCH(6K+ /6E� ) (1619 cm� 1) (Figure S3),
which can be attributed to a flatter β-sheet morphology.[33]

Taken together with the TEM images and their analysis
(Figure 2b–d), these data suggested that the CATCH(6D� )
peptide favored the formation of fibrils with a shallow pitch
and a greater degree of stacking than fibrils formed with the
CATCH(6E� ) peptide, which had a greater twist and
underwent lesser stacking.

CATCH(6K+ /6D� ) co-assembled with slower kinetics than the
other CATCH(6X+ /6Y� ) pairs

Prior reports have demonstrated that the kinetics of β-sheet
fibril assembly depend on the aggregation mechanism,[34]

which can influence the final structure of the assembled
materials.[35] The secondary structures adopted by the
peptides in the various CATCH(6X+ /6Y� ) mixtures
differed over time in the sol state (Figure 3). Circular
dichroism measurements demonstrated that all the different
CATCH peptides were in random coil conformations when
alone in a neutral aqueous buffer (Figure S15), consistent
with FTIR measurements and simulations of these peptides
at higher concentrations. The peptides in the CATCH(6K+

/6D� ) mixture were primarily in random coil conformations
immediately after combining them and underwent structural
transition over time, as indicated by the emergence of a
single strong minimum between 205–210 nm (Figure 3a–b).
This minimum was inconsistent with a typical β-sheet or
random coil signature, but instead was similar to spectra
reported for large anisotropic fibrillar structures, such as
collagen type I fibers.[36] We infer that this spectrum reflects
the thick fibril bundles observed in the TEM images of the
CATCH(6K+ /6D� ) pair in the sol state as shown in
Figure 2b. Peptides in the CATCH(6K+ /6E� ) mixture
existed in a combination of random coil and β-sheet
conformations when measured immediately after combining
them and underwent a structural transition into a predom-
inantly β-sheet conformation over time, consistent with a
prior report (Figure 3c–d).[28] Notably, peptides in mixtures
that included CATCH(6R+) were predominantly in a β-
sheet conformation immediately after mixing, indicated by
strong ellipticity minima between 215–220 nm (Figure S16).
While the CD spectrum of the CATCH(6R+ /6E� ) mixture
was largely unchanged over time, the minimum and
maximum for the CATCH(6R+ /6D� ) mixture red-shifted
by �10 nm (Figure S17). This suggested that the
CATCH(6R+ /6D� ) peptides and/or fibrils underwent
some structural transition, possibly the formation of the
multi-layer structures observed in TEM images. Recall that
FTIR and NMR measurements indicated that all
CATCH(6X+ /6Y� ) mixtures were also rich in β-sheets in
the gel state (Figures S3, S5, S6, and Table S1).

Consistent with the CD measurements, ThT fluorimetry
measurements also indicated that the co-assembly kinetics
differed for the different CATCH(6X+ /6Y� ) pairs (Fig-
ure 3e). In particular, the kinetic profile for the 1 mM
CATCH(6K+ /6D� ) mixture had a discernible lag phase
that was not seen for the other pairs, followed by a slower
growth profile that began to plateau by �1 h. In contrast,
pairs that included CATCH(6R+) plateaued within seconds
to minutes, while the CATCH(6K+ /6E� ) pair plateaued by
�10 min. After 1 h, the 1 mM CATCH(6K+ /6D� ) pair had
the highest total ThT signal (Figure S18). At 120 h, by which
point the CATCH(6K+ /6D� ) and CATCH(6K+ /6E� )
pairs reached equilibrium, the CATCH(6K+ /6D� ) pair had
a higher maximum ThT signal than the CATCH(6K+ /6E� )
pair at all concentrations tested (Figure 3f and S19).
However, the CATCH(6K+ /6D� ) and CATCH(6K+
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/6E� ) pairs showed similar concentration-dependent behav-
ior with regard to fibril growth (Figure 3g). In particular, the
critical concentrations for fibril growth for CATCH(6K+

/6E� ) and CATCH(6K+ /6D� ) were �0.20 and 0.17 mM,
respectively. This was consistent with prior CD measure-
ments, which showed that peptides in CATCH(6K+ /6E� )
mixtures underwent a transition from a combination of
random coil and β-sheet conformations to predominantly β-
sheet conformations over the range of 125–300 μM.[28]

Mutating the hydrophilic face disrupts the micro-scale co-
assembly of CATCH(6K+ /6D� )

The data presented in Figures 1–2 demonstrate that the
CATCH(6K+ /6D� ) peptide pair forms unique
supramolecular architectures, including β-sheet-rich plates
and β-sheet-rich microspheres, which are not seen with the
other CATCH(6X+ /6Y� ) pairs. Informed by simulations,
we expected that peptide designs providing weaker inter-
facial contacts would disrupt hierarchical co-assembly. To
test this hypothesis, we studied the co-assembly of the
CATCH(4X+ /4Y� ) variants (Figure 4a), which have fewer
charged residues than the CATCH(6X+ /6Y� ) pairs, and
thus should have a weakened electrostatic zipper.

