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ABSTRACT

Self-assembly of high-aspect-ratio filaments containing S-sheets has attracted much attention due
to potential use in bioengineering and biomedicine. However, precisely predicting the assembled
morphologies remains a grand challenge because of insufficient understanding of the self-
assembly process. We employed an atomistic model to study the self-assembly of peptide
amphiphiles (PAs) containing valine—glutamic acid (VE) dimeric repeats. By changing sequence
length, the assembly morphology changes from flat ribbon to left-handed twisted ribbon,
implying a relationship between f-sheet twist and strength of inter-strand hydrogen bonds. The
calculations are used to quantify this relationship including both magnitude and sign of the
ribbon twist angle. Interestingly, a change in chirality is observed when we introduce the RGD
epitope into the C-terminal of VE repeats, suggesting arginine and glycine’s role in suppressing
right-handed fS-sheet formation. This study provides insight into the relationship between f-sheet

twist and self-assembled nanostructures including a possible design rule for PA self-assembly.
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Peptide self-assembly has received significant attention due to outstanding applications of the
resulting structures ranging from tissue engineering to drug delivery!?. Peptide amphiphiles
(PAs) are an important family of peptide derivatives that have been used for this purpose, and
their assembly leads to various self-assembled morphologies, including flat belts>*, twisted
ribbons>>~, helical ribbons’, cylinders®’, and spherical micelles'®!!. Of the many PA self-
assembly studies, f-sheet formation is found to play a significant role in determining high-
aspect-ratio morphologies'?. Much experimental work has been devoted to exploring the
relationship between f-sheet twist and the overall nanostructures. In particular, the self-assembly
morphologies can be tuned by changing the sequence length of the f-sheet domains (such as by
using a hydrophobic-hydrophilic alternating motif--- VE) **. Peptides with more hydrophobic
side chains have also been shown to increase the lateral stacking of S-sheet structures'>!#. The
distortion of S-sheet tapes can be varied by adjusting the electrostatic interaction between the
terminal charges of the peptides, which can cause a different degree of lateral packing of the f-

sheets, and ultimately lead to different assembly morphologies!®!>16,

However, limited by experimental characterization techniques, molecular details of the
connection between fS-sheet twist and the assembled structures are still obscure. Molecular
dynamics simulation can provide a means of exploring these details'”!8, however, most
theoretical or computational work has been focused on the assembly of cylindrical micelles!*2!,
A previous work in our group used an all-atom model to simulate the spontaneous twisting of a
bilayer Cis-(PEP), assembly??. In that study, Lai and Schatz?? observed a spontaneous structural
transformation from a bilayer ribbon to a left-handed twisted ribbon, and they concluded that
residues near the core region tend to form f-sheets while the C- terminus proline-rich region

forms PPII conformations. Nevertheless, molecular details on how the S-sheet twist affects

chirality remain to be further explored.

Herein, we employed an all-atom model to explore the relationship between f-sheet twist and
assembly morphologies. To avoid involving too many non-covalent factors, we chose to model
the self-assembly of PAs in an acidic environment, which was also reported in previous
experimental work®*. Therefore, the system considered here involves fully protonated PAs
containing a series of simple sequences. Our simulation shows that the morphology changes

from flat ribbon to twisted ribbon as the VE repeats increase, which implies a relationship



between S-sheet twist and the strength of inter-strand hydrogen bonds. Moreover, when the
RGD epitope is introduced to the head group (C terminal) of peptides, a chiral change from left-
handed to right-handed can be observed, therefore suggesting that achiral glycine (Gly) and
protonated arginine (Arg) do not contribute to the right-handed twist of the S-sheet when they
located in the head region of PA sequence. Overall, this study provides additional understanding
of the relationship between f-sheet twist and the resulting self-assembled morphologies, which

can be applied to the rational design of PA-based functional nanomaterials.

Three PAs with varied VE dimeric repeats were investigated in the present study to explore
the effect of f-sheet content on self-assembled supramolecular structure (Figure 1a). For each PA
sequence, we constructed three kinds of bilayer ribbons with different width and length (Table 1,
see SI). Previous X-ray diffraction studies of amyloid fibrils suggest that these fibrils are a set of
[-sheets that are parallel to the fibril axis, with the hydrogen-bonded-strands perpendicular to
this axis****>. However, when it comes to PA ribbon structures, whether the stacked S-sheet is
oriented along the width or length direction is still unclear. Therefore, ribbons with hydrogen
bonding(H-bonding) oriented along the width (x axis, see Figure S2) and length (y axis, see
Figure S3) directions were both considered, choosing Ci6(VE)s (hereafter denoted PA3) as the
model system. It turns out that ribbons with H-bonding in the length direction do not twist
significantly while ribbons with H-bonding along the width direction do twist. Since PA3 has
been experimentally confirmed to form twisted nanostructures®, we decided to simulate ribbons
with H-bonding oriented along the width direction for all the PA’s. We also considered
variations in the PA density, i.e., the interval between PAs (Figure S2¢-d), and we found that the
ribbon failed to maintain its shape if the density is too low. By using a 4 A interval in width and
8 A interval in length as our initial setting, we eventually get an equilibrated ribbon structure
with an inter-strand interval of ~4.85 A and an inter-sheet interval of ~9.95 A (Figure S4), which
matches the experimental results for amyloid fibrils 2%, Overall, a 4 A interval in width and 8
A interval in length appear to be the most suitable options for producing robust self-assembled

twisted ribbon structures.

Table 1. Three kinds of ribbon morphologies with different width and length.

8*10° PA 8*16 PA 11*16 PA

Width(nm) 32 32 44




Length(nm) ‘ 8 12.8 12.8

® Number of layers in width
> Number of layers in length
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Figure 1. (a) Chemical structures of Ci5(VE),, Cis(VE)4, and Cis(VE)s PAs. (b) Molecular representation
of the peptide amphiphile dimer molecules, here we take Cis(VE)4 as an example. (c) Model of self-
assembled bilayer ribbon structure used in our simulations. Torsion angle is determined as the dihedral
angle in the chain A-B-C-D (highlighted in magenta), which corresponds to the centers of mass of the
residues at four edges. Layers directly exposed to the solvent were excluded. So A,B,C,D belongs to the
center of mass of inner layer’s edge. Distances between each dimer in the x and y directions are 4 and 8
A, respectively, where the y axis corresponds to the growing axis of the ribbon.

We then performed 100 ns all-atom MD simulations for each PA system and calculated the
torsion angle as the dihedral angle between center of mass of the residues at four edges of the
ribbon (Figure 1¢). To simplify the analysis, we further divided the twisted ribbon into three
groups according to the averaged torsion angle(Y") for the last 10ns of the production run: Left-
hand twist (LH: Y'<-10°), Flat (F; -10°< Y" <10°), and Right-hand twist (RH; Y > 10°).
Interestingly, as the VE repeats increase, the morphology changes from almost flat ribbon (PA1
and PA2) to left-handed twisted ribbon (PA3) (Figure 2). A length or width change in the PA1 or
PA2 ribbon doesn’t affect the torsion angle much. For PA3, we observed a left-handed twist in
the torsion angle range of -10° to -40°, which corresponds to rotation up to 3°/nm along the
growing axis. Notably, as the ribbon length increases by a factor of 1.6 (from 8nm to 12.8nm),
the torsion angle increases by a factor of 1.5 (from -21° to -41°), while a 37% increase in ribbon
width (from 3.2nm to 4.4nm) leads to a 70% decrease of torsion angle (from -41° to -12°), which
suggests that the degree of torsion appears to be severely suppressed by lateral growth of the

bilayer ribbon nanostructure. Overall, both PA1 and PA2 form flat structures, while PA3 forms



twisted ribbons with a much narrower width, which is in consistent with experimental

observations>.
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Figure 2. Averaged torsion angle of the PA1, PA2, PA3 ribbons. Snapshots of final simulation structures
of PAl(a-c), PA2(d-f), PA3(g-i) ribbons with 810 PA, 8*16 PA, and 11*16 PA respectively. lons and
water are omitted for clarity.