Like the CATCH(4E� ) peptide reported previously,[26a]

the CATCH(4D� ) peptide was soluble in water up to
12 mM, adopted random-coil configurations when alone,
and formed a β-sheet-rich structure when in an equimolar
mixture with the CATCH(4K+) peptide (Figure S20). ThT
fluorimetry indicated that the CATCH(4K+ /4D� ) and
CATCH(4K+ /4E� ) pairs had similar critical fibrillization
concentrations (0.17 and 0.2 mM, respectively) (Figure S21),
which were comparable to the critical fibrillization concen-
trations of the CATCH(6K+ /6D� ) and CATCH(6K+

/6E� ) pairs (Figure 3g). Thus, the difference in number of
charged residues did not affect the fibrillization threshold.
ThT fluorimetry also suggested that the CATCH(4K+

/4D� ) pair formed more fibril mass than the CATCH(4K+

/4E� ) pair (Figure S22), consistent with the relationship
between the CATCH(6K+ /6D� ) and CATCH(6K+ /6E� )
pairs (Figure 3f). However, while CATCH(4K+ /4E� ) dem-
onstrated a similar kinetic profile as the CATCH(6K+

/6E� ) pair (Figure 4b and Figure 3e, respectively), the
CATCH(4K+ /4D� ) pair demonstrated no lag phase and
much faster co-assembly kinetics than the CATCH(6K+

/6D� ) pair (Figure 4b and Figure 3e, respectively). Thus,
despite sharing the ability to form β-sheets upon mixing, the
CATCH(6K+ /6D� ) and CATCH(4K+ /4D� ) pairs
showed different co-assembly behaviors.

Figure 3. Co-assembly kinetics of the different CATCH(6X+ /6Y� ) peptide pairs. (a-d) CD spectra of 125 μM CATCH(6K+ /6D� ) or CATCH(6K
+ /6E� ) in neutral aqueous buffer immediately after mixing (i.e., “t=0”) and after 2 days at RT; (e) Co-assembly kinetics profiles of the different
CATCH(6X+ /6Y� ) pairs at [peptide]=1 mM measured via ThT fluorimetry (mean + s.d., n=3); (f) Maximum ThT fluorescence versus [peptide]
and (g) critical fibrillization concentration and for the CATCH(6K+ /6D� ) and CATCH(6K+ /6E� ) pairs.
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Differences in the co-assembly behavior of the
CATCH(4K+ /4D� ) pair relative to the CATCH(6K+

/6D� ) pair correlated with differences in supramolecular
morphology. In particular, conventional SEM of the
CATCH(4K+ /4D� ) pair identified a network of isotropic
nanofibers in the gel state (Figure 4c), which differed
considerably from the large plates seen in gels formed by
the CATCH(6K+ /6D� ) pair (Figure 1e). Instead, the
architecture of the network formed by the CATCH(4K+

/4D� ) pair resembled the networks formed by the
CATCH(4K+ /4E� ) pair and the CATCH(6K+ /6E� ) pair
in the gel state (Figures 4c and 1e, respectively). Likewise, in
the sol state, the CATCH(4K+ /4D� ) pair formed large
aggregates with no discernible structural characteristics (Fig-
ure 4d), which were morphologically different than the
microspheres formed by the CATCH(6K+ /6D� ) pair
under identical conditions (Figure 2a). In conventional TEM
images, CATCH(4K+ /4D� ) co-assemblies appeared as