We then analyzed the f-sheet content which reflects the hydrogen bond(HB) strength between
backbones, and we observed an increase in f-sheet content as the VE dimeric repeats were
increased (Figure S5a). Given that peptides with alternating hydrophobic and hydrophilic amino

2629 this result is predictable.

acids have a strong tendency to form fS-sheet structures
Interestingly, ribbons with the smallest width/length ratio (1:2) have the lowest f-sheet content,
suggesting that HB interaction within backbone can be enhanced by the lateral growth of the
ribbons. In addition, the distribution of f-sheets along the PA sequence helps to explain the
contribution of each amino acid sequence to the overall structure (Figure S5b-d). Except for the
last two amino acids, the other residues have a high f-sheet content (50%-80%); the failure of
the last two amino acids to form a S-sheet can be explained as arising from strong solvation of
the head region of the peptide. Non-bonded interactions within sidechains and a solvation
analysis suggest that the PA3 ribbon forms the most stable structure while PA1 is less stable

(Figure S6). Considering the results of HB and side chain interactions (Figure S6), we suggest

that side-chain interactions are the more dominant interactions in PA1 system. Therefore, more



lateral growth, or even multi-layer accumulation, as suggested by Cui*, may contribute to the
stability of the PA1 ribbon structure. We did not carry out simulations here of these larger

structures, due to constraints from size and computational cost.

To gain further insight into the observed correlation between twist of the ribbons and twist of
the individual S-strands, we calculated the twist angle distribution within the PA strands (Figure
3a). Such distributions are a well-studied property for isolated S-strands’. For the PAs, the
distributions of the averaged twist angle are shown in Figure 3b and Figure S7-8, and the results
confirm that the PAs have a right-hand twist** 2. Meanwhile, the twist angle becomes larger as it
gets closer to the PA head group, especially the last angle, which reaches ~50°, suggesting that
the chirality of the head group might contribute more to the overall right-handed twist of the
peptide. In addition to the right-handed twist of individual strands, the HB formed by the
backbone of neighboring PA3 peptides is found to be quite symmetrical and strong (Figure 3c¢).
Individual strands of PA1 and PA2 ribbons also show a right-handed twist of f-strands, but with
relatively weak inter-strand H-bonding (Figure S8), sidechain interactions are dominant and
eventually lead to flat ribbons. Therefore, our results suggest that although the ribbon twist
originates from f-strand twist, a certain amount of inter-strand H-bonding is required to stabilize
the ribbon from thermal fluctuations. This is in agreement with the Shamovsky et al. and Wang
et al.’s works that while S-sheet twisting is governed by the intrinsic property of intra-strand

itself, it is stabilized by stronger inter-strand hydrogen bond interactions**.

To figure out how exactly the twisted f-sheets contribute to the final left-handed twisted
ribbons, we further examined the detailed backbone arrangement of the ribbons (Figure 3d).
Interestingly, the f-sheets have a right-handed twist along the PA’s chain direction (z axis). In
terms of the stacking geometry, to form a highly packed and minimal solvent accessible
nanostructure, the right-handed fS-sheets naturally stack left-handed in the ribbon growth
direction (y axis). As a result, a left-handed twisted ribbon is produced. This observation is
related to conclusions of previous amyloid fibrils studies where right-handed f-strands produce a
left-handed twist in the f-sheet (along the axis normal to the polypeptide chain), resulting in the
left-handed fibrils***°. Interestingly, Mezzenga and co-workers found the opposite trend in

another study of fibrils, in which a peptide chain with right-handed fS-strands formed a right-



handed fibril. However this work found that the fibril twist was induced by the interdigitation of

the termini®®, which is an effect that does not apply here.
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Figure 3. a) Definition of the twist angles ¢ (defined by the solid lines, dihedral angle CBi-Coi-Cati + 2-Cp;
+2), where a positive angle represents right-handed twist, and a negative angle represents left-handed
twist. b) Distributions of the averaged twist angle within each PA3 monomer. ¢) Backbone’s 2D HB
contact map for the PA3 ribbon, see method in SI for details. Here we show the results for the 8%16 PA
system. d) Snapshot of backbone arrangement of PA3 ribbons where the y axis is the ribbon growth
direction. Upper and lower parts of bilayer ribbons are shown in cyan and pink colors, respectively.
Sidechains, lipid tail, ions and water are omitted for clarity.

Since previous studies have shown that PA3 tends to form a mixture of cylinders and narrow
ribbons?, it would be intriguing to figure out the structural difference between cylinder and
ribbon structures. To do this, we constructed a cylindrical micelle structure with the same
number of monomers as the ribbon structure (Figure S9b). Although the calculation of free
energy differences between ribbon and cylinder is very difficult, we sought to gain insights by
studying noncovalent interactions. Figure S9c-e and Figure S10 show that twisted ribbons tend to

have a higher f-sheet content and hydrophobic collapse, while maintaining a low degree of



accessibility to solvent. From the geometry perspective, the fiber’s radial stacking will cause
dispersed stacking and lower fS-sheet content for regions away from core. Therefore, it would be
difficult for us to observe a morphology transition from narrow ribbons to cylinder through
unbiased MD simulation. A hierarchical model developed by Nyrkova and co-workers>’
suggested that as the concentration increases, twisted ribbons will further stack into fibril and
fiber structures. Another possible explanation would be that the cylindrical structure of PA3
observed by Moyer was produced under neutral conditions, and ours involves acidic pH, leading
to a difference in the degree of protonation. To study this issue, we simulated a PA3 ribbon
under neutral pH and we observed a torsion angle around -75°. This corresponds to a pitch
~38nm (Figure S11), which is much lower than the PA3 ribbon under acid pH (~135nm). A
similar behavior in which twisted nanoribbons transform to cylinders as charge repulsion is
increased has been previously reported for some PA assemblies®!%!3. Consequently, we have
reasons to believe that the twisted ribbon structure observed in our simulations for low pH is a
reasonable structure and our analysis suggests that right-handed twisted f-sheets originate from
the right-handed twist nature of the strands within the peptide. This still requires synergy
involving inter-strand hydrogen bond interactions. Further, the right-handed twisted f-sheets
pack as left-handed structures along ribbon growth direction to form an overall left-handed
twisted ribbon. We point out here that inter-strand Hbonding is known to be parallel to the fiber
axis in cylindrical nanofibers*®#°. However, our simulations indicate that the inter-strand
Hbonding is perpendicular to the length axis in a ribbon-like assembly. Since the twisted ribbon
assemblies here are very short given limitations on the size and time scale of simulations, it is
possible that PA twisted ribbons transition into Hbonding parallel to the fiber axis or exhibit a
combination of parallel and perpendicular bonding as they lengthen extensively to become
highly one-dimensional. The inter-strand hydrogen bonding perpendicular to the elongation axis
may only dominate in short fibers when nucleation and growth begins but a transition to both
parallel and perpendicular will set in as long fibers grow past nucleation. Earlier work on
supramolecular polymers indicates that strong interactions among monomers favor the formation

of high molar mass one-dimensional assemblies®*!.

The RGD epitope has been widely introduced into the terminus of the peptides to form
biologically active nanostructures. For the present study, we are interested in the fact that the

sequence PA4 (C16(VE).GRGD, Figure S1) was found to form twisted ribbons*!!. To understand



GRGD’s role in twisting the ribbons, we further simulated the PA4 ribbons. Starting from a flat
ribbon, different degrees of torsion can be observed upon varying the width/length ratio (Figure
S12). Surprisingly, unlike the previously observed left-handed twisted ribbon in PA3, PA4 tends
to form a right-handed ribbon, and the torsion angle increases as the width/length ratio decreases
(Figure 4a and Figure S12). Hence, our simulation can accurately capture the experimentally
observed torsion property of PA4. Here we should note that in Cui’s work®, it was stated that the
twisted ribbon formed by PA4 is left-handed, rather than the right-handed result we find. Their
assignment was based on the intrinsic L-chirality of the amino acids and a TEM examination.
However, it’s difficult to distinguish the handedness of the nanostructures simply from cryo-
TEM images; further stain and marks are needed to accurately determine the chirality*’. Many
previous works have also shown that even with natural amino acids (L-chirality), peptides can
still form right-handed self-assembled structures™’*}. Meanwhile, in the TEM image provided by
Cui et al.*!!| it appears that there are some right-handed twisted ribbons (Figure S13). In
addition, related works have shown that positively charged amino groups, especially those
located in the terminal region, tend to inhibit the right-handed S-sheets due to the positive

charge*** . Therefore, we believe that the right-handed ribbon found in our simulation is

reasonable.
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Figure 4. a) Averaged torsion angle of PA ribbons (PA1-PA5). All ribbons share the same width/length
ratio, that is 8 layers in width and 16 layers in length. b) Top and side view of final simulation structures
of PA4. c) Representative in-plane HB geometry between Arg sidechain and other hydrogen-acceptor
group. Representative structure of PA4(d) and PA5(e) containing HBs. HB between backbones is shown
in red dotted lines while HB between sidechain of protonated arginine and others is shown in blue dotted
lines. f) Backbone’s 2D HB contact map for PA2, PA4 and PAS ribbons, which is calculated between two
neighboring peptides.