Figure 4. Characterization of CATCH(4K+ /4Y� ) co-assemblies in the gel and sol state. (a) Sequence and chemical structure of the various
CATCH(4X+) and CATCH(4Y� ) peptides; (b) Co-assembly kinetics profiles of the different CATCH(4X+ /4Y� ) pairs at [peptide]=1 mM measured
via ThT fluorimetry (mean + s.d., n=3); (c) Conventional SEM images of the materials formed by the CATCH(4K+ /4D� ) and CATCH(4K+ /4E� )
pairs at [peptide]=12 mM in neutral aqueous buffer. (d) ThT fluorescence micrographs and (e) conventional TEM images of the materials formed
by the CATCH(4K+ /4D� ) and CATCH(4K+ /4E� ) pairs at [peptide]=1 mM in neutral aqueous buffer. Simulation snapshots of two stacked β-
sheet bilayers of (f) CATCH(4K+ /4D� ) and (g) CATCH(4K+ /4E� ) at t=0 and 200 ns.
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relatively flat fibrils (i.e., had a shallow pitch twist) with a
long persistence length that had some tendency to laterally
associate (Figure 4e). But, the CATCH(4K+ /4D� ) co-
assemblies lacked the long-range order seen for the
CATCH(6K+ /6D� ) pair, which persisted over the entire
micrograph viewing area (>1 μM) (Figure 2b).

Atomistic simulations predicted that CATCH(4K+

/4D� ) fibrils would have a shallower pitch twist (i.e., would
be flatter) than CATCH(4K+ /4E� ) fibrils (Figure 4f, g and
Figure S14, Table S4). Likewise, atomistic simulations pre-
dicted that CATCH(4K+ /4D� ) multilayers would stack
closer together than CATCH(4K+ /4E� ) multilayer (Ta-
ble S3). Thus, CATCH(4K+ /4D� ) fibrils were expected to
share morphological similarities with the CATCH(6K+

/6D� ) fibrils, while CATCH(4K+ /4E� ) fibrils were ex-
pected to share morphological similarties with the
CATCH(6K+ /6E� ) fibrils; these relationships were also
reflected in the conventional TEM images of these various
CATCH(X+ /Y� ) pairs. Unexpectedly, though, atomistic
simulations predicted that the interface between bilayers in
a CATCH(4K+ /4D� ) multilayer stack would have compa-
rable van der Waals and electrostatic interactions to
CATCH(6K+ /6D� ) stacks, which were greater than the
interaction energies between CATCH(4K+ /4E� ) or
CATCH(6K+ /6E� ) stacks (Table S2). Thus, despite being
longer than aspartic acid by one methylene, the glutamine
residues at the termini of CATCH(4K+) and CATCH-
(4D� ) did not sterically occlude electrostatic zipper for-
mation. Furthermore, reducing the number of charged
residues from 6 to 4 did not necessarily weaken the
interfibril electrostatic zipper in a stack of CATCH(X+

/Y� ) bilayers as we had expected. This raised questions as
to why the CATCH(4K+ /4D� ) system did not form the β-
sheet-rich microspheres and β-sheet-rich micron-sized plates
observed with the CATCH(6K+ /6D� ) system. The faster
co-assembly kinetics for the CATCH(4K+ /4D� ) pair (Fig-
ure 4b) suggested that this system is dominated by favorable
primary nucleation events, whereas the lag phase observed
for CATCH(6K+ /6D� ) co-assembly suggests a role for
both primary (i.e., in solution) and secondary (i.e., on fibril)
nucleation events. Thus, CATCH(4K+ /4D� ) fibrils that
emerge rapidly may undergo lateral association into furcated
structures, analogous to the mechanism of dichotomous
coalescence proposed for mouse prion protein
fibrillization.[37] In contrast, CATCH(6K+ /6D� ) may follow
a pathway of slower primary nucleation followed by
attached lateral nucleation that leads to thickening, as seen
for insulin fibril growth;[38] notably, the formation of insulin
spherulites, which share morphological similarities with the
CATCH(6K+ /6D� ) microspheres reported here, also de-
pends on attached lateral nucleation but is followed by
branching instead of thickening.[39] We posit that a hierarch-
ical growth process dependent on attached lateral nucleation
would explain, at least in part, the diminished recovery of
CATCH(6K+ /6D� ) gel stiffness after high-strain disrup-
tion, given that the applied strain would be unlikely to
completely dissassemble the peptides (i.e., return them to
their initial random coil monomeric state). Rather, high-
strain would likely lead to fracture of the micron-scale plate-

like structures into fragments with a slowed re-assembly
time due to a relatively slow rate of diffusion.[40]

A CATCH-protein fusion can be incorporated into CATCH(6K
+ /6D� ) microscopic plates and microspheres