C16GRGD(VE): (PAS) were also simulated to further explain the right-handedness of PA4
ribbons. We found that only PA4 ribbons possess a right-handed chirality, all other PAs tend to
form a left-handed twisted ribbon (Figure 4a). The major difference between the VEVE and
GRGD sequence is that Arg is positively charged and Gly is the only one achiral amino acid
because it has no side chain®. On the one hand, electrostatic repulsions between Arg residues
would break the backbone arrangement, thus weakening the S-sheet strength between
neighboring monomers (Figure 4f). On the other hand, due to the strong HB formation tendency

47,48

of the positively charged side chain of Arg”’*®, neighboring monomers can be stabilized,

)4 would

especially for PAS (Figure 4d-e, Figure S15¢), but the in-plane geometry (Figure 4c
break HBs between backbones (Figure 4f). So, when GRGD is located in the inner region of the
peptide sequence, the dual lock effect of the hydrophobic lipid tail and VEVE hydrogen bond
makes GRGD have little effect on the right-handed S-sheet. Conversely, when GRGD is after the
VEVE sequence, PA4 not only loses its dual block effect, but also increases the solvent
accessibility of head group (Figure S15a-b), which leads to a relatively weak inter-strand H-
bonding. Meanwhile, in the previous section we discussed the twist of individual PA strand and
concluded that the overall right-handed twist of the peptide is more strongly determined by the
chirality of head group. Here by calculating the twist angle of the intrastrands, we found that
PA4 loses its chirality, especially in the head region (Figure S7, S14b) while PAS still maintains
a right-hand twist for the head region (Figure S14c). Taken together, when GRGD is located in
the head region coupled with a relatively weak f-sheet region, twisting chirality can be reversed.
We believe that when the HB strength between the backbone is high enough, GRGD won’t be
able to change the chirality, but still weakens the degree of left-handedness. This hypothesis was
confirmed by our simulation results for PA6 (C1s(VE)sGRGD, Figure S16). Moreover, when we
calculated the twist angles between neighboring strands, only PA4 shows a decrease in twist
along the sequence while the others show the opposite trend (Figure S17). This also indicates

why PA4 has the opposite handedness.



To further validate our thoughts above, we performed a conformationally constrained
simulation on PA4 in which constraints were applied to maintain all the PA4s in an extended -
sheet geometry. Strikingly, when the PA4s are constrained, the ribbon changes from right-
handed twist (Y = 50°) to flat (Y = 1°) (Figure S16a), and the S-sheet content is increased from

20% to 60% (Figure S18b), almost catching up with the S-sheet content in PA2 (Figure S5a). In
general, our simulation results suggest that the incorporation of protonated Arg and achiral Gly
do not have a bias toward right-handed S-sheets****. When the RGD epitope is introduced into
the terminus of the PAs, it can destroy the right-handedness of the head group, breaking the
inter-strand H-bonding between the backbone chains, therefore weakening the left-handed

chirality of the nanostructures, and even reversing the left-handed chirality in some cases.

Chirality research related to f-sheet structure has always been under the spotlight and is of
vital importance. In this paper, we conducted a systematic computational study based on
hydrophobic-hydrophilic alternating motif molecules to identify the determining factors
controlling the early stage of morphology and chiral properties of 1D ribbons composed of
peptide amphiphiles. Our computational observations agreed well with previous experimental
observations that flat ribbons tend to twist as the VE sequence length increases. Our results
demonstrate that the right-handed character of the f-sheet originates from the right-handed
twisted property of the strand itself, and is further stabilized by the hydrogen bonding between
interstrands. The right-handed twisted S-sheets are found to stack along the growth direction in a
left-handed manner, which leads to a left-handed twisted ribbon. Furthermore, a chirality change
from left-handed to right-handed twisted ribbons can be observed by introducing GRGD to the
head group, which implies that when achiral Gly and protonated Arg are located in the head
region, they tend to not have the bias toward right-handed twisted S-sheets. The findings above

may provide additional crucial details for a more precise design of chiral morphologies.
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