While the formation of unique microscopic biomaterials by
the CATCH(6K+ /6D� ) pair is interesting, these materials
will ultimately only be useful for medical or biotechnology
applications if they can be functionalized while maintaining
the underlying supramolecular structural characteristics. We
previously reported that fusing the CATCH(6E� ) peptide
onto the terminus of green fluorescent protein (GFP)
enabled stable integration of the active protein into
CATCH(4K+ /6E� ) hydrogels.[28] Here we show that GFP
can also be integrated into hierarchically-ordered sol and gel
state co-assemblies of CATCH(6K+ /6D� ). We first created
a new fusion protein consisting of CATCH(6K+) linked to
GFP, referred to as CATCH(6K+)-GFP (Figure S23). A
ternary mixture of CATCH(6K+), CATCH(6K+)-GFP,
and CATCH(6D� ) formed a fluorescent self-supporting gel
(Figure 5a), which had a microscopic plate-like network
architecture when viewed with cryo-SEM (Figure 5b).
CATCH(6K+)-GFP also integrated into the microspheres
formed by a ternary mixture of CATCH(6K+), CATCH-
(6K+)-GFP, and CATCH(6D� ) in the sol state (Figure 5c).
These microspheres bound Congo Red (Figure 5d), suggest-
ing that the presence of the GFP domain did not disrupt β-

Figure 5. A functional protein domain can be integrated into
CATCH(6K+ /6D� ) co-assemblies. (a) Digital images of the inversion
test and green fluorescence emitted by a gel formed by a ternary
mixture of 12 mM CATCH(6K+ /6D� ) and 1 μM CATCH(6K+)-sfGFP.
(b) Cryo-SEM image of a gel formed by a ternary mixture of 12 mM
CATCH(6K+ /6D� ) and 1 μM CATCH(6K+)-sfGFP. (c) GFP and (d)
Congo Red fluorescence micrographs of the microspheres formed in a
ternary mixture of 1 mM CATCH(6K+ /6D� ) and 1 μM CATCH(6K
+)-sfGFP. (e) Conventional TEM image of the stacked β-sheet structure
formed in a ternary mixture of 1 mM CATCH(6K+ /6D� ) and 1 μM
CATCH(6K+)-sfGFP.
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sheet formation or the inter-fibril interactions that were
required for microsphere formation. Further supporting the
ThT micrographs, conventional TEM identified thick,
aligned bundles with striations (Figure 5e), indicative of the
presence of multiple stacked fibril layers in the ternary
mixture of CATCH(6K+), CATCH(6K+)-GFP, and
CATCH(6D� ) in the sol state. Together, these data
demonstrated that the unique biomaterials formed by the
CATCH(6K+ /6D� ) peptide pair were amenable to func-
tionalization with a bulky protein domain, without sacrific-
ing hierarchical order or protein activity.

Discussion

The data presented here demonstrate that the CATCH(6K
+ /6D� ) pair undergoes concentration-dependent co-assem-
bly into β-sheet-rich microspheres or β-sheet-rich gels with a
micron-scale plate-like morphology that are not seen with
other CATCH(X+ /Y� ) pairs. Although tens of synthetic
peptides that assemble into β-sheet fibrils have been
reported,[41] only a handful of examples of synthetic β-sheet
multilayers exist. Instead, recent reports suggest that β-sheet
formation may impede hierarchical co-assembly across
length scales because strong intermolecular cohesion be-
tween β-strands prevents molecular rearrangement.[21a,b] Our
report shows that hierarchical order can be realized in
charge-complementary β-sheet peptide co-assemblies, as was
reported previously for a glutamate- and ornithine-rich
peptide pair,[20] but it is not ubiquitous. Rather, the charged
amino acid side-chain chemistry governs hierarchical order.

In peptide fibrillization, β-sheet layers (i.e., “tapes”)
form via hydrogen bonding between the amide backbones of
peptides in an extended β-strand conformation, while
stacking of the β-sheets results from interactions between
the amino acid side chains of peptides in adjacent layers.[42]

Generally, the extended β-strand conformation results in the
presentation of neighboring amino acid side chains on the
opposite sides of the peptide backbone and, in turn, on
opposite faces of the tape. Designing hydrophobic steric
zippers onto one face of a tape to favor bilayer formation is
relatively simple; an alternating sequence of hydrophobic
and hydrophilic amino acids will generally suffice. It is the
designing-in of sites of molecular recognition onto the
hydrophilic “wet” faces of the tapes to drive stacking that
poses a challenge. This is because (1) interfacial interactions
that are too weak will limit lamination,[40] and (2) the
twisting of β-sheets, which is often associated with amino
acid chirality, can impose a physical constraint on the
number of possible laminated layers due to the unfavorable
energy associated with tape tilting and bond bending.[43]

Indeed, examples of multilayered β-sheet laminates have
generally employed peptides with both D- and L- amino
acids or charged side chains to disfavor tape twisting.[9a,19, 44]

The results presented here suggest that a high density of
charged residues on the “wet” face of a β-sheet bilayer does
not universally provide an electrostatic zipper capable of
mediating hierarchical assembly over multiple length scales.
Instead, the side-chain chemistry of the charged amino acids

dictates CATCH(X+ /Y� ) pair co-assembly kinetics and
fibril morphology, which collectively govern the propensity
for β-sheet stacking. For example, the CATCH(XK+ /YE� )
pairs failed to form multilayer structures due to both (1)
weaker interfacial interactions, as predicted from simula-
tions, and (2) increased β-sheet twisting, as predicted from
simulations and seen experimentally.

In general, we observed an inverse relationship between
co-assembly kinetics and hierarchical order in CATCH(X+

/Y� ) systems. CD spectroscopy and ThT fluorimetry
demonstrated that co-assembly proceeded faster in mixtures
that included the CATCH(6R+) peptide when compared to
mixtures that included CATCH(6K+). The increased co-
assembly rate in CATCH(6R+) mixtures likely reflects
increased long-range Coulombic attraction due to differ-
ences in the guanidinium group of the arginine side-chain
versus the amine of the lysine side chain; the former has a
higher pKa and can form electrostatic interactions in more
possible directions. Mixtures that included CATCH(6R+)
also failed to form self-supporting gels. These observations
suggest that highly favorable primary nucleation in mixtures
that contain the CATCH(6R+) peptide may limit the extent
of both β-sheet elongation and β-sheet stacking, ultimately
leading to fibril structures that are unable to form either a
physically entangled gel or a hierarchically-ordered struc-
ture.

However, the chemical identity of the CATCH(6Y� )
peptide also affected the rate and extent of co-assembly.
CATCH(6K+ /6D� ) mixtures showed a pronounced lag
phase and a higher maximum ThT signal than CATCH(6K
+ /6E� ) mixtures. Given that CATCH(6K+), CATCH-
(6D� ), and CATCH(6E� ) all have similar chemical
structures, the higher maximum ThT signal suggested that
CATCH(6K+ /6D� ) mixtures may yield more fibril mass
than CATCH(6K+ /6E� ) at equilibrium. We postulate that
a difference in the extent of fibril formation could result
from differences in the mechanism of co-assembly of the
CATCH(6K+ /6D� ) pair versus the CATCH(6K+ /6E� )
pair. One could envision that for CATCH(6K+ /6E� ),
increases in fibril mass would only result from growth along
the long axis of β-sheet bilayers due to addition of free
peptides onto the chain ends (i.e., 1D growth). Once the
free peptide concentration decreases below the critical
concentration for nucleation, no new fibrils would form.
Instead, fibril mass could only increase via addition of
peptides onto the chain end, the extent of which would be
limited by the dissociation constant of the free peptide for
the chain end. In contrast, in CATCH(6K+ /6D� ) mixtures,
increases in fibril mass could result from either elongation
via addition of free peptides onto the bilayer chain ends, or
through stacking of charge-complementary free peptides
onto the charged face of the bilayer (i.e., 2D growth). We
note that this mechanism bears resemblance to the secon-
dary nucleation pathway referred to as attached lateral
nucleation and thickening.[45] Such 2D growth would be less
restricted when free peptide remains available in the system
because the addition of any peptide onto the growing
structure would re-introduce a new “reactive surface” onto
which an additional peptide molecule could attach. Impor-
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tantly, the unique lag phase observed in the kinetic profiles
of CATCH(6K+ /6D� ) mixtures suggests that primary
nucleation was the rate-limiting step of the assembly process
for this system, but not for the other CATCH(X+ /Y� )
systems. Thus, the charged amino acids influence hierarch-
ical co-assembly by way of the effects of electrostatic
interactions on co-assembly kinetics.

Interestingly, the lag phase observed in the kinetic
profiles of CATCH(6K+ /6D� ) mixtures has not been
observed with other CATCH peptide pairs reported to date.
Computational models included in a complementary study
suggest this may be due to a weaker tendency of CATCH-
(6D� ) to form an α-helix when compared to CATCH-
(6E� );[46] the α-helix has been reported to have a greater
propensity for conversion to a β-strand than the random
coil.[47] Our computational prediction was surprising in light
of prior studies which suggested that an N-terminal aspartic
acid has greater helix-inducing activity than an N-terminal
glutamic acid,[48] from which one would expect more helicity
for CATCH(6D� ) than CATCH(6E� ). Likewise, N-termi-
nal glutamine, as exists on CATCH(4D� ), is suggested to
be a poor helix-stabilizing residue.[49] yet the CATCH(4K+

/4D� ) pair demonstrated faster co-assembly kinetics than
the CATCH(6K+ /6D� ) pair. One important consideration
is that N-terminal acetylation, such as that on the CATCH
peptides, has also been shown to counteract some of the
effects of the N-terminal amino acid on helicity.[49] Collec-
tively, this suggests that amino acids at other positions
within the CATCH(6Y� ) peptides contribute to their
relative helicities. Alternatively, the observed differences in
CATCH(6K+ /6D� ) versus CATCH(6K+ /6E� ) kinetics
may be due to the tendencies of D and E to interact with
ions present in solution. Recent computational and exper-
imental work has shown that D-rich peptides interact with
ions, such as chloride and calcium, to a greater extent than
E-rich peptides.[50] Thus, one can envision that greater
charge-shielding of CATCH(6D� ) in the phosphate-buf-
fered saline used in these studies may reduce its electrostatic
attraction for CATCH(6K+) or sterically inhibit CATCH-
(6D� ) association with the ends or surfaces of growing
CATCH β-sheets, either of which would be expected to
decrease the rate of co-assembly. Again, though, the unusual
kinetic behavior of the CATCH(6K+ /6D� ) pair relative to
CATCH(4K+ /4D� ) highlights the need for continued
inquiry into the complicated relationships between amino
acid content and synthetic β-sheet fibril structure.

Finally, in addition to kinetics, TEM images, SAXS
measurements, and computational models suggested that
the identity of the charged amino acid also influenced the
morphology of CATCH β-sheet fibrils. Fibrils formed by the
CATCH(6K+ /6D� ) and CATCH(4K+ /4D� ) pairs tended
to have more compact structures than those formed by the
CATCH(6K+ /6E� ) and CATCH(4K+ /4E� ) pairs. Fibrils
formed by pairs that included CATCH(6D� ) or CATCH-
(4D� ) also tended to have a longer pitch along their contour
length than those formed by pairs that included CATCH-
(6E� ) or CATCH(4E� ). Prior reports have demonstrated
that a shorter pitch tends to lead to a decrease in the
number of stacked β-sheet layers due to the energetic

penalties associated with tape tilting and bond bending,[51]

while fibril helical symmetry has been suggested to weaken
the inter-layer hydrogen bond strength as the number of
layers increases.[52] Recent work suggests that fibril pitch is
also governed by electrostatic energy, where stronger
interactions lead to a smaller pitch; ions present in solution
can reduce this electrostatic energy, leading to fibrils with a
longer pitch.[53] We infer from this that CATCH(XK+

/XE� ) fibrils have greater intra- β-sheet electrostatic
interactions than CATCH(XK+ /XD� ) fibrils. This may
result from (1) the additional methylene in the E side-chain,
which has a comparable length to the K side-chain, (2) the
higher ion-binding potential of D-rich peptides when
compared to E-rich peptides, or (3) both. Thus, interactions
between CATCH(6D� ) peptides and ions in solution may
alter both the co-assembly kinetics and fibril structure,
which together facilitate the hierarchical organization of
CATCH(6D� ) and CATCH(6K+) into materials with
multi-scale structural order in water at physiologic pH and
ionic strength.

Conclusion

This report demonstrated the effects of the charged amino
acid type on the hierarchical order of CATCH(X+ /Y� ) co-
assemblies. A new peptide pair, CATCH(6K+ /6D� ),
demonstrated concentration-dependent formation of hier-
archically-ordered microscopic biomaterials. This hierarch-
ical order could be disrupted by replacing D with E, which
increased fibril twisting, replacing K with R, which increased
observed co-assembly kinetics, or replacing the charged N-
and C-terminal residues with Qs. This work establishes a
molecular basis for predicting the unguided co-assembly of
charge-complementary synthetic β-sheet-forming peptide
pairs into functional biomaterials with structural order
spanning length scales.
